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Coalition on Rehabilitation Engineering & Assistive Technology of Asia 

(CREATe Asia) was founded based on International Convention of Rehabilitation 

Engineering & Assistive Technology, which has over 10 years history.  The coalition was 

formed by 10 rehabilitation engineering and assistive technology organizations from 

countries and districts well developed in rehabilitation technology in Asia (including 

Oceania).  It was founded in 2015 in Singapore.  H.R.H. Princess Maha Chakri 

Sirindhorn presented in the founding convention in person and witnesses the historical 

event. 

 

CREATe Asia Officers 

President: Hongliu YU（China） 

President Mentor： Takaaki CHIN (Japan)  

President-Elect：Robyn CHAPMAN (Australia) 

 

Website：www.createasia.org 
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Welcome Address from General Chair 

We are honored to host the 2018 International Convention on Rehabilitation 

Engineering and Technology (i-CREATe2018), which is dedicated to promote 

assistive technologies in order to improve the life quality of the elderly and people 

with disabilities, and to provide a platform for addressing current and future 

development in these areas. 

In 2015, the Coalition of Rehabilitation Engineering and Technology, Asia (CREATe 

Asia) was formally established in Singapore, witnessed by Honorable Her Royal 

Highness Princess Maha Chakri Sirindhorn.  It is expected that CREATe Asia will 

lead the industry of assistive products to a new historic era and stage. 

The year of 2018 will be the 3rd year after the founding of CRAETe Asia, and the 8th 

year after i-CREATe 2010 being successfully held in Shanghai. In the past few years, 

China has experienced a tremendous development in rehabilitation engineering and 

assistive technology. We welcome our friends and colleagues to join this glory event again in shanghai, and to share the 

information and knowledge about the most recent development of assistive technology in China, and also from all over 

the world.  Let's work together to make i-CREATe2018 to be one of the most academically rich, culturally enjoyable 

and unforgettable conferences. 

The theme of i-CREATe2018 is “cooperation and innovation for an accessible world”, which calls for closer 

communication and cooperation through Asia and the entire world to promote the scientific innovation and 

development of assistive products industry. i-CREATe 2018 will feature a few attractive modules: a) academic 

conference including plenary session and a series of other sessions and workshops, b) global student innovation 

challenge (gSIC),  c) international forum on development of assistive products industry, etc. In this convention, you 

will also have chance to see the most advanced and newest assistive products manufactured by the companies of China 

in recent years. 

 

We look forward to seeing you in Shanghai in July 2018. 

  
Hongliu YU 

General Chair of i-CREATe 2018 

Director of Institute of Rehabilitation Engineering and Technology, University of Shanghai for Science and 

Technology (USST) 

President of Coalition of Rehabilitation Engineering and Technology, Asia (CREATe Asia) 

President of Shanghai Engineering Research Center of Assistive Devices 
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The conference is divided into the following major themes, with its respective topics (but not limited to) 

as follows: 

 

A. Assistive Technology 

 

1. Augmentative and Alternative Communication (AAC) 

2. Blind / Low Vision 

3. Computer, Mobile Device and Web Access 

4. Deaf and Hard of Hearing 

5. Environmental Control 

6. Mobility Aids 

 

B. Biomedical Science & Technology 

 

1. Stroke, Spinal cord Injury, Traumatic Brain Injury, 

2. Cerebral Palsy, Dementia 

3. Musculoskeletal Injury, Amputation, Respiratory Issues, Gait & Balance, Motor Control 

4. Geriatric Rehabilitation, Paediatric Rehabilitation 

 

C. Rehabilitation Technology 

 

1. Cognitive Training & Assessments 

2. Brain Computer Interface 

3. Mixed Reality System 

4. Neurorehabilitation Technology 

5. Prostheses & Orthoses 

6. Robotics 

7. Transcranial Magnetic Stimulation 

 

D. Social & lifestyle 

 

1. Building & Public Transport Accessibility 

2. Disable Sports & Leisure Activities 

3. Employment & Training 

4. Inclusive Community 

5. Public Policy & Service Delivery 

6. Special Education 

7. Universal Design 
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ABSTRACT 

In this study an asynchronous hybrid brain computer interface 
based on four-channel steady state visual evoked potential 
(SSVEP) and single-channel electromyogram (EMG) of 
temporalis was proposed for the control of a virtual home system 
integrating three devices including a nursing-bed, a television and 
a telephone. Three clench patterns were introduced to implement 
SWITCH, RETURN and CONFIRMATION function of the 
system. Canonical correlation analysis and threshold method 

were applied to classify EEG and EMG data respectively. In the 
verification experiments of six participants, there was no 
occurrence of operation error, which demonstrated that the 
proposed method of combining EEG and EMG can effectively 
reduce false operations and enhance the control safety. 

Categories and Subject Descriptors 

•Human-centered computing ➝Human computer 

interaction (HCI) ➝HCI design and evaluation 

methods 

General Terms 

Performance, Design, Reliability. 

Keywords 

Hybrid brain computer interface; Steady state visual 

evoked potential (SSVEP); Electromyogram (EMG); 

Home control. 

1. INTRODUCTION 

The Brain Computer Interface (BCI) provides a direct 

communication channel between brain signals and 

devices without relying on peripheral neuromuscular 

pathways and can serve as a bridge to control devices 

for people who are paralyzed due to severe 

neuromuscular diseases, such as spinal cord injury or 

amyotrophic lateral sclerosis (ALS) [1]. Paralyzed 

people need the assistance of a variety of devices 

including nursing bed and wheelchair. Therefore, a 

BCI–based home control system integrating multiple 

devices can help them promote independence and 

improve quality of life [2]. 

Electroencephalogram (EEG) signals such as steady-

state visual evoked potential (SSVEP), P300 potential 

and motor-imagery are commonly used to construct BCI 

systems. Among them, BCI based on SSVEP requires 

little or no training and has been studied widely. 

However, most SSVEP-BCIs are synchronous and have 

high risk of false positives. That means the BCI system 

may still output control command to device when the 

user has no control intention, which will cause false 

operation [3, 4]. Besides that, watching the flashing 

visual stimuli for a long time can cause visual fatigue 

and lead to a reduction in recognition accuracy and an 

increase in operation error [5, 6]. 

To overcome the shortcomings of single modal BCI, 

hybrid BCIs have been proposed by combining multiple 

signals to make use of each one’s own advantage and 

improve the performance of BCI [7, 8]. Erwei Yin et al. 

developed a hybrid speller based on P300 and SSVEP 

which achieved higher accuracy and information 

transmission rate (ITR) compared with the conventional 

P300 speller [9].Heart rate variability (HRV) obtained 

from ECG has been introduced into BCI to implement 

the switch control of BCI [10]. However, HRV may be 

affected by many factors and lead to false operatives. 

Muhammad et al. implemented a hybrid BCI based on 

SSVEP, EOG, EMG and alpha wave. The recognition 

accuracy of the system could reach to 97%. However the 

system was complex to use and the delay was severe 

[11]. Lin et al. implemented a HBCI speller by 

combining the SSVEP with EMG of hand to increase the 

number of targets and make a second choice for SSVEP 

recognition result by discriminating hand motion 

patterns, which increased both  accuracy and 

information transmission rate of SSVEP-BCI [12]. 

However, this method is impracticable for people with 

severe motor dysfunction who have lost control of hands 

totally. For these people they usually still have control 

over their facial muscles such as masseter and 

temporalis. EMG signals of masseter and temporalis can 

be used for control 0. 

mailto:hjniu@buaa.edu.cn
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In this paper, a hybrid BCI system based on SSVEP and 

EMG of temporalis for the control of multiple household 

devices was proposed. EMG signal was introduced into 

the system to enhance its functionality. An online 

experiment was conducted to evaluate the performance 

of the proposed system. 

2. METHODS 

Subjects 

Six healthy subjects (three male and three females; mean age 22.7 
± 2.3 years) volunteered to participate in the experiment. All 
subjects had normal or corrected normal vision. Before the 
experiment each subject signed an informed consent. 

Data acquisition 

EEG and EMG signals were simultaneously collected 

using the Neuroscan NuAmps signal acquisition system 

(Neuroscan Inc.) with a sampling rate of 1000 Hz. Four 

EEG electrodes sites (PO3, PO4, O1, and O2) were 

selected because SSVEP response in the occipital lobe 

is stronger than other brain areas. EEG electrodes were 

placed in accordance with the international 10-20 

system and the reference electrode was located at the 

vertex. EEG electrode impedances were kept below 

10KΩ. One EMG electrode was collected from 

unilateral temporalis and EMG electrode impedance 

was lower than 20KΩ.The experiment was performed in 

a quiet room. The visual stimuli were presented on a 

LCD monitor (24-inch; 1920×1080 pixels, 60 Hz 

refresh rate).During the experiment the subjects were 

seated in a comfortable chair and the distance between 

the subject’s eyes and the monitor was approximately 80 

cm. The stimuli were implemented by Psychophysics 

Toolbox in MATLAB. 

Experiment Design 

Five graphical user interfaces (GUIs) were designed and the 
structure of GUIs was shown in Figure 1, containing a System-
Off interface, a Main menu interface and three interfaces for 
household devices including a nursing-bed, a television and a 

telephone. When the system presents System-off Interface, it 
indicates that the BCI system is in idle state. On the Main menu 
GUI there are three visual stimuli corresponding to three 

household devices. Visual stimuli flash at different frequencies to 
evoke SSVEP. Users can choose device by gazing at certain 
stimulus. When one device is selected, the system presents 
corresponding GUI. For example, as shown in figure 2(c), there 

are five visual stimuli in the telephone interface and each stimulus 
represents a particular command.  

The system control commands can be divided into three classes: 
(1) SWITCH command which is used to turn on or turn off the 
system to convert it between idle state and work state; (2) 
RETURN command which is used to return from one device GUI 
to Main menu GUI and allows users reselect another device; (3) 
SELECTION & CONFIRMATION command which allows 

users to select control target and verify the selected target to 
decide whether it will be outputted to device. SWITCH command 
and RETURN command are implemented by identifying EMG of 
temporalis for specified clench pattern I and II respectively. 
SELECTION & CONFIRMATION command is a compound one 
which is achieved by identifying SSVEP response frequency and 
EMG for clench pattern III successively. 

In idle state, the system processes EMG signal every three 

seconds and users can perform clench pattern I to switch on the 
system. In work state, the output of a SELECTION & 
CONFIRMATION command needs to go through two phases: 
target selection phase (3 seconds) and target confirmation phase 
(2 seconds). In the target selection phase, the user selects the 
target by gazing at certain flashing visual stimulus on the LCD 
monitor. The system analyzes the EEG signal in real time and 
shows the SSVEP recognition result on the screen. In the target 

confirmation phase, the user determines whether to output the 
selected command by performing clench pattern III. When clench 
pattern III is recognized, BCI system outputs the selected 
command; otherwise the system doesn’t output any command. In 
addition, users can return to Main menu GUI by performing 
clench pattern II to reselect device. 

Each subject conducted an online experiment to control the 
virtual home system by issuing a set of control commands. A 
complete command set contains two SWITCH commands, three 

RETURN commands and twenty-four SELECTION & 
CONFIRMATION commands. At the beginning of the 
experiment, the system was in idle state and the subject needed to 
issue a SWITCH command to switch on the system. Then the 
subject was instructed to issue a sequence of SELECTION & 
CONFIRMATION commands to select and operate three 
household devices one by one. When the subject finished 
operating one household device he was required to issue a 

RETURN command back to the Main menu GUI to reselect 
device. After finishing control of all three devices, the subject 
issued a SWITCH command to turn off the system.  During the 
experiment, when the subject failed to issue specified command, 
he needed to repeat until the command was recognized 
successfully. 

Figure 1 Structure of GUIs 
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Signal Processing 

EEG signal processing 

The EEG data is filtered using a band-pass filter ([3 40] 

Hz) first to remove noise. Then Canonical correlation 

analysis (CCA) is applied to classify the EEG data [14]. 

The reference signals were composed of sinusoids and 

cosinusoids pairs at the same frequency of the stimulus 

and its second harmonics. 

 

EMG signal processing 

The EMG data is classified using a threshold algorithm 

based on the integral EMG (IEMG) and the duration of 

the clench. The envelope of EMG data was extracted by 

calculating IEMG as illustrated in equation (1). E(m) 

refers to the IEMG at point m, x(i) refers to the value of 

EMG data at sample point i, and the window size N=20. 

A mean filter was used to smooth the envelope. Then the 

signal was binarized using a given threshold to count the 

duration of the bite. If the duration was within the 

specified range, the corresponding clench pattern was 

detected. Clench pattern I is defined to clench for more 

than 2 seconds; Clench pattern II is defined to clench 

twice quickly; Clench pattern III is defined to clench 

once quickly. 

E(m) = ∑ 𝑥𝑖                                   (1)
𝑁−1

𝑖=0
 

 

3. RESULTS 

Six subjects all finished the experiment successfully. In 

proposed hybrid BCI system, SSVEP recognition result 

needs to be confirmed before it can be outputted finally. 
Therefore four situations may occur due to the 

combination of EEG and EMG. If SSVEP recognition 

result is correct and clench pattern III is detected, the 

BCI system “Output correct selection”; if SSVEP 

recognition result is correct and clench pattern III is not 

detected, the BCI system “Neglect correct selection”; If 

SSVEP recognition result is wrong and clench pattern 

III is detected, the BCI system “Output wrong selection”; 

if SSVEP recognition result is wrong and clench pattern 

III is not detected, the BCI system “Cancel wrong 

selection”.  

The following indices were defined to evaluate 

SELECTION & CONFIRMATION commands. 

1) Command ratio: the ratio of the total number of 

repetitions in the experiment to the number of 

commands theoretically required for the experimental 

task;  

2) False recognition ratio: the ratio of the number of 

SSVEP recognition errors (equaling to the number of 

“Output wrong selection” plus the number of “Cancel 

wrong selection”) to the number of repetitions in the 

experiment;  

3) False operation ratio: the ratio of the number of false 

operations (equaling to the number of “Output wrong 

selection”) to the number of SSVEP recognition errors. 

Table 1 Results for SELECTION & CONFIRMATION 

command 

Subje

ct 

Comman

d Ratio 

False 

recognitio

n ratio 

False 

operatio

n ratio 

S1 108.3% 7.7% 0.0% 

S2 104.2% 4.0% 0.0% 

S3 100.0% 0.0% 0.0% 

S4 120.8% 13.8% 0.0% 

S5 100.0% 0.0% 0.0% 

S6 112.5% 11.1% 0.0% 

Mean 107.6% 6.1% 0.0% 

As shown in Table 1, the average command ratio was 

107.6%, which indicates that each subject operated an 

average of 25.8 repetition times and 24 times were 

theoretically required in the experiment. The additional 

number of repetitions is mainly due to SSVEP 

recognition errors. The average false recognition ratio of 

the six subjects was 6.1%, and there were two subjects 

whose false recognition ratio exceeded 10%. During the 

experiment, a total of 10 SSVEP recognition errors 

occurred but all these errors were successfully cancelled, 

which didn't cause any false operation. 

In addition, each subject was required to issue two 

SWITCH commands and three RETURN commands 
correctly. The total success/failure number of six 

subjects for SWITCH and RETURN command was 12/1 

(a) System-Off interface 

 (b) Main menu interface  (c) Telephone interface 
 Figure 2 Smart Home System Interfaces 
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and 18/1 respectively. 

 

4. DISCUSSION 

In this study a hybrid BCI based on SSVEP and EMG of 
temporalis was proposed and tested to control multiple household 
devices in a virtual environment. For people with severe motor 

dysfunction, they may have lost control of the body below the 
head totally but still can control their facial muscles. Therefore 
the hybrid BCI based on SSVEP and EMG of temporalis is 
especially suitable for them. Also it can be used for healthy people 
to control household devices to make life smarter. 

The system needs only four-channel EEG data and single-channel 
EMG data for recognition, which makes the data acquisition 
quick and easy. Simultaneously the hybrid BCI is convenient to 

use without need of training and system calibration. Six subjects 
participated in the online experiment were the first time to use the 
BCI system and all finished the experiment fluently. By 
introducing single channel EMG signal, three different clench 
patterns which correspond to SWITCH, RETURN and 
CONFIRMATION function respectively are used to enrich the 
functions of the system. For practical use, an asynchronous BCI 
system is superior to a synchronous system because it allows 

users to decide when to start or end the control. In this study, with 
the introduction of EMG signal, the hybrid BCI is designed to be 
asynchronous and can convert between idle state and work state 
easily. In the context of controlling household devices, especially 
considering the people who are paralyzed, false operation ratio 
minimization is of primary concern compared with information 
transmission rate. With the introduction of target confirmation 
stage, a total of ten SSVEP identification errors in the online 

experiment were canceled and didn’t cause operation error. In 
addition, the structure of system GUIs was designed as a tree 
structure so that it is convenient to integrate more devices or 
adjust control commands to make it more adaptable for various 
demands. 

In the online experiment, several failures to recognition of clench 
patterns happened and resulted in repetitive operation. By 
analyzing the EMG data, we found that this was mainly due to 
non-standard clenches such as biting too lightly and may be 

improved by personalized threshold method. In further study, we 
will integrate more devices into the system to enrich its 
functionality and improve the information transmission rate and 
overall performance of the system. In addition, we will evaluate 
the system in a real home environment with some paralyzed 
patients such as those with spinal cord injury or severe stroke. 
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ABSTRACT 

In this study, a steady-state motion visual evoked 

potential (SSMVEP) stimulation-the square’s ring 

motion was proposed, and compared with the visual 

stimulation which are commonly used in BCI system 

(oscillatory Newton's ring, square flicker and circular 

flicker)both in objective and subjective aspects. Eight 

healthy subjects were asked to gaze at those four 

simulations. For each stimulation, eight targets varying 

at different frequencies were presented on a LCD screen. 

Canonical Correlation Analysis (CCA) was used to 

identify SSVEPs, and subjective questionnaire was used 

to measure the comfort of the stimulations. The 

experimental results showed that the accuracy of the 

square’s ring motion was 85±13.2% which has no 

significant difference with the oscillatory Newton’s ring 

(85.9±9.1%).  Meanwhile the accuracy of the square 

flicker was 98.1±4.38%, and the accuracy of the circular 

flicker was 99.1±1.9%. The subjective questionnaire 

reported that the square’s ring motion was the most 

comfortable, followed by the Newton’s ring motion, the 

circular flicker and the square flicker. Taken together, 

these results suggest that the square’s ring motion 

equaling to the newton’s ring can elicit SSVEP 

accurately and reduce the discomfort caused by 

flickering of targets. Though there is no obvious 

improvement in the accuracy of the square’s ring motion 

compared with oscillatory Newton’s ring, subjective 

score of the square’s ring is a bit higher than the 

oscillatory Newton’s ring. Under the premise of 

controlling the incorrect operation, the square’s ring 

motion can be used as a visual stimulation in long-term 

SSMVEP-based BCI system. 

Categories and Subject Descriptors 

H.5.2[Information interfaces and presentation]: User 
Interfaces – evaluation/methodology, Screen design 

General Terms 

Performance, Design, Experimentation, 

Keywords 

Steady state motion visual evoked potential; Accuracy; 

Comfort. 

1. INTRODUCTION 

Brain computer interface (BCI) is an alternative device 

which facilitates human–machine interaction without 

dependence on any muscle or peripheral nervous 

system actions 0, using human neurophysiological 

signals to communicate with external device such as 

computers, wheelchairs 0 and robots0. BCI systems are 

most frequently based on recordings of 

electroencephalogram (EEG), because of the relatively 

low price and portability. BCI system based on the 

Steady State Visual Evoked Potentials (SSVEP) is 

widely used, due to its stable waveform, obvious 

spectral characteristics, and less susceptibility to 

blinking and motion artifact 00. SSVEP-based BCI 

system generally provide higher classification accuracy 

and information transfer rates(ITR)0. 

For SSVEP-based BCI system, a suitable stimulation 

paradigm is very crucial. There are three kinds of 

visual stimulation in previous studies. First, typical 

SSVEP is frequency coded, visual targets flashing at 

different frequencies, where a user’s choice is 

determined from the SSVEPs elicited by gazing at a 

specific target, which is limited by a variety of factors, 

including user comfort and safety with light stimuli 

flashing at specific frequencies0.The second is phase 

coded SSVEP, the targets were flickering at the same 

frequency but with different phases. Phase coding can 

increase the number of available targets and 

compensate the reduction of limited frequencies0-0. If a 

comfortable frequency of stimulation is selected, visual 
fatigue can be reduced to a certain extent. Thirdly, 

based on extremely high consistency of frequency and 

mailto:hjniu@buaa.edu.cn
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phase observed between visual flickering, the 

classification accuracy was up to 91.04% and the 

information transmission rate was 267bits /min 0. 

Even though SSVEP-based BCIs have high recognition 

accuracy, most stimulation is based on flicker which 

usually causes eyestrain and directly affect the BCI 

system long time performance[14]. In order to overcome 

the problem of visual fatigue caused by uncomfortable 

light twinkling and contrast changes, Xie et al. utilized 

a special visual stimulation of non-direction-specific 

motion reversals, adopting the Newton’s ring as the 

template, to elicit the SSMVEPs for BCI applications[15]. 

However, SSMVEP-based BCI cannot achieve high 

accuracy as SSVEP-based BCI. How to improve the 

accuracy under the condition of reducing visual fatigue 

has become the goal of researchers. 

Due to the different shapes of receptive fields in 

successive stages of information processing in the visual 

system, one can hypothesize that square stimuli would 

evoke better response than circular ones [16]. We 

suspected that changing the motion pattern from 

Newton’s ring to square ring with sharper edge might 

increase the classification accuracy. In this paper, we 

proposed a new stimulation-the square’s ring motion for 

SSMVEP-based BCI system. In addition, the new 

stimulation was compared with the visual stimulation 

commonly used in BCI system (oscillatory Newton's 

ring, square flicker and circular flicker)both in objective 

and subjective aspects. 

 

2. EXPERIMENTS AND METHODS  

2.1 Stimulation 

The square’s ring stimulation is a development of 

Newton’s ring which can provide a comparable 

performance with low-adaptation characteristic and less 

visual discomfort for BCI applications. A square’s ring 

stimulator is made up of a series of concentric black and 

white squares. The formula is: 

E = 𝐼𝑚𝑎𝑥[（sign(cos (2 ∗ π ∗
d

𝜆
+ ∅(i) ∗

π

2
)2 − 0.5)](1) 

In the formula, 𝜆 is a constant, this article takes 0.05; 

d is a square matrix of 360 * 360. The ring oscillation 

motion is formed by∅(𝑖): 

∅(i) = abs(sin (𝑝𝑖 ∗
f

2
∗ (

𝑖

𝑅
)))(i=1, 2…60) (2) 

Where, f is the stimulus frequency; i is the current frame 

number; R = 60 for the screen refresh rate. When ∅(𝑖) 
increases with i, its phase shift from 0 to π, and then 
expansion motion was achieved with phase shift from π 

back to 00. Fig.1 shows a square’s ring motion reversal 

procedure in one stimulus period. It is illustrated with a 

12 Hz motion reversal frequency and each reversal 

contained 10frames.  

 

What’s more, the Newton's ring motion, the square 

flickering and circular flickering were selected as 

control. 

Presentation of the stimulators and their reversals were 

coded by the Psychtoolbox 3.0. Acer's 24-inch LCD 

monitor(60Hz-screen refresh rate, 1920 × 1080 pixels) 

displayed the stimulation. For the each visual 

stimulation, there were eight targets flickering at 8, 9, 10, 

11, 12, 13, 14 and 15Hz on a black background. There 

were four kinds of visual stimulation, there were four 

kinds of targets, square’s ring motion (5.5cm in side 

length), Newton’s Rings motion (6.2cm in diameter), the 

square flick (5.5cm in side length) and the circular flick 

(6.2cm in diameter). 

2.2 Experimental procedure  

Eight healthy right-handed adults (3 females and5 

males), aged from 20 to 26, participated in this 

experiment. All subjects gave informed consent. EEG 

signals were sampled at 1000 Hz (Neuroscan, USA). 

Those were attached to the head locations PO3, PO4, 

PO7, PO8, POZ, O1, OZ, O2, and CZ.  All electrode 

impedances were reduced to 10kΩ before data recording. 

Trigger events were acquired simultaneously. Data were 

collected continuously and analyzed off-line. The 

experiment was performed in a quiet room, with the 

subjects sitting comfortably and gazing at the LCD 

screen with a distance of about 70 cm. 

Figure 1. Square’s ring motion reversal stimulation 
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For each subject, four experimental tasks with different 

stimulations were carried out. Each task contained 40 

trails. Before the start of each trails, a red "+" symbol 

appears randomly at the location of the stimulus target 

for a duration of 0.5 s. Then the eight stimulators were 

simultaneously presented for 4 s as a single trial. Two 

adjacent trials were isolated by black screen and the 

interval time was fixed to 0.5 s. After 40 trails, a single 

task was over (see Figure 3). 

 

2.3 EEG data processing 

Band-passed filter between 3 and 40 Hz and digital 

notch filter from 48Hz to 52Hz were used to remove 

artifacts and power line interface when acquiring EEG 

signals. Then the segmented EEG signals were 

superposition averaged and spectral analyzed. After 

determining four visual modes can effectively induce 

SSVEP, Canonical correlation coefficients (CCA) was 

implanted for off-line target classification0. 

CCA is a statistical method for measuring the linear 

relationship between two sets of multivariate data. In 

the CCA-based SSVEP analysis, X=(𝑥1, 𝑥2, … 𝑥𝑛) is 

assigned as the set of the multi-channel EEG signals, 

and 𝑌𝑓 refers to the set of reference signals which 

have the same length as X. The reference signals 𝑌𝑓 is 

set as 

𝑌𝑓𝑖 =

{
 
 

 
 
𝑠𝑖𝑛(2 ∙ 𝑓𝑖 ∙ 𝑡) 
𝑐𝑜𝑠(2 ∙ 𝑓𝑖 ∙ 𝑡)

.

.
𝑠𝑖𝑛(2 ∙ 𝑘𝑓𝑖 ∙ 𝑡)

𝑐𝑜𝑠(2 ∙ 𝑘𝑓 ∙ 𝑡)}
 
 

 
 

, 𝑡 =
1

𝑓𝑠
, … ,

𝑚

𝑓𝑠
     (3) 

Where k is the number of harmonics, which is dependent 

on how many frequency harmonics existed in SSVEP. 

The𝑓𝑠 is the sampling rate, and m is sample points. By 

calculating: 

𝜌𝑖 =
𝐸(𝑊𝑥

𝑇𝑋𝑌𝑖
𝑇𝑊𝑦𝑖

)

√𝐸(𝑊𝑥
𝑇𝑋𝑋𝑇𝑊𝑥)∙𝐸(𝑊𝑦𝑖

𝑇𝑌𝑖𝑌𝑖
𝑇𝑊𝑦𝑖

)
  (4) 

By calculating correlation coefficient 𝜌𝑖  can be 

obtained, and i corresponding to the maximum is the 

focused target
错 误 ! 未 找 到 引 用 源 。

. The accuracy of 

classification of the four stimulation was calculated 

from eight subjects. 

2.4 Subjective Evaluation 

At the end of each task, subject was asked to fill out a 

questionnaire in order to find out how comfortable they 

were. They had to give a score between 1 (not) and 7 

(very) for each of the following four questions after 

gazing at each of the stimulation in turn[23]:  

• How much do you like this stimulation? 

• How much will this stimulation increase your tiredness? 

• How long could you look at this stimulation? 

• How annoying is this stimulation? 

 

3. RESULT 

3.1 Different visual modes SSVEP spectrum 

analysis 

As for spectrum analysis of EEG signals results, one or 

two peaks were found in eliciting fundamental 

frequency or harmonic frequency. The amplitude of the 

spectrum peak of the square’s ring motion and Newton's 

ring motion were smaller than that of the square flicker 

and the circular flicker. Fig. 4 showed the spectrum 

amplitude of channel PO4while S7 gazing at visual 

stimulations flickering at 14Hz. 

(A)                     (B)                                      

 

(C)                   (D)               

Figure 2.Stimulation interfaces (A)The square’s rings based 

interface. (B) The Newton’s rings interface. (C) The square 

based interface (D) The circle based interface. 

Figure 3. The timing of the experimental sequence 

 



 

20 

 

3.2 Accuracy of different visual stimulations 

Fig.5 showed the CCA classification accuracy of four 

kinds of stimulations. The result indicated that the 

accuracy of the square’s ring motion and Newton's ring 

were similar to each other, and were lower than that of 

the square flicker and the circular flicker. Double factor 

variance analyzed that there was a significant difference 

(p = 0.0000＜0.05) between motion mode and flicker 

mode, but no significant difference between square and 

circular mode (p=0.947＞0.05). In addition, there was 

no interaction between the two elements (mode and 

shape). 

3.3 Subjective evaluation of different visual 

stimulations 

As shown in Fig.6, the eight subjects' comfort scores of 

four visual stimulations. The order of the score from 

high to the end was the square’s ring motion, the 

newton’s ring motion, the circular flicker and the square 

flicker. The Square’s ring seemed to have less negative 

effect on subjects’ comfort than other three stimulations. 

 

 

 

 

4. DISCUSSION 

In this paper, a steady-state motion visual evoked 

potential (SSMVEP) stimulation-the square’s ring 

motion was proposed, and compared with the visual 

stimulation which are commonly used in BCI system 

(oscillatory Newton's ring, square flicker and circular 

flicker)both in objective and subjective aspects. From 

the frequency spectrum of electroencephalogram, the 

square’s ring motion can effectively induce SSVEP as 

same as other three stimulations. Similar to Newton’s 

ring, the amplitude of square’s ring motion spectrum 

amplitude was smaller than that of the square flicker and 

the circular flicker. 

According to result of CCA, the accuracy of SSVEP 

elicited by motion mode is lower than that of flicker 

mode. Although the average brightness of motion mode 

and flicker mode was the same, but the change of the 

former was more obvious than the latter. There is a 

positive correlation between the SSVEP response and 

the change of brightness0.Therefore, the classification 

algorithm had lower recognition correct rate in the 

motion mode, compared with the flicker mode. In the 

meantime, the accuracy shows that equally with flicker 

mode, shape did not significantly affect motion mode 

accuracy0-0. What’s more, we selected eight frequencies 

to compare effects of stimulation frequency on the 

efficiency of stimulation paradigms. The results 

demonstrated that the square’s ring had higher accuracy 

at some frequencies(8, 12, 13, 15Hz) than the Newton’s 

ring. The subjective comfort indicated that motion mode 

has higher comfort scores than the flicker mode  

As a SSVEP-BCI stimulation paradigm, motion mode 

can effectively reduce the discomfort of the subjects 

because of its low contrast stimulus, but it also causes a 
certain loss of accuracy. If we can effectively control the 

erroneous operation of the BCI system, motion mode 

Figure 4.SSVEP spectrum amplitude of S7 elicited by 14 Hz 

Figure 5. SSVEP recognition accuracy of different 

stimulations 

Figure 6. Subjective comfort evaluation of different 

stimulations. 
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can be used as a visual stimulation for a long term. 

Admitting that the accuracy is not significantly 

improved by the square’ ring motion   in comparison 

with the Newton’s ring, the comfort is slightly improved. 

Further studies will focus on the enhancing accuracy of 

the square’s ring motion and improving its applicability 

in BCI system. 
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Abstract: When evaluating the therapeutic effect of 

Alzheimer's Disease(AD) and others, learning and 

memory function recovery is an important index. Senile 

disease is often accompanied by learning and memory 

impairment, which not only seriously affects the quality 

of life of patients, but also increases the burden of family 

and society. Traditional treatment is mainly treated with 

drugs such as cholinesterase inhibitor, which has certain 

curative effect, but has a large side effect[1]. Transcranial 

magnetic stimulation (TMS) is a noninvasive technique 

for the brain function regulation. As a Security and 

effective technology, TMS is more widely used in the 

field of neurology. The application of TMS technology 

plays an important role in the treatment of AD, post stroke 

Cognitive Impairment (PSCI), Parkinson's Disease (PD) 

and other diseases recover. The mechanism of this 

technique is not clear in the rehabilitation of learning and 

memory dysfunction of the aged population, and the 

effect is controversial. 

Key words: TMS; aging population; learning and 

memory function; 

 

1. Introduction 

Along with the growth of age, the aging population 

will appear degeneration of physiological function. The 

degeneration of nerve function leads to the occurrence of 

neurodegenerative diseases, which seriously affects the 

health and quality of life of the elderly, and increases the 

burden of family and society. In recent years, the 

proportion of the aged population in China is increasing, 
and the number of the population is rising year by year. 

According to the latest data from the National Bureau of 

statistics, the population of 60 years old and above is 240 

million 900 thousand, accounting for 17.3% of the total 

population. China is already in an aging society and is the 

most populous country in the world. 

AD, PSCI and PD are three common geriatric diseases. The 
symptoms of the them are accompanied by learning and memory 
dysfunction. The traditional treatment method used in the treatment 
of them is unsatisfactory, so it is urgent to search an more efficacy 
and security method in clinical[2].   AD, especially, is the most 

prominent cognitive impairment by the neurodegeneration caused 
by progressive memory loss, including. At present, drug treatment 
is not only not significant, but also a strong side effect. With the 
increase of the number of patients, an effective and security 
treatment is urgently needed. TMS is a non-invasive way of 
treatment, which affects the cerebral cortex through magnetic field, 
and then affects the action potential of cells and changes the 
excitability of cerebral cortex. According to the different stimulus 
parameters (such as intensity, frequency, etc.), the effect is different. 

2. Study on the function of learning and 

memory of senile patients with TMS 

2.1 The general evaluation method of learning and 
memory function 

The evaluation of learning and memory function has 

become an important link in the rehabilitation of senile 

diseases[3]. Learning and memory function assessment 

has become an important part of rehabilitation for 

geriatric patients. General use of the Mini Mental Status 

Examination(MMSE), Alzheimer Disease Assessment 

Cognitive Scale(ADAS-cog), Montreal Cognitive 

Assessment scale(MoCA), Digit Span Test (DST), Verbal 

Fluency Test(VFT) and other indicators to evaluate the 

learning and memory function of patients[2]. 

There are 30 subscales in MMSE, which are divided 

into 5 subscales, such as memory ability. The smaller the 
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score, the higher the degree of cognitive impairment. 

ADAS-cog is divided into 12 parts: recall test and so on, 

the higher the score the more serious memory loss. MoCA 

has 8 memory levels, and the higher the score, the higher 

the cognitive level. DST is divided into continuous 

recitation and sequence recitation, the higher the score, 

the higher the level of cognition. The higher the VFT 

positive rate is, the better the memory level is. 

2.2 Study on the learning and memory function of 

patients with AD by TMS 

At present, the number of AD diseases has exceeded 

8 million[2]. The clinical mainstream treatment is the use 

of cholinesterase inhibitors for drug treatment. In addition, 

a number of researchers have applied cranial magnetic 

stimulation to the clinical treatment of the disease[3].  

Table 1. The Study on the effect of TMS on cognitive dysfunction 

Author Company Case Frequency Strength 
Pulse 

number 
Length of time evaluation Result 

Liu Y.H. Tianjin 

Diazepam 

hospital 

180 AD 

patients 

5Hz 

h-TMS 

80% 

MT 

1200 

pluses/d 

5days/w 

12 weeks 

MMSE, 

MoCA, DST 

significant increase in 

MMSE, MoCA, DSTA 

Jonathan Harofeh 

Medical 

Center 

55-85 

Years 

old AD 

patients 

10Hz 

h-TMS 

90% 

MT 

400 

pluses/d 

5days/w 

6 weeks 

ADAS-cog, 

MMSE 

ADAS-cog Significantly 

lower scores, significant 

increase in MMSEA 

Turriziani Italy 

Brescia 

100 AD 

patients 

1Hz 

l-TMS 

90% 

MT 

600 

pluses/d 

 The memory 

task of faces 

and words 

The positive rate of the 

patient 

Significant improvement 

Wu Y. Mental 

health 

center 

82 AD 

patients 

20Hz 

h-TMS, 

1Hz 

l-TMS 

80% 

MT 

3000 

pluses/d 

5days/w 

4 weeks 

ADAS-Cog The score difference was 

significant, not significant 

between the two groups. 

Pascusl National 

Institutes 

of Health, 

Bethesda, 

Maryland, 

USA 

6 PD 

patients 

5Hz 

h-TMS 

   choice 

reaction time 

(cRT), 

movement 

time (MT) 

cRT, MT 

Significant change 

Paulo S Brazil 

St Paul 

29 PD 

patients 

15Hz 

h-TMS 

110% 

MT 

 

3000 

pluses/d 

5days/w 

2 weeks 

UPDRS  UPDRS Marked change in 

score 

Xiu Q. Z. liberation 

army 

102 

hospital 

65 PD 

patients 

5Hz 

h-TMS 

110% 

MT 

 

1600 

pluses/d 

2days/w 

4 weeks 

MMSE, VFT, 

TOL 

MMSE, VFT and TOL 

There are significant 

differences in score 

Fang C. N. Hunan 

Province 

Mawangdu

i hospital 

80 PD 

patients 

5Hz 

h-TMS 

 

110% 

MT 

 

1600 

pluses/d 

2 times/ w 

two weeks 

MMS, VFT, 

TOL 

MMSE, VFT and TOL 

There are significant 

differences in score 

Guse  Stroke 

patients 

10-20Hz 

h-TMS 
80％ -

110％ 

MT 

   Significantly improve the 

cognitive level 

Deng Z. X. First 

people's 

Hospital of 

Zhaoqing  

42 PSCI 

patients 

15Hz 

h-TMS 

 

 1350/d 20days MMSE, 

MoCA 

A significant increase in 

MMSE, MoCA 

Notes: h-TMS: high TMS    l-TMS: low TMS      MT: Motor Threshold 

Some study of showed that high frequency TMS could effectively improve the clinical symptoms of 
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AD[4,5]. In addition, Cheng[6] studies also suggested that 

high frequency TMS can play a positive role in the 

improvement of cognitive function in AD patients. The 

frequencies of TMS used by Liu[2], Jonathan[4], Maria[7] 

and Wu[8] was 5Hz, 10Hz, 20Hz and 20Hz, respectively, 

which are all larger than 1Hz. They are high frequency 

TMS. There were significant differences in cognitive test 

scores before and after treatment. The scores of MMSE, 

MoCA and DST were significantly increased. Significant 

reduction in ADAS-cog. The experimental results show 

that the high frequency TMS treatment, increased 

impairment of cognitive function in patients with AD, 

patients’ lower cognitive level, improve memory capacity. 

TMS can induce induced currents in the cerebral 

cortex, improve or inhibit the excitability of the central 

nervous system, so as to improve the cognitive function 

of in AD patients. In general, high frequency (>1Hz) can 

improve the excitability of excitability, low frequency 

(≤1Hz) is inhibition. The study had carried out by 

Turriziani
[9], patients received 1Hz of low frequency TMS 

treatment, the face and word memory tasks were 

significantly improved. 82 patients of one studied by 

Wu[8], in addition to the high frequency TMS of 20Hz, the 

low frequency experiments of 1Hz were carried out in the 

case of other parameters. The low frequency TMS also 

made the patient's ADAS-cog score significantly lower 

than before the treatment, however, there is no significant 

effect of TMS in 20Hz frequency TMS. To sum up, both 

low and high frequency TMS can improve the cognitive 

function of AD patients. However, high frequency TMS 

is more effective than low frequency. 

2.3 Study on the function of learning and memory of 
Parkinson patients by TMS 

The incidence of China's population over the age of 

60 Parkinson was 1%, the tremor, rigidity and postural 

abnormalities, such as impaired movement as the main 

clinical manifestations, accompanied by depression, 

cognitive impairment, sleep disorders and other non-

motor symptoms, is a common neurodegenerative disease 

in the elderly[10]. Cognitive dysfunction is a common 

complication of PD[11]. The traditional anti-PD drug 

therapy is mainly aimed at the symptoms of its movement 

disorder, which can’t meet the development of PD 

patients. TMS has been widely used in the treatment of 

PD and has a certain clinical effect on the changes of 

cognitive function of the patients[12]. TMS is considered 

to be a potential method for the treatment of PD[10]. The 

most classic treatment of PD in clinic is left-handed 

polybaran alternative therapy. 

 Pascual[13] had applied TMS for the first time in the 
treatment of PD and proved its clinical efficacy. Since 

then the technology continues to update and develop, and 

leads the researchers to treat the new ideas for the 

treatment of PD. However, there have been disputes about 

the relationship between the parameters of TMS and the 

effect. Frequency is the most important parameter, and 

different frequency stimuli may result in double results[14]. 

Most reports are positive for the clinical efficacy of high 

frequency TMS for PD. Pascusl[13] believed that 5Hz high 

frequency TMS can significantly improve Choice 

reaction Time(cRT) and Movement Time(MT) of PD 

patients. Boggio[15] used 15Hz's high frequency 

stimulation to PD patients. The results showed that the 

Unified Parkinson’s Disease Rating Scale (UPDRS) score 

changed significantly, and the high frequency magnetic 

stimulation had a significant effect on Parkinson. The 

results of the Levine’s[16] study suggested that high 

frequency TMS can significantly improve the patient's 

motor symptoms. Similarly, different frequency (low 

frequency (≤1Hz) and high (> 1Hz)) TMS on cognitive 

function in patients with PD is worth Verification. 

 Zheng[11] speculated that TMS can cause a variety of 

neurotransmitters, such as dopamine (DA), 5-HT, 

glutamate, Brain-Derived Neurotrophic Factor(BDNF), 

which may be one of the rTMS in the treatment of 

affective disorder disease or PD mechanism. High 

frequency TMS can significantly improve the cognitive 

function of patients with PD and depression. Research 

Fang[12] results showed that patients with MMSE, VFT 

and TOL increased significantly, showed that high 

frequency TMS is beneficial to the recovery of cognitive 

function in patients with PD. Judit[17] reported that low 

frequency (1Hz) TMS can improve the symptoms of 

patients with Parkinson's disease and have a significant 

effect on the recovery of cognitive function. In addition, 

Sumin[18] suggested that low frequency (0.5Hz) TMS 

could improve most of the non-motor symptoms of PD 

patients and remarkable improve their cognitive function. 

Low frequency and high frequency rTMS treatment can 

improve PD accompanied motor symptoms and non-

motor symptoms, while high frequency has a more effect 

on cognitive impairment, Chen[10 ] argued. In summary, 

both high and low frequency TMS can effectively 

improve the cognitive function of PD patients. However, 

most of the existing reports are the effects of single 

frequency on the cognitive function of the disease, and 

there are still few studies on the simultaneous action of 

different frequencies. The difference of therapeutic 

effects between different frequencies of magnetic 

stimulation has not been reported, and we are tracking and 

paying attention to it. 

 

2.4 Study on the learning and memory function of 

cerebral apoplexy patients by TMS 
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 In recent years, the clinical study of cognitive 

dysfunction after stroke is mainly focused on aphasia, 

memory dysfunction, half space neglect and so on. and 

the incidence of stroke in China is higher than that of heart 

disease, and the other countries in Europe and America 

are on the other side. Post stroke cognitive impairment 

(PSCI) refers to a cognitive domain disorders, clinical 

manifestation has great heterogeneity, but mainly for 

attention disorders, memory disorders, aphasia, apraxia 

and visual spatial disorder[19]. The new stroke in China 

has reached 2 million every year. In general, nimodipine 

can be used to improve the vascular cognitive function 

after stroke. TMS has also been applied to the recovery of 

learning and memory function in stroke patients. 

Generally believed that high frequency TMS at 10 ~ 

20Hz is beneficial for cognitive disorder, and receptors’ 

memory function could be improved. Chen[20] on the basis 

of computer cognitive training combined with 15 Hz high 

frequency magnetic stimulation treatment, we found that 

cognitive function of stroke patients has been further 

improved, and its curative effect is better than computer 

cognitive rehabilitation training. Deng[21] observed the 

clinical effect of scalp acupuncture combined with TMS 

on cognitive impairment of stroke, and affirmed the 

curative effect of high frequency TMS. The efficacy of 

high frequency TMS is further verified. And Hu[19] 

studies has suggested that both high frequency or low 

frequency rTMS will help improve the memory function 

of PSCI patients. Chen[20] also supports this view. The 

difference of curative effect between different frequencies 

was not significant. There is a study comparing the 

superposition of low frequency TMS with drug and 

psychotherapy with simple drugs and psychotherapy, the 

cognitive function of the patients recovered, but the 

former was restored obviously. The study of Wang[22] and 

Turriziani
[9] also demonstrated the role of low frequency 

magnetic stimulation. 

 To sum up, TMS is very attractive in many of the 

therapies for PSCI patients. Although the parameters are 

different, the curative effect is positive. The effect of TMS 

at different frequencies has been recognized by everyone, 

and how to set the parameters to make the curative effect 

optimal, a large number of experimental investigations 

are still needed. 

3. Conclusion and discussion 

 In the more than 30 years since Bark founded TMS 

in 1985, this non-invasive treatment has attracted the 

interest of brain-related researchers. At home and abroad 

for the AD, PD and PSCI cognitive dysfunction in elderly 

patients with diseases such as application of TMS study. 

But the technology is still in the stage of development. In 

the elderly population in learning and memory 

dysfunction recovery, often used for adjuvant therapy. Its 

security and efficient, will be application widely. 

However, the technology is still in the development stage, 

and it is often used for adjuvant therapy in the 

rehabilitation of elderly patients with cognitive 

dysfunction. At present, there are still some problems that 

need to be solved further: (1) TMS has been applied in 

clinic is not enough, and the curative effect is inexact; (2) 

some patients have side effects such as dizziness; (3) the 

optimal parameter setting is unclear. 
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ABSTRACT 

The research study on children with autism spectrum 

disorder shows the increasing number of autism children 

in the population.  The therapy in the initiate phase has 

become more important for children to start and practice 

in an earlier stage.  Therefore, the communication skill 

training is one of the most important practices needed 

for autism’s children.  Picture Exchange 

Communication (PECS) is one of the popular tools to 

help children to communicate.  Even children use the 

tool at the hospital or therapy institution, the result of 

using is not growth as expected.  The lack point of 

therapy process is they could not practice continuously.  

When children finish the therapy, they are not able to use 

the same tool at their home.  The mobile application 

becomes the bridge to bring the typical therapy process 

into the digital way with the multi-sensory function. 

Thus, this paper proposes the application called Sue San. 

It is designed to represent the typical therapy process in 

the communication skill. It uses the game-based 

learning to enhance children to practice and use the 

application with their partners including therapists and 

parents. There is also the mini game to provide the 

practice lesson for helping children to remember and 

recognize daily vocabularies, with fun.  Sue San is 

developed on the Android platform with Unity3D 

engine. The play records including scores and results in 

game are collected locally in the term of log file, in the 

text format.  In conclusion with the expert opinion, Sue 

San will not only become an advantage tool to reduce 

the lack point in autism’s children therapy process, it 

will also provide the chance for parents to practice the 

therapy lessons with their children at their home.  

 

Keywords 

Game-based learning, Children, Autism Spectrum 

Disorder, ASD, Communication Skill, Mobile 

Application 

 INTRODUCTION 

According to the research of pediatrician [1], autistic has 

founded to occurrence quickly in terms of 40:10,000 by 

population. The early identification is a key to help 

children to start the therapy in an earlier stage. Normally 

the initiate stage of autism’s therapy process is 

communication and social skill, which aims to help 

children to begin an interact with the people in their 

community.  The main challenge of the therapy is the 

children’s learning process is not continuous. In the 

traditional way, the typical therapy relies on printed out 

picture-cards and physical board as a tool for the 

communication, along with the therapist. However, in 

fact, parents cannot bring their children to join the 

therapy often, due to the limitations of time, distance, 

and expense. This pain point is shown in the opinion of 

therapist expert. That is, when the therapy process is not 

continuous, the children improvement seems to be 

regressed.   

Autism Spectrum Disorder (ASD) is characterizing by 

impairment in social skill, repetitive behaviors and 

 

Figure 1. Examples of typical PECS’s board. 
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communication skill including speak and nonverbal 

interact.  It then affects the solving and systemizing 

skill, which is known as executive function (EF).  This 

function helps children to learn in the area of working 

memory including cognitive inhibition and flexibility 

[5]. Autism is found in an earlier childhood. It can be 

ranged in the aspect of the mental retardation, using IQ 

test and function disabilities.  The abilities are 

separated by using the main area of autism impairment 

which is a communication skill including social skill.  

The first level is mild mental retardation. Children in 

this level can study and practice skills similar to normal 

children, but they are found out of lacking in sensory 

motor skill and communication skill. The second level 

is moderate mental retardation. Children in this level are 

trainable for daily life skill such as routine task. The 

third level is severe mental retardation. Children in this 

level need closely attention with special care. They face 

with both physical problem and movement difficulty. 

Normally, children with autism are trained at their 

earlier stage of childhood in areas of social skill and 

communication skill by their parents and/or therapist 

partners [5]. The process of autism children therapy is 

widely accepted in three areas which are social 

communication, social interaction, and social 

imagination [6]. The most important part to start with is 

social communication skill. Most of the tools for 

children with autism to learn in this area is developed 

based on Augmentative Alternative Communication 

(AAC). It uses pictures of items to represent and 

synchronize the meaning of the vocabulary. This therapy 

method is designed for children who have individual 

severed speech or language disabilities. There is a model 

that was developed for children with autism in AAC 

system called Picture Exchange Communication System 

(PECS). This method was developed in 1985 for pre-

school autism student [7]. It uses a book board with a set 

of vocabulary cards to help children to synchronize with 

the meaning in each card. Children will notice the item 

with the positive reinforcement, aimed to enhance 

children to recognize the item. The step of learning 

communication skill can start with introducing the item, 

matching them with the meaning, and identifying the 

differences between items/cards. After children be able 

to recognize different items, they will be able to use 

those items to communicate and create a simple 

sentence. Along with the therapy process on 

communication skill, children will also learn the social 

skill with the therapist.  

Currently there are a few mobile applications which are 

developed in this area. It is accepted that playing mobile 
application and game has become a daily children 

leisure activity [2]. Due to the challenge of no 

continuous therapy, the application that is easy to be 

accessed everywhere becomes a choice for parents to 

help their children to practice and learn at home. The 

review of children’s game in mobile market shows many 

interested models. For example, Elmo Loves 123s is one 

of the most popular special games that enhance 

children’s learning process especially in identifying and 

counting numbers. Children can calculate a simple 

addition and subtraction by using popular character 

from television series such as Sesame Street [3]. It is not 

only benefit normal children but also children with 

special education needed (SENs). This is because they 

can play game efficiency from mobile application to 

improve their learning process [4]. The result of another 

study on game-based learning for special needs 

education shows the interesting result of the 

improvement and progression which is higher than 

using traditional way. The efficiency of the learning 

process has been recorded and analyzed in every point, 

aimed at improving the function more effectiveness. 

Using game mechanic would enhance and persuade 

children to learn the lesson, as a result from the positive 

impact on the improvement of special needs education 

of children who use game-based device. They will also 

be suggested to practice at home, in parallel with the 

therapy institute’s program.  This paper will explain 

about the application system of Feuk Pood in details and 

also discuss about the expert opinion for using it in real 

cases.  

 LITERATURE REVIEW 

Currently the main issue in Thai’s language founded that 

many people are misunderstanding about the PECS 

model on autism’s therapy process. According to the 

discussion with the experts in autism therapy in 

Bangkok, PECS’s model was use with the children who 

are diagnosed with moderate to severe autism. However, 

the experts said that children with autism should use 

PECS although they are not diagnosed in the high rate 

in autism. PECS is an effective tool for children to start 

practicing the communication with others. This model 

also helps children to improve learning curve in social 

skill.   

Focusing on the autism’s therapy process, the study on 

other related works show the comparison between 

typical PECS board and the application [8]. Using the 

mobile application can help children to demonstrate the 

interaction more than typical PECS’s board.  

According to this study, they use the typical PECS board 

to introduce children learning how to communicate (as 

shown in Figure 1).   

Another study on multi-touch devices application [9] for 
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children with autism shows the effective result from 

using the device that is designed using the therapist 

opinion. Children are able to understand the different 

roles. The situation is setup to initiate the 

communication step-by-step when children play with 

their partners.  This study was designed by using the 

specialist perspective. The result shows the great 

improvement in learning curve of children while using 

the application. This application enhances children to 

understand the different roles in each level of the game 

easier than the typical model, aimed to meet the 

difficulties that are different in children. 

The current PECS method in application [10] was 

developed based on the typical PECS model interface. 

The multimedia device helps children to attract with the 

learning lessons. The advantage of using mobile device 

is used to support the visualization and voice capabilities 

function. The study shows the flexible of the content 

creation from the typical model to the digital version. In 

Thai language, the application that uses AAC method, 

called Pooddai, was developed on the android platform. 

It added the group of routine vocab with the sentence 

builder area similar with the PECS’s board, including 

the pronunciation of vocab and sentence [11]. However, 

most of the related applications was provided in English 

language and used only as the communication tool for 

children. 

In this paper, the Sue San communication application is 

proposed for autism’s children. The application provides 

the sentence builder function including the mini game to 

engage children. Children will be able to use and 

practice the communication lesson with their therapist 

and/or parent everywhere. The application is developed 

using Unity3D under the Android platform.   

 PROPOSED METHOD 

Sue San is designed based on PECS model. The core of 

the developed application is the communication tool for 

children with autism. Sue San is provided in Thai 

language with multi-sensory function. It is designed to 

ensure that children can use along with the typical 

communication therapy with their therapist and/or 

parents. Main function of Sue San is a communication 

part as can be seen from the typical PECS board. It also 

provides the mini game function to enhance children to 

practice more on learning the vocabulary. 

The overview of Sue San is a communication tool for 

autism’s children. The application provides the basic 

authentication for users. First is the login and register 

part. Therapist and/or parent can add or register children 

easily by themselves in the application menu bar. This 

function collects nickname for login, age and gender of 

children. After the register and login, the application 

will show 4 main functions which are communication 

tools, mini game, vocabulary library, and how to use this 

application.  

The communication tool is designed based on typical 

therapy tools for autism children. This page provides 

three main parts for using the tool by representing 

typical PECS board (as shown in Figure 2). The first part 

is the vocabulary stock (as shown in the bottom-left part 

of Figure 2). The vocabulary cards will be randomly 

selected and shown on the screen, including the starter 

wording such as “I want” and the another daily word-

category for building the sentence.  The second part is 
the building sentence panel (as shown in the top part of 

Figure 2). The player has to drag the vocabulary from 

 

Figure 2. Sue San user interface. 
 

 

Figure 3. Daily vocabulary for children with autism. 
 

 

Figure 4. Mini game page. 
 

 

Figure 5. Overview of system components. 
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the stock into this panel one-by-one piece. When the 

player clicks on the vocabulary card, it will pronounce 

the vocabulary sound individually. After fulfill the 

sentence building panel based on the interaction with 

partner, the player has to click on “Speak” button (i.e. 

the purple button in Figure 2) for pronouncing the built 

sentence. The player can select to delete current 

sentence or re-random the vocabulary in the stock. The 

play records are collected and kept along with the user 

information, date and time. The third part is the 

command part (as shown in the bottom-right part of 

Figure 2). They are “Speak” (in purple color), “Delete” 

(in red color) and “Re-try” (in blue color) buttons. 

In the building sentence panel, the natural language 

processing (NLP) model is applied to correct the 

grammar for the player.  The NLP model is adapted 

especially for the grammar difficulties level for autism’s 

children. The sentence structure follows Thai grammar 

rules along with the communication therapy of autism 

children. The grammar for autism children is slightly 

different from the typical one. The subject is attached 

with the main verb for helping children to express their 

wants and needs easier. When the player presses the 

“speak” button, the sentence will be spoken out if the 

gramma of the sentence is correct according to the pre-

set NLP rules. Otherwise, the application will say 

“please try again”. Normally, Thai grammar is slightly 

different from English grammar in some part of the 

structure. For example, the position of adjective in 

English sentence comes before a noun that it describes. 

In Thai, adjective will come after a noun in sentence 

order.   

Sue San uses the model of PECS along with NLP to help 

children to practice and learn vocabularies and building 

the correct sentence at the same time. The vocabularies 

that are used in Sue San are selected based on the daily 

vocabularies according to the typical PECS’s process. 

Figure 3 shows sample vocabularies used in the 

application. In the top row, they are the starter of the 

sentence, including “I go”, “I have”, “I hear”, “I see” 

and “I want” (from left to right). The first picture in the 

bottom row is an example of the adverb. It is “at night”. 

The rest in the bottom row shows sample verbs used in 

the application. They are “eat”, “poo”, “pee”, and “play” 

(from left to right). The player can use the application to 

practice the communication skill in the therapy session 

and also in the daily live with their parents.   

The mini game function (as shown in Figure 4) is 

designed following the practice lesson on remembering 

and recognizing vocabularies. It will show one 

vocabulary randomly and pronounce the sound. The 
player has to select one card from the four choices to 

match the sound. The level design is selected based on 

the expert opinion on typical therapy process for autism 

children. The game will repeat 10 times with 10 

different key words. Every action in the game will be 

collected as a player log and will be shown in the result 

page.  The player will be able to select the card or skip 

to the next question. Follow the opinion of expert, the 

repetitive learning is important for autism children.  

They will learn and start to recognize the difference 

between vocabularies. Sue San is developed on the 

Android platform since it is the most popular platform 

sold in the market. 

The overview of application system is shown in Figure 

5. The application modules are implemented mainly 

using the Unity3D engine. Each of the function is 

developed separately from each other. The play-records 

will be collected and summarized in one page called 

“Result Page”.  

The records include the player information in the 

registration page such as name, age and gender. Then, 

the play data will be collected separately for each player 

based on the login information. The play data is 

collected from both communication tool and mini game. 

The collected data will be useful for analyzing the 

progress of children in the therapy process.  

 EVALUATION AND DISCUSSION  

In the initiate stage of validating the application, the 

opinions from the human experts (therapists in the 

private institution) are collected and analyzed. After 

discussion with the experts, they are asked to use the 

developed application. They are asked to provide the 

comments based on the traditional therapy process. 

They said the key benefit of the application is it can 

collect the success and fail actions of the play for the 

further analysis. The concept of the proposed 

application is admired by the experts because it will be 

useful for daily therapy of autism children. In addition, 

it is easy and convenient to use. Thus, parents will be 

able to practice their children at home.  

The experts also suggest adding some minor additional 

functions. For example, the user should be able to 

manage the set of vocabulary cards, in order to make it 

align with the therapy steps. The user (i.e. therapist or 

parent) should be able to set the number of selected 

cards or the vocabularies used in each play. 

Due to the evaluation, the proposed application shows 

that it could be able to help children to practice the 

working memory mechanism.  While children use the 

application at their home, the social skill and interaction 

enhancement can be increased when using this 
application with their family.  It is interesting to note 

that, even their parent could be able to practice and train 
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their children by themselves.  The expert also shows 

the interesting point on a group of children who will be 

able to use this application. They said even the children 

who are slightly diagnosed as autism will be able to use 

this application to initiate the communication skill as 

well. The mechanic of the application also helps 

children to build sentence in a correct way. This does not 

only benefit autism children, but it also benefits typical 

children who are poor in the sentence building skill.  

It is important as a tool for children with autism in daily 

life, comparing with other applications in the market. On 

top of providing speech function, it is also important to 

provide the correction of sentence structure followed by 

the grammar.  Besides, due to the therapy process, it is 

important to collect the results while using and playing 

through the system. After discussing with the expert, it 

shows that this kind of technology aligns with the 

strategy of the therapy process. It is a convenient tool to 

encourage the children with autism to practice more on 

the communication skill. 

 CONCLUSION AND FUTURE WORK 

This paper introduced Sue San as a communication tool 

by using game-based mechanic. It integrated the 

communication tool, practice lesson, and the daily 

vocabulary. The application system of Sue San was 

implemented on Android platform. It was developed 

using Unity3D engine. So it will be able to port into 

other mobile platforms. It was designed to also collect 

play-data from children. This process will help the 

therapist to identify the lack in their processes. Player 

data and playing data are collected and kept in 

application data log, to be used for calculating and 

analyzing the playing results. We received the positive 

and beneficially comments from the human experts in 

the area of therapy with autism children in Bangkok.  

The future work will be held in the integration with 

customize function for therapist. The main function is to 

select the vocabulary and limit the number of 

vocabulary in each term.  Another mini game for 

practicing along with the therapy process might be 

considered to be added into the application. For example, 

the game could be designed for practicing the sentence-

build phase. The simple puzzle game was also 

recommended.   
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ABSTRACT 

Surface electromyogram (sEMG)-based hand gesture recognition 
systems bring much convenience to the disabled. However, it is 
inconvenient or even impractical to wear too many sensors due to 
the amputee’s limited residual muscles. To solve this problem, 
this paper validates the feasibility of using two-channel sEMG 
signals to identify six hand gestures. We employ a feature 
evaluation function to investigate the performance of time and 

frequency domain feature extraction methods. We also inspect the 
performance of back propagation neural network (BPNN) and 
that of support vector machine (SVM) using the mean and 
variance as the evaluation index. The experimental results 
indicate that the average accuracy of five subjects reaches 94.66% 
by employing time-domain feature extraction method and BPNN 
classification method, which can be applied to control the actual 
prosthetic. 

Categories and Subject Descriptors 

Human-centered computing-Accessibility systems and 

tools 

General Terms 

Algorithms, Experimentation, Verification. 

Keywords 

surface electromyogram (sEMG), feature extraction, 

pattern recognition, back propagation neural network 

(BPNN), support vector machines (SVM) 

1. INTRODUCTION 

With a sophisticated and flexible structure, human hand 

plays an irreplaceable role. Unfortunately, due to the 

diseases, traffic accidents and other reasons, a growing 

number of people lost their hand even the upper limb, 

which seriously affects their lives. According to the data 

from World Health Organization, 110 to 190 million 

people are undergoing severe functional disability in 

2016. In recent years, the surface electromyogram 

(sEMG) signals have been proved to reflect human 

muscle movements effectively, and plenty of sEMG-

based medical or healthcare devices are available, 

bringing much convenience to the amputee. 

Generally, the sEMG signal recognition systems 

including two processes: feature extraction and pattern 

recognition. Commonly used feature extraction methods 

including time-domain [7], frequency-domain [12], and 

time-frequency domain [4], etc. And the classification 

algorithms usually used are artificial neural networks 

(ANN) [8], support vector machines (SVM) [11], 

wavelet neural network (WNN) [3] and linear 

discriminant analysis (LDA) [9], etc. Luo [7] proposed 

a genetic algorithm (GA) based multi-layer perceptron 

(MLP) method to recognize seven time-domain features 

and three frequency-domain features extracted from six-

channel sEMG. The classification accuracy of six hand 

gestures with three forearm orientations is higher than 

90%. Wu [11] proposed a classification method based 

on locally linear embedding (LLE) algorithm to reduce 

the dimension of features extracted by time-domain and 

wavelet analysis. The SVM was used to identify two-

channel sEMG, whose accuracy is 96.25%. Shi [9] 

proposed the parameter-free Rough entropy (REn) to 

represent four-channel sEMG signals, and the best 

classification accuracy for identifying six hand gestures 

is 97.39 ±1.74% by SVM. Xiong [12] proposed a 

classification method based on single-channel sEMG 

signals, they extracted time and frequency features, and 

employed the SVM classifier to identify five different 

hand gestures, whose accuracy reaches 80.4%.  

Although researchers have devoted themselves to 

developing various kinds of sEMG recognition systems, 

several problems still exist. Part of the existing 

researches only focused on the identification accuracy, 

did not limit the number of sensors [5]; some actions are 

not commonly used [10]; some algorithms are too 

complex to apply on real-time systems [7]. In order to 

solve these problems, this paper employs an improved 

feature extraction algorithm based on time-domain, 

which reduces the performance requirements of 

computation. We also employ as few sensors as possible 

to identify the most commonly used hand gestures. 
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2. DATA ACQUISTION 

The upper limbs are distributed with complex muscular 

systems, when the hand moves, the muscles associated 

with the action causes current field. Hence, the sEMG 

data representing the movement can be obtained by the 

electrodes on the skin. 

In this paper, six commonly used hand gestures 

including hand close (HC), hand open (HO), wrist 

extension (WE), wrist flexion (WF), wrist outward 

turning (WOT), wrist inward turning (WIT) are chosen, 

which are shown in . Extensor carpi ulnaris (EXT) and 

flexor carpi radialis (FLEX) were selected as the 

muscles to be measured which are shown in . 

 

Figure 1. Gestures (1 HC, 2 HO, 3 WE, 4 WF, 5 WOT, 6 

WIT). 

 

Figure 2. Muscles. 

In this paper, five healthy subjects participated in the 

experiment, including 4 males (aged 22-24 years old) 

and 1 female (aged 22 years old). The acquisition 

equipment in this paper is Telemyo 2400T G2 from 

Noraxon (http://www.noraxon.com), which is shown in . 

A PC preloaded with Noraxon software is also used for 

the sEMG signals data collection and storage. 

 

Figure 3. Data acquisition equipment (1 electrodes, 2 connect 

wire, 3 wireless sensors, 4 PC receiver). 

Subjects first relax for 5s, then do the specified gesture 

for 5s, and there is 5 seconds relax between two gestures. 

We remove the 1st and 5th second signal in each action 

because the unstable part at the beginning and the end of 

the gesture may affect the off-line classification results. 

Considering the real-time application, we take 0.2s as 

the length of signal for feature extracting. The data 

acquiring and processing procedures are shown in . 

 

Figure 4. Data acquiring and processing procedures. 

 

3. FEATURE ETRACTION 

This section introduces the feature extraction methods 

and an evaluation method to select suitable feature 

vector. 

3.1 Feature Extraction Method 

The time-domain and frequency-domain methods are 

chosen is this paper. 

The hardware requirement of time-domain feature 

extraction methods is relatively small, which is suitable 

for real-time systems. The methods selected in this 

paper is illustrated as follows: 
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Logarithmic Integral-Absolute-Value (log-IAV) 
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Logarithmic Variance (log-VAR) 

   (5) 



 

 34 

Logarithmic Absolute Variance (log-absVAR) 

 

 

 

(6) 

where ( 1, 2, , 1, )ix i n n= -L  is the time series of sEMG 
signal. The logarithm is employed in (3) to (6) to reduce 
the huge magnitude difference between features. 

Compared with the time-domain feature, the frequency-

domain feature is more stable, but it brings a large 

amount of computation. The frequency-domain 

methods in this paper are mean power frequency (MPF), 

mean frequency (MF), max power spectrum (MPS) and 

logarithmic power spectrum ratio (log-PSR). 

MPF 

 

  

(7) 

where  Psd f is the power spectral density function of 
sEMG signal. 

log-PSR 

 

 

 

(8) 

where f0 is the frequency at the maximum amplitude of 
the power spectrum, n is integral width, and n = 5Hz in 
this paper. The logarithm is introduced to reduce the 
magnitude difference. 

Median Frequency (MF) 

 

  

(9) 

where fmf is the requested median frequency. 

 

3.2 Feature Evaluation Function 

Feature evaluation methods can be divided into filters 

and wrappers [2]. This paper employed the filter method 

to select the feature objectively. The evaluation index is 

defined as sep: 

 

  

(10) 

where xi and yi is the feature value of EXT and FEXT in 
each gesture. So, the coordinates of each feature can be 
represented by  ,i ix y  in a 2-dimensional coordinate 
system. r represents the degree of discretization of the 
feature points in each gesture, and R represents the 
degree of discretization between the gestures. The 
results of the aggregation degree of features are shown 
in . 

Table 1. The Aggregation of Features 

Methods 

Subject No. 

Mean 

1 2 3 4 5 

log-IAV 0.139 0.194 0.195 0.222 0.301 0.210 

log-RMS 0.139 0.194 0.196 0.225 0.285 0.208 

log-absVAR 0.142 0.200 0.203 0.234 0.280 0.212 

log-VAR 0.139 0.194 0.196 0.225 0.281 0.207 

MEAN 19.836 15.158 13.410 16.931 38.074 20.682 

ZC 0.463 1.283 0.762 0.742 0.838 0.818 

MPS 0.234 0.234 0.259 0.277 0.387 0.278 

MF 0.530 0.735 0.588 0.583 0.798 0.647 

MPF 0.332 0.791 0.595 0.596 0.652 0.593 

log-PSR 0.334 2.172 1.078 1.133 0.776 1.098 

According to the mathematical significance of r and R, 

the smaller the sep, the better data clustering 

performance is. Hence, the number of features included 

in the eigenvector is determined to be six, and the 

eigenvector in this paper is shown in . 

Table 2. List of Features 

Feature No. Time-domain Frequency-domain 

Feature 1-2 log-IAV MPS 

Feature 3-4 log-RMS MF 

Feature 5-6 log-VAR MPF 

*Each feature has two channels 

4. CLASSIFICATION 

In this paper, back propagation neural network (BPNN) 
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and support vector machine (SVM) are chosen as the 

classification methods. 

4.1 BP Neural Network 

BPNN learning process can be divided into two 

processes: the forward input transmission and the 

reverse error propagation. Firstly, the data were import 

from the input layer, after processed by the hidden layer 

then transmit to the output layer. Secondly, if the error 

between the actual and expected output is beyond the 

threshold, the error back propagates to the input layer to 

guide the network modify the weight through the hidden 

layer. The learning process will continue until the output 

error or the count of learning sessions reaches the limit. 

The schematic diagram of the BPNN is shown in . 

 

Figure 5. The schematic diagram of the BPNN. 

where 

1 2( , , , , , )T

i nx x x x=X L L  is the input vector,  

1 2, , , , ,( )T

j my y y y= 技Y  is the output vector from hidden 

layer,  

1 2( , , , , , )T

k lo o o o=O L L  is the output vector from output 

layer,  

1 2( , , , , , )T

k ld d d d=d L L  is the expect output vector,  

1 2( , , , , , )j l=V V V V VL L  is the weight matrix from the 

input layer to the hidden layer, and the column vector 

jV  is the weight vector of the jth neuron of the hidden 

layer,  

1 2, , , , ,( )T

k mw w w w= 技W is the weight matrix from the 

hidden layer to the output layer, and the column vector 

kW  is the weight vector of the kth neuron of the output 

layer. 

The adjustment formula of BPNN can be expressed as: 

 

  

(11) 

where η is the learning rate, and δ is the error from this 

layer. 

The BPNN method is an error gradient descent 

algorithm, so the computation time is brief. However, 

this method converges to the minimum points easily. In 

this paper, Levenberg-Marquardt (L-M) optimization 

algorithm [6] is employed as the weight training 

algorithm of BPNN to improve the stability and reduce 

the possibility of entering the local minimum point. 

The weight adjustment equation of the L-M algorithm is 

given by: 

 
  

(12) 

where J is the differential with respect to the weight with 

error, I is the identity matrix, μ is a scalar greater than 0, 

and e is the error vector. 

The iterative process is as follows: 

 
  

(13) 

 

4.2 Support Vector Machine 

As a feedforward network algorithm, the basic principle 

of the SVM is to establish a decision surface for the 

training data to maximize the distance between the 

positive and negative cases [1].  

For the linear classification problems, it is necessary to 

place the classification surface at a distance farther from 

both two types of samples. And the optimal classifier 

function can be expressed as: 

 

  
(14) 

where x is sample to be classified, w is adjustable weight 

vector, b is offset, b* is classification threshold. 

For the nonlinear classification problems, a kernel 

function is introduced to transform the sample into a 

high-dimensional space, thereby transforming the 

nonlinear classification problem into a linear problem. 

The basic form of kernel function is as follows: 

 
  

(15) 

The final optimal classification function is: 
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where * * *

1
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N
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i
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     g . 

The kernel function in this paper is Radial Basis 

Function (RBF): 

 
  

(17) 

where γ is the RBF parameter. 

This kernel function does have the excellent 

approximation, strong input and output mapping 

function without local minimum value, it also has the 

advantages of good classification effect and fast 

convergence time. 

 

5. RESULTS AND ANALYSIS 

In this paper, the average accuracy of multi-tests was 

introduced to prevent the initial weights and different 

data sets impact the results. At the same time, the same 

training set was used to train and test two classifiers in 

each computation, which avoid the condition that 

different data sets affect identification. The 

classification results are listed in table 3: 

Table 3. Classification Accuracy and Variance 
 

Time-domain feature Frequency-domain feature 

BPNN 94.66%/0.0073 93.40%/0.0099 

SVM 93.10%/0.0300 33.72%/0.0470 

*a%/b means the average accuracy is a% and the variance of accuracy is b. 

 
*Black line is the positive and negative error of accuracy 

Figure 6. Classification accuracy. 

The accuracy and variance of four combinations 

indicates, for the feature extraction method, the 

frequency-domain method is inferior to the time-domain, 
which is consistent with the . For the classifier, the 

variance of SVM are much larger than the BPNN, 

indicates that the recognition stability of the SVM is 

inferior to that of the BPNN. The classification results 

show that the BPNN with time-domain feature 

extraction algorithm has the best performance, and the 

average accuracy for utilizing two-channel sEMG 

signals recognizing six hand gestures is 94.66%. 

 

6. CONCLUSION AND FUTURE WORK 

In this paper, different feature extraction and 

classification algorithms are employed to analyze the 

sEMG signals, and the feasibility of using two-channel 

sEMG signals to recognize six hand gestures was 

verified. This paper employs a feature evaluation 

function to select the features, and also employs mean 

and variance as the evaluation index to analyze the 

classification performance of BPNN and SVM.  

The experiment results indicate that the performance of 

the time-domain feature is better than that of the 

frequency-domain feature, and the BPNN is superior to 

the SVM for the classification. Using the time-domain 

feature extraction and BPNN classification algorithm, 

the accuracy of utilizing two-channel sEMG signals to 

recognize six hand gestures is up to 94.66%. In the 

future, we will try to apply the proposed algorithms to 

control the actual prosthetic. 
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ABSTRACT 

Due to its radiological and un-portable defect of the imaging 

methods for spinal measurement, a novel method based on the 
attitude sensor was studied to measure the spinal morphology, 
including its Cobb angles and 3D shape. The transformational 
relationship about attitude angles from the attitude sensor was 
analyzed in measurement, and the method for measuring multi-
Cobb angles was also studied. A spinal measuring device was 
designed to verify the effectiveness of this method. The pitch and 
yaw angles of the attitude sensor were obtained by the device. 

Then the Cobb angles and 3D shape of the spine can be obtained 
using the proposed method. The experimental results showed that 

the measurement error of this method was within  3 degrees, 
which meet the requirements of measurement accuracy (less than 

5 degrees). The reliability of this instrument was greater than 
0.8. 

Keywords 

Spinal measurement  Curve reconstruction  Attitude 

sensor  Cobb angle. 

 

1. INTRODUCTION 

In recent years, spinal deformity has become a severe 
chronic illness affecting human health, which has high incidence 
among adolescents and children [1]. In clinical diagnosis, all the 
morphological abnormalities of the spine, such as, spine coronal, 
sagittal or axial deviation from the normal position, are 

collectively called spinal deformity [2]. 

The methods for assessing spine morphology mainly include 
imaging methods and non-imaging methods [3]. The imaging 
methods mainly include X-ray measurement, CT measurement 
and MRI measurement. Ochia et al [4] use CT scanning method 
to measure spinal motion in patients with back pain to calculate 
the rotation angle and translation of the vertebral sections. This 
kind of method has high measurement accuracy, but it has certain 

defects, such as large volume, high radioactivity, complex 
measuring process, long measuring time and so on. Besides it is 
not easy to realize routine monitoring of spinal morphology. Non-
imaging methods mainly include ultrasonic methods, sensory 
methods, and so on. Ultrasonic measurement method [5] is a non-
invasive measuring method with high accuracy and repeatability, 
but it requires high accuracy of ultrasonic signal transmission. 
The sensory method is a relatively novel spine form assessing 

method. It is non-invasive, non-radiative, and can be used to 
perform routine tests of spine morphology. For example, the 

Spine Scan [6,7,8], an electronic spine measuring instrument, 
uses three-dimensional electronic gravity angle sensing 
technology to measure the Angle of Trunk Incline (ATI) and the 
sagittal angle of humpback spine and the body’s range of motion 
(ROM) [9]. The device is portable, non-radioactive, and real-time, 
but its measuring results do not have medical value, and its 
intuitiveness is poor. 

So a novel measurement method for human’s spinal 

morphology is proposed in this paper. It can measure the 
morphological parameters of the human spine on the body surface 
through an attitude sensor [10, 11] and encoder. Cobb angles and 
the human body's spinal morphology curve can be obtained using 
the method proposed in this paper, which provide reference to 
doctors for further diagnosis and treatment. 

 

2. MEASURING METHOD 

2.1 The Measurement of Cobb Angle 

The Cobb angle in medical field is defined as 

follows: in spinal scoliosis and kyphosis, the upper and 

lower vertebra (Figure 1 (a) T12 is the upper vertebral, 

L4 is the lower vertebra) is the most gradient vertebra in 

scoliosis and kyphosis [3]. Draw lines at the upper 

vertebra’s upper edge and the lower vertebra’s lower 

edge respectively and define them as ac  and bc  (see 

Fig. 1 (a)). Then make two other lines which are 

perpendicular with the two horizontal lines and the 

intersection of two perpendicular lines is the Cobb angle. 

According to the geometric relationship in Figure 

1 (b), the following equations can be obtained: 

 
=1 1

=2 2

c c

c c

 

 





  (1) 

Where, 1c  is the upper part of the Cobb angle which is 

divided by cd and 2c   is the lower part of the Cobb angle. 

So the Cobb angle's computational formula is: 

 = + = +1 2 1 2c c c c c        (2) 
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(a)                      (b) 

Figure 1. The definition of the Cobb angle (left), the 

principle of measuring the Cobb Angle in scoliosis (right) 

Therefore, under the standing posture of the human body, 

we can measure the attitude angles of the spine in front 

and side views and get the Cobb angle using the 

geometric relationship proposed above. The specific 

method is as follows: 

1) Choose n points on the spine and measure the pitch 

and yaw angles on every point from the start to the end 

of the spine. The pitch and yaw angle sets can be 

obtained and expressed as Eq. (3) and Eq. (4). 

  = 0 1 2 n    K、、 、、   (3) 

  = 0 1 2 n    K、 、 、、   (4) 

2) Divide each set into two subsets according to their 

sign. 
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3) Calculate the Cobb angles according to formula 

(2). 

 max minc        (7) 

 max minc       (8) 

2.2 Spinal Shape Reconstruction 

To observe the degree of spinal deformity 

intuitively, a spatial curve reconstruction algorithm is 

used to perform spinal shape reconstruction. The 

reconstruction of the curve is explained by taking the 

planar curve reconstruction as an example in this paper 

[12, 13, 14]. 

The shape of the spine is a continuous curve and 

can be assumed to consist of arcs of different radius. 

Projecting the shape of the spine onto a two-dimensional 

plane，a circle segment of the two-dimensional plane 

can be obtained by projecting the shape of the spine onto 

a two-dimensional plane, which is shown in figure 2. 

Pn and 1Pn  are two adjacent points in the curve. Sn  is 

the arc length of the two points. n  And 1n   are the 

angle between the tangent of the two points and the 

positive direction of the X axis.  

XO

Y
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y

nP

+1nP

n np
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+1n

+1np

nS
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Figure 2. Curve fitting arc segment in 2D plane 

After knowing the coordinates and arc length of the 

point Pn , the coordinates of 1Pn can be obtained using 

the information of point Pn .The process of fitting the 

recursive equation of the curve is as follows: 

According to the geometric relationship in figure 2, 

the following equations can be obtained. 

 1p p pn n  

ur uuur uuuuur
  (9) 

 2 sin( 2)L Sn n       (10) 

 1n n      (11) 

 

Where, p
ur

 is the tangent vector at point Pn , Ln  

is the Chord length between point Pn and 1Pn .   is the 

angle formed by p
ur

 and 1pn

uuuuur
. 

p
ur

 can be expressed as: 
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2 cos( 2)
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And thus, 



 

 40 

 
tan( 2) (cos cos )1

tan( 2) (sin sin )1

x Sn n n

y Sn n n

   

   

     

     

  (13) 

So the coordinates of point 1Pn  can be expressed 

as: 

 
tan( 2) (cos cos )1 1

tan( 2) (sin sin )1 1

x x Sn n n n n

y y Sn n n n n

   

   

      


     
  (14) 

The spatial reconstruction method is similar to the 

planar method, except that the tangent angle of the space 

curve needs to be decomposed into a tilt angle between 

the tangent line and the horizontal plane (XOY plane), 

and the tangent line projection between the XOY plane 

and the X axis. The recurrence formula for points in 

space is as follows: 

tan( /2) (cos cos cos cos )1 1 1

tan( /2) (cos cos cos cos )1 1 1

tan( /2) (cos cos cos cos )1 1 1

x x Sn n n n n n n

y x Sn n n n n n n

z x Sn n n n n n n

    

    

    

       


       
       

 (15) 

Where,  ,y ,zxn n n  is the coordinates of point n. 

Sn  is the arc length between point n and point (n+1). n  

is the pitch angle of point n, n  is the yaw angle of 

point n.   is the angle formed by the  tangent lines of 

the two points. 

 

3. EXPERIMENTAL VERIFICATION 

In order to verify the feasibility of this method, a 

spinal measurement device based on attitude sensor was 

designed in this paper. It can obtain the posture 

information ( ,   ) of the human spine surface and the 

curve distance ( Sn ) between adjacent sample points, and 

use the method above to obtain the Cobb angle and 

three-dimensional shape of the spine. The main 

functional structure of the device is shown in Figure 3. 

The core components are attitude sensors and encoders, 

which are used to acquire the attitude data of the spine 

and the curve distance between adjacent measurement 

points. Then the Cobb angle calculation and shape 

reconstruction are performed. 

Power module

MCU

Display 
Module

Bluetooth 
ModuleEncoder

Attitude 
sensor

 

Figure 3. Structure of the measuring device 

3.1 Simulated Spine Experiment 

To evaluate the effectiveness of this device, a 

simulative human spine model (see Figure 4) is made. 

The model includes 3 Cobb angle, one Cobb angle in 

scoliosis and two Cobb angle in kyphosis, which are 

43.6 degree, 48.0 degree and 49.0 degree. The 

measuring results are shown in table 1. And the 

reconstructing results are shown in figure 5. 

Table 1. Result of the simulated spine 

 Cobbkyp1 Cobbkyp2 Cobbsco 

Ideal value 48.0 49.0 43.6 

Average 47.5 49.0 42.5 

Error 0.5 1.0 1.1 

Max error 1.0 1.0 4.6 

3X    47.5  2.1 48  2.6 42.5 5.2 

 S Xi   0.972 1.247 2.506 

The data from the table show that using the 

instrument on the same curve under the premise of the 

same surveyor, the error between the average of 10 times 

human spine morphology measurement and the 

theoretical values, is within ±2°,which is less than the 

design requirements(±5°). 

 

Figure 4. Spinal model 

 

(a)                 (b) 
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(c) 

Figure 5. (a) shows the three-dimensional reconstructing 

spine (b) shows reconstructing human spine in the kyphotic 

plane (c) shows the reconstructing spine in the convex plane. 

 

3.2 Human Spine Experiment 

In order to verify the reliability of the measuring 

instrument, it was used to test the patient with spinal 

deformity in the hospital. The experiment process was 

as follows: Six patients with spinal deformity were 

tested. A doctor was trained to use the measuring device 

for data acquisition and measurement. Besides, the X-

Ray method was also used to measure the Cobb angle to 

make a comparison with it. The results of the 

measurements were reported in Table 2. 

The experimental results showed that most of the 

measurement results was less than the X-Ray results. 

This might be due to the fact that the method studied in 

this paper measures spinous process information on the 

back surface of the human body and is deviated from the 

actual shape of the spine. 

Table 2. Results of human spine 

 Doc X-Ray Error   

1 34.7 38.0 3.3 4.0 

2 30.3 39.0 8.7 3.1 

3 34.0 40.0 6.0 2 

4 30.0 34.0 4.0 2.6 

5 36.0 44.0 8.0 1 

6 29.7 33.0 3.3 1.2 

The paired sample T test was used to calculate the 

correlation of the measurements. The correlation 

coefficient of the doctor and the X-ray was 0.866. So, it 

could be concluded that the reliability of measurement 

technology is good  

 

4. CONCLUSION 

In this paper, a novel spinal morphology measurement 
method based on the attitude sensor was studied. The novel spine 

measurement method based on the attitude sensor can obtain the 
Cobb angle in real time. What’s more, the three-dimensional 
shape of the spine can be fitted with this method. The 
experimental results demonstrate that this method has high 

measurement accuracy and repeatability of measurements, and 
can be conveniently applied to daily spinal morphology 
assessment for patients. 
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ABSTRACT 

In this paper, we describe a portable virtual reality (VR) glasses 

integrating a developed android APP to assess people affected by 
unilateral spatial neglect (USN). The VR glasses can screen the 
USN patients and locate the lesion locations based on two novel 
test modes (duplication and mosaic). Duplication mode may 
reveal contralesional impairment in spatial attention among 
patients that fail in traditional paper-and-pencil tests of neglect. 
Mosaic mode may detect interhemisphere disconnection based on 
the lower omissions in tests. The suitability and feasibility of the 

VR glasses for unilateral neglect patients were verified. 

Categories and Subject Descriptors 

K.4.2 [Computer and Society]: Social Issues - Assistive 

technologies for rehabilitation 

General Terms 

Design, Experimentation, Performance. 

Keywords 

Hemi-spatial Neglect, Assessing, Virtual reality, 

Portable. 

 

1. INTRODUCTION 

Hemi-spatial neglect, or neglect, is a neuropsychological 
condition. A deficit in attention to and awareness of one side of 
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haptic device [21]. In another study, a head-mounted display 
(HMD)-based system with a digital camera was used with line 
and star cancellation tests [22]. 

Although the dramatic development in the field of computer-

based test and VR, the potentiality of mobile virtual reality has 
been not discovered. First of all, test images or sheets are hard to 
require patients to sit right in front of the paper, so that their body 
midline can align to the middle of the paper. This shift may affect 
the test accuracy. Another drawback of VR is the complicated 
structure which requires the patients to sit in front of the machine. 
Bedridden patients may not complete a VR test. Finally, most of 
VR tests mime the conventional tests, few attempts are done to 

develop tool able to offer detailed visuospatial indexes in order to 
better understand the peculiar features of the syndrome [23]. 

No research, however, has tried to develop a tool for the 
assessment of USN exploiting the peculiar characteristics of VR 
glasses, such as building interactive virtual environments and its 
graphics capabilities. The availability, low-cost and portability of 
mobile VR glasses, which can provide a promising opportunity 
for neuropsychological assessment, although are not yet 

adequately explored. We developed a novel VR application using 
a low-cost portable VR glasses to assess people affected by 
unilateral spatial neglect. We also investigate the possible of the 
VR application to locate the lesion locations based on a novel test 
mode. 

 

2. METHODS 

2.1 VR Devices 

The VR application includes: Baofeng Mojing II (Baofeng, 

China), a smart phone (C8815, Huawei, China) and a developed 
APP run in Android. Mojing is a commercial Google Cardboard, 
and has VR glasses and a Bluetooth control stick (Figure 1). A 
smartphone is inserted in the VR glasses to display videos or 
image in virtual reality environment. The VR glasses have a 
separator between two biconvex lens dividing the screen of the 
smart phone into two parts (Figure 1). The left screen can only be 
seen by the left eye, and so as right. Therefore, the virtual image 

is fused with the two parts. An Android–compatible developed 
APP displays two images, one for each eye. Same or different 
images can be determined by the APP. We applied the VR device 
to assess unilateral spatial neglect. As a portable VR glasses, 
Mojing can be mounted on the patient head without posture 
limitation. Thus, the bedridden patients can also assess their 
unilateral spatial neglect level. 

                                                        

[21] Broeren J., Samuelsson H., Stibrant-Sunnerhagen K., et al. 
Neglect assessment as an application of virtual reality. Acta 
Neurologica Scandinavica , 116, (2007), 157-63. 

[22] Tanaka T., Sugihara S., Nara H., et al. A preliminary study of 
clinical assessment of left unilateral spatial neglect using a 
head mounted display system(HMD) in rehabilitation 

 

Figure 1 Photograph of the proposed VR glasses. 

 

2.2 Test Schemes 

A novel test, called by Red-Blue point, was developed 

in the VR environment. Thirty blue points, serve as 

distracters, are divided into two equal parts appearing on 

left and right sides of the field of view (FOV). For either 

side of the FOV, 15 blue points are laid pseudo-

randomly on a grid of 5×10 and the layout does not 

change during one assessment. One red point, serves as 

a target, appears randomly 1 to 4 sec on the blank 

position in left or right side of the FOV. In order to assess 

the neglect quantitatively, the red point shows in each 

side 20 times. To draw attention of the patients, the red 

point flashes for each appearance. When patients notice 

the target, they can make a response by pushing a button 

on the Bluetooth control stick. The target remains on 

until the participant presses the button or 3 seconds 

elapse. The main variables used for the analysis of 

spatial asymmetries in performance are omission rate 

and response time. The cut-off criterion for visual 

neglect is set above 2 targets additional omissions on the 

ipsilesional side compared to the contralesional side. 

The response time is used to monitor the gradients of 

performance. The increment in task difficulty and 

detection time can be experienced even in these simple 

examples. We attempted to find the degree that USN 

alters when the FOV of subjects was constructed in 

different ways. Therefore, we designed two modes: 

duplication test and mosaic test. 

 

engineering technology. Journal of Neuroengineering & 
Rehabilitation, 2, (2005), 31-40. 

[23] Rabuffetti M., Farina E., Alberoni M., Pellegatta D., 

Appollonio I., Affanni P., et al. Spatio-temporal features of 
visual exploration in unilaterally brain-damaged subjects with 
or without neglect: results from a touchscreen test. PLoS One. 
2012. 
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2.2.1 Duplication test 

Duplication test showes same scene on both sides of the 

screen as a common VR assessment, shown in Figure 2. 

The left eye of patients can see the left screen same to 

the right screen seen by right eye. The virtual image is 

display by overlapping the two images shown in smart 

phone. Duplication test locates the test content in the 

binocular field of view as in regular life. 

Figure 2. Duplication test 

 

2.2.2 Mosaic test 

Mosaic test showes different scene on each side of the 

screen (Figure 3). The left FOV is displayed in the left 

half of the left area of the smart phone. A blank black 

rectangle is displayed in the right half of the left area of 

the smart phone. The right FOV is displayed in the right 

half of the right area of the smart phone. A blank black 

rectangle is displayed in the left half of the right area of 

the smart phone. So the virtual image is made by 

jointing two different pictures shown in both sides of the 

smart phone. Mosaic test locates the test content in the 

monocular field of view. The red and blue points 

projected on nasal hemiretina are conducted to 

contralateral hemisphere (Figure 4). 

 

3. EXPERIMENTS 

3.1 Participants 

Three groups of subjects participated in this study: eight 
patients with right hemisphere stroke with signs for spatial 
neglect (USN+ group), seven right hemisphere stroke with no 
signs for spatial neglect (USN- group), and ten age-matched 

healthy adults (healthy group). All participants were confirmed to 
exclude hemianopsia. Both the healthy and USN- groups served 
as control subjects. USN+ and USN- groups underwent in- or out-
patient rehabilitation at the Department of Neural Rehabilitation 

at the Rehabilitation Hospital of Heilongjiang Province, 
Heilongjiang, China. The criteria for inclusion for experimental 
group were: (1) right-sided brain damage confirmed by CT 
(computed tomography) or MRI (magnetic resonance imaging) 
scans; (2) visual neglect identified by functional deficits in real-
life situations (eating, grooming, washing, dressing and so on) 
that were observed by experienced physiatrists and by 
occupational therapists; (3) 2–5 weeks post-stroke; (4) ability to 

understand information; (4) no pre-stroke history of visual 
deficits. All subjects gave informed consent to participate in the 
study which has been performed in accordance with the local 
Ethics Committee at the Rehabilitation Hospital of Heilongjiang 
Province. 

Stroke classification was based on review of the medical records. 
The localization and extent of the lesions were determined from 
MRI and/or CT scans by an experienced neuroradiologist and 

reevaluated by an experienced stroke neurologist. 

 

Figure 3. 

Mosaic test 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic 

diagram of visual nerve 

conduction. The optic 

nerve fibers on the 

nasal sides of each 

retina cross over to the 

opposite side of the 

brain via the optic 

nerve at the optic 

chiasm (solid line). The 

temporal hemiretina 

stays on the same side 

(dotted line).  
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3.2 Evaluation for USN 

3.2.1 Conventional tests 

All subjects were firstly asked to complete the 

conventional tests. Both tasks were done without any 

restriction as to time. 

3.2.1.1 Star cancellation test  

It is a subtest in the Behavioural Inattention Test battery 

[24]. It consists of a total of 30 small stars mined up with 

28 large stars, 12 letters and 10 short words, which are 

pseudo-randomly positioned over a landscape A4 sheet 

placed in the center of patient’s field of view. The 

patients were asked to cross out all the small stars on the 

sheet with a pen. The maximum score was 30; 15 on 

each side of the midline. The cut-off criterion for visual 

inattention was set to a score above 3 targets additional 

omissions on the ipsilesional side compared to the 

contralesional side. 

3.2.1.2 Line bisection test 

Participants were required to bisect a number of lines in 

half with varying lengths (100, 150 and 200 mm) by 

placing a small pencil mark trough each line as close to 

the center as possible. The mean percentage deviation 

from the middle to the ipsilesional side over all the lines 

was used as the cut-off criterion. Ipsilesional deviation 

above 9.5 percent was taken as an indicator of spatial 

neglect. This number corresponds to a value above the 

99 percent confidence interval in a control group. 

 

3.2.2 VR tests 

Prior to beginning of the VR test, all participants performed basic 
training on the VR test with two modes, to ascertain that they 
understood the instructions and were capable of performing the 
task.  

 

3.2.3 Data analysis 

Response time and omission rate in detecting the visual 

virtual targets were calculated off-line. A Student's t test 

was used as a comparison between the conventional 

tests and the VR test based on two modes.  

 

4. RESULTS 

We found significant differences between USN+ and 

                                                        

24[24] Halligan P. W., Marshall J. C., Wade D. T. Visuospatial 
neglect: underlying factors and test sensitivity. Lancet 1989;2: 
908–11. 

control subjects (USN- and healthy groups). The 

performance of the USN+ showed an obvious visual 

neglect, however, their performance on the conventional 

tests was less obvious. The behavioral raw data are listed 

in Table 1. Patients in USN+ group who scored above 

the conventional test cut-off level still exhibited 

perceptual deficits on the VR test and differed 

significantly from controls subjects. 

Table 1 Raw data of the tests from USN+ group 

Subjects Stars 
omissions 
(L/R) 

Line 
bisection 
(%) 

Omissions 
in 
duplicatio
n mode 
(L/R) 

Omissions 
in Mosaic 
mode 
(L/R) 

USN+ P1 1/0 +3.7 2/3 2/1 

USN+ P2 8/1 +21.5 10/2 11/3 

USN+ P3 3/3 +4.1 7/2 8/4 

USN+ P4 2/0 +5.8 7/3 4/2 

USN+ P5 10/2 +19.2 13/4 14/8 

USN+ P6 2/1 +1.9 4/1 6/2 

USN+ P7 0/0 -1.2 1/1 1/2 

USN+ P8 10/0 +31.4 11/4 13/5 

USN- 1±0.6/0.9
±0.7 

-1.1±7.2 1.3±1.2/1.
9±1.7 

1.9±2.2/2.
3±1.4 

Healthy 0.2±0.42/

0.1±0.3 

+0.4±3.9 0.2±0.36/

0.2±0.4 

0.3±0.2/0.

2±0.5 

4.1 Response time 

Compared with USN- and healthy groups, USN+ group 

showed obvious variations in response time. USN+ 

group responded more slowly overall than both the 

control groups in both duplication mode and mosaic 

mode (p<0.001). The mean RT value (± SD) in 

duplication test, was 1.71±0.57 s for USN+, 1.1±0.34 s 

for USN-, and 0.91±0.28 s for the healthy subjects in 

duplication mode. The mean RT value (± SD) in 

duplication test, was 1.9±0.62 s for USN+, 1.25±0.44 s 

for USN-, and 1.05±0.33 s for the healthy subjects in 

mosaic mode. USN- and healthy groups displayed no 

asymmetries in response time in both modes. By 

contrast, all USN+ patients exhibited variations of RT 

across space. 

 

4.2 Lesion localization 

Results from experiment results indicated that one 

neglect patient (USN+ P4) performed distinguished 

results in both duplication mode and mosaic mode. We 

further questioned whether such deficits might be 

influenced by the lesion locations because brain lesions 

 



 

 47 

in a variety of regions have been emphasized as critical 

for USN [25]. It might be that the observed bias could 

indeed be accounted for by a lesion in the white matter 

rather than gray matter. We have confirmed the MRI 

images of P4. A large lesion centered on the parietal lobe, 

affecting those parietal and temporal cortical areas that 

are known to receive or send widespread callosal 

connections. 

 

5. DISCUSSIONS 

The findings of the present study indicate that the VR 

glasses, which combine a commercialized Google 

glasses and customized App, is a valid tool for the 

assessment of disturbances in spatial attention arising 

from stroke. The two principal measures of the test 

(response time and omission rate) clearly differentiated 

between stroke patients and healthy controls, and 

between stroke patients with neglect and those without 

neglect (based on standardized tests). The differences 

were most significant in the contralesional field. USN+ 

patients who scored above the cut-off level in 

conventional tests of neglect still differed significantly 

from healthy controls. This was seen with respect to the 

response time and omission rate for contralesional 

stimuli (in both modes). These findings suggest that 

examination of visual search performance under VR 

may reveal contralesional impairment in spatial 

attention not only among USN+ patients that fail in 

                                                        

[25] Bartolomeo, P., Thiebaut de Schotten, M., & Doricchi, F. Left 
unilateral neglect as a disconnection syndrome.Cerebral 
Cortex, 17, (2007), 2479 – 2490. 

traditional paper-and-pencil tests of neglect, but also 

among patients who score above the cut-off level for 

normality in these tests. The lower omissions in mosaic 

mode also can be interpreted in terms of interhemisphere 

disconnection. The lesion localization is important for 

training and treatment. 

 

6. CONCLUSIONS 

 

This paper presents a portable VR glasses design and the 

development of the prototype. The VR glasses assess 

people affected by USN. Two test modes are proposed 

to screen USN patient and locate lesion locations. 

Experiments has been carried out to verify the system 

performance. For the next step, a user study lasting for 

more than three months has to be conducted to 

quantitatively evaluate the performance of the system 

using analytical methods. 
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ABSTRACT 

Sign language recognition proves to be an effective 

mean for the deaf and those with difficulty of hearing to 

communicate with the rest, especially among the 

English speaking communities. Unfortunately, Thai 

Sign Language (TSL) recognition presents a much 

higher level of difficulty due to the nature of the 

language. This paper proposes a framework using Leap 

Motion with a Deep Learning algorithm to recognition 

TSL words. A preliminary evaluation confirmed the 

ability of Leap Motion sensor readings in classifying 

gestures in TSL. A data augmentation method based on 

adjustment of gesture speeds was deployed and shown 

to be beneficial to model training. We evaluated several 

setups to measure the recognition accuracy of our 

framework. The best setup achieves 85% accuracy for 

known speakers of TSL that is in the training data and 

77% for the unknown speaker case. 

Categories and Subject Descriptors 

[Human-centered computing]: Accessibility—

Accessibility systems and tools 

General Terms 

Experimentation, Human factor, Design 

Keywords 

Deep Learning, Gesture Recognition, Machine Learning, 

Thai Sign Language, Translation Device 

1. INTRODUCTION 

In 2017, the National Association of the Deaf in 

Thailand reported that there are 329,437 people with 

disabilities in hearing or communication [2]. Although 

some people with difficulties of hearings can use verbal 

language, they often rely heavily on lip reading to 

accompany what they can hear. For the deaf, the 

available means is either written or sign language. Sadly, 

with the complexity of Thai language, most of the Thai 

deaf are unable to read well because they have been 

using signs for each vocabulary rather than spelling, 

which leaves them with merely the sign language to 

communicate with others. Often when ones wish to 

communicate with the sign language users, an 

interpreter must be on duty. While independent living 

has been preferred among the disabled, the limited 

number of trained interpreters makes the need for 

automatic Thai sign language recognition apparent.  

In this work, we propose the use of various sensors in 

Leap Motion [7], a commercially available hand-

tracking equipment, to track left and right-hand 

movements along with ordinates of the joints on both 

hands. The challenge is to recognize two-hand gestures 

that Thai sign language demands. We use Artificial 

Neural Network (ANN) algorithms to interpret the signs. 
Our proposed framework includes an ANN-based 

recognition algorithm and the setting of the hardware 
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designed exclusively for Thai language. 

We have found that by using Leap Motion in some of 

the scenarios, there were reading limitations due to the 

device’s blind spots. If a gesture involves facing the 

back of a hand to Leap Motion cameras, Leap Motion 

cannot detect some information related to fingers 

accurately. This caused Leap Motion to return incorrect 

information or even completely miss the gesture. 

However, we believe that further processing of the 

Neural Networks models would ultimately overcome 

this limitation.  

1.1 Thai Sign Language 

Communication via sign languages is carried out by 

speakers using one or two hands to make meaningful 

patterns according to the agreed language. The 

semantics and syntaxes of sign languages vary between 

regions and countries. For example, The United State 

has their own sign language called American Sign 

Language (ASL). ASL uses just one hand to spell an 

alphabet while two hands are only needed for 

communication of certain words. Therefore, many 

researchers studying ASL focus on one-hand gestures. 

Thai Sign Language (TSL) works differently. In TSL, a 

speaker uses both hands to make gestures. It also 

requires hand positions and facial expressions in order 

to convey the precise meaning of many words in the 

language. Spelling out words letter by letter is also 

difficult since the number of symbols in the Thai writing 

system is larger than ones used in English. In the Thai 

writing system, 46 symbols are used for consonant 

sounds, 21 symbols are used for vowels, and there are 4 

tone markers (used together with the omission of the 

tone marker) to reflect the five tones in Thai. This makes 

the Thai deaf prefer to gesture the whole word by 

spelling the word letter by letter. 

1.2 Literature Review 

There have been previous researches in TSL recognition, 

as well as in other sign languages, incorporating a 

number of different algorithms. These works generally 

made use of flex sensors measuring the amount of 

bending, usually of fingers, gyroscope sensors 

measuring hand orientation and angular velocities, as 

well as image and video processing of camera inputs. 

Sensors were mounted on specially designed hand-

wearable equipment or provided within commercially 

available devices.  

Many researches focused on recognizing the twenty-six 

alphabets in ASL [3,4]. There were also attempts in 

manufacturing market-viable sign language translator 
for general consumers such as a product proposed in [1]. 

Some studies were specific to algorithms targeting TSL 

[5,6]. Jitcharoenpory et al. [5] attached various sensors 

to a pair of cloth gloves and modeled their readings with 

K-Nearest Neighbor in order to classify lexical items in 

a small set of TSL vocabulary. Handcrafted cloth gloves 

did not yield classification results that were robust 

enough. Equipment and assembly costs were proved to 

be more expensive than some commercial available 

products whose usage could be adapted to the sign 

language recognition task. Moreover, the algorithm, in 

which the gesture analysis was performed on snapshot 

frames in motion, could be improved, considering the 

relationship as a time series. Tumsri et al. [6] utilized 

Leap Motion sensors to read gesture inputs and 

categorized Thai alphabets using a Finite State Machine. 

In this work, we aimed for a cost-efficient device as our 

platform for TSL word recognition. We had found, with 

the agreement from some literature, that Leap Motion, 

an affordable hand gesture recognition device designed 

for Virtual Reality applications, met our criteria. Neural 

Networks were tuned, configured and applied to the task 

based on readings from Leap Motion. 

Details will be elaborated in the following sections.  

 

2. METHODOLOGY 

Details of our proposed TSL recognition framework can 

be described in two aspects: 1) the setting up of 

hardware and sensors, and 2) the processing in our 

Neural Network-based recognition algorithm. 

2.1 Hardware and Sensors  

As mentioned earlier, Leap Motion was utilized in this 

work to read data related to gestures from both hands of 

the TSL speaker. In addition to readings expected from 

typical hand-tracking devices, Leap Motion also 

provided an access to the information of speaker’s hand 

positions relative to the speaker’s torso via the device 

cameras. 

Leap Motion hand tracking technology makes use of 

two infrared cameras to capture hands in wide angle 

views as well as grayscale streamed video data. The 

readings were passed along to the host computer which 

Leap Motion was connected to. Leap Motion software 

bundled with its SDK was responsible for processing the 

readings and, in turn, provided data on hands and fingers, 

coordinated with our model training and decoder.  

Each data frame that was generated by Leap Motion 

software was a data object that encapsulated all 

available coordinates of hand joints, information related 

to fingertips, the Euler angles represented with Yaw 
Pitch Roll (YPR) values of the palms. The information 

was processed into values of features selected to be used 
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in our algorithm which were the Euclidean distances 

between each pair of fingertips, palm facing directions, 

the Euler angles of the palms, and arm directions.26 

2.2 Pre-Processing 

The raw information which included various 

coordinates of hand skeletons was processed to only 

select information of interests including: fingertip 

positions, hand palm positions, and hand palm YPR 

values. We then calculated the Euclidean distances 

between fingertips as our features. Finally, the values of 

features fed to our algorithm were not the raw calculated 

values but the z-score normalized values. 

To compensate for the lack of abundance training data 

set, we augmented our data set by varying the sampling 

speed of the original data set at different rates using the 

methodology described in [8]. 

2.3 Classification Modeling 

In this work, two classification models were used. The 

first one is the model constructed according to the K-

Nearest Neighbor (KNN) method [9] with Scikit-Learn 

library [10]. This model was trained and used in a 

simplified TSL recognition task in which combinations 

of 10 lexical items according to the gestures of TSL 

numbers 1 to 10 were recognized. The usage of this 

model served as our preliminary evaluation aiming for 

proving the validity of utilizing data read from Leap 

Motion as well as our processed feature values. 

Although not being performed in any extensive manners, 

this preliminary evaluation resulted in perfect 

recognition and led us to be confident with the readings 

obtained via the device. 

The next classification model utilized a form of Deep 

Learning (DL) and served as the main performance 

evaluation of this work.  The GRU deep learning 

method on Keras library [11] was used to train the TSL 

word classification model, which was used in the 

evaluation experiment on our TSL data set. The Keras 

model was comprised of a GRU layer of 128 nodes with 

1 Dense layer with the same amount of nodes and an 

output layer, tanh activation, hard sigmoid recurrent 

activation, 0.2 dropout, and 0.2 recurrent dropout. The 

output layer was configured with as a softmax. The 

number of output nodes depended on the vocabulary 

scope, in our case, of 19 words. Thus, it was configured 

with 19 nodes. 

                                                        

26  See https://github.com/Mike-and-Joe/Thai-Sign-Language-
Recognition-with-Leap-Motion for our implementation 

3. EXPERIENMENTS AND 

RESULTS 

3.1 TSL Data Set 

In this study, nineteen TSL words were selected for 

algorithm and system evaluation. This set of words 

consisted of words expected for the usage in urgent 

situations where the deaf would need to communicate 

with others promptly. Then, a few arbitrary words were 

added to the set due to their gestures being easily 

confused with some of the words in the set. 

Gesture recording was conducted from nine different 

speakers. Each speaker was asked to perform the TSL 

gestures of each word three times. According to these 

repetitions, there were 27 gesturing samples for each 

word and our data set consisted of the total of 513 

gesturing samples. Figure 1 illustrated the device set up 

during the recording sessions of the construction of our 

TSL data set. 

 

Figure 1: Device set up for recoding the TSL data 

set. 

A laptop computer attached to a Leap Motion was 

placed on a table in front of a speaker and was used for 

the recording. During the recording sessions, Leap 

Motion was attached perpendicularly to the table near 

laptop’s camera. Prior to the recording of each word, the 

speaker stood by in the initial position of the targeted 

gesture. Once the recording started, the speaker 

performed the corresponding gesture. 

3.2 Feature Selection Experiments 

We conducted the first experiment aiming for utilizing 

the feature learning capability of the deep learning 

method. The gesturing samples in our TSL data set were 

divided into three separated sets: training set, validation 

set, and test set. The training set was comprised of 60% 

of the gesture samples, while the validation set and the 

test set was comprised of 20% each. 

The feature combination listed in Table 1 were evaluated 

for their TSL recognition accuracy based on data in the 

test set. We can clearly see from the result that pre-
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preprocessing was needed since using the entire set of 

raw information provided by Leap Motion software led 

to low recognition accuracy. Euler angles (in YPR) were 

significant to the recognition while the Euclidean 

distances between fingertips to their respective palm 

could be seen as superfluous features when distances 

among fingertips, palm positions, and Euler angles were 

already presented. We used feature Set C for the rest of 

the experiments. 

Set Feature Combination Accuracy 

A All Leap Motion Readings 10% 

B Fingertips 16% 

C Fingertips + Palm Position + Euler 

Angles 

77% 

D Set C + Fingertip-to-Palm 

distances 

77% 

  Table 1: Results of our feature selection 

experiment. 

3.3 Data Augmentation &Parameter Tuning 

Generally, a few hundred data samples were considered 

insufficient for training deep learning recognition 

models even for a classification task of nineteen 

candidates. Data augmentation [8] was deployed as our 

solution to cope with the limited amount of gesturing 

samples in our TSL data set and consequently to help us  

enrich the training data set for the training method. We 

duplicated 513 samples and made some new samples by 

resampling each of the gesturing sample into a new 

gesture sample with different speed. Two augmented 

sets were constructed. The first augmented set, AUX90, 

performed (slower) at 90%of the original speed while 

the second set, AUX110, performed (faster) at 110% of 

the original speed. The ratio among the training set, the 

validation set, and the test set was kept at 60:20:20 

relatively. Table 2 shows the recognition accuracy on 

their respective test sets. This result demonstrated the 

possible improvement gained with data augmentation. 

Data Set Accuracy 

Original 77% 

Original + AUX90 84% 

Original + AUX110 84% 

Table 2: Recognition accuracies with augmented 

data set 

In the next step, we used grid search to find the best 

parameters for the number of dense layers, GRU size, 

and data augmentation settings. We trained these models 

for a smaller number of epochs than the earlier 

experiments in order to reduce the training duration. The 

final set of parameters utilized for the rest of the 

experiments were one dense layer, GRU size of 128, and 

data augmentation with AUX85, AUX90, AUX110, 

AUX115, where AUX[N] represented an augmentation 

set whose speech was at [N] % of the original speed. 

With the selected augmentation, the total number of 

gesturing sample was 2,565 samples. 

3.4 Performance Evaluation 

Keeping the 60:20:20 ratio among data sets, we then 

conducted TSL recognition experiments on the 

augmented test set. The overall classification accuracy 

was at 85%. Figure 2 showed the confusion matrix of 

the recognition results for all 19 words. 

 

Figure 2: Confusion matrix on the augmented test set  

From the confusion matrix, the case of confusion that 

occurred most often was between “emergency” and 

“quickly” (both ways). Both gestures require having the 

back of the palm facing Leap Motion cameras and 

feature no significant movements of hands and fingers 

except for the movements of the thumb and the index 

finger. Although it was relatively easy for human to 

distinguish between the two gestures, Leap Motion 

could not distinguish such subtle differences well 

enough. Accordingly, it was understandable that our 
neural network model did not perform well for the pair. 



 

 52 

3.5 Performance Evaluation on Unknown Speaker 

It should be noted that the performance evaluation in the 

experiment above was performed on the data set 

recorded from nine speakers, and gestures from each of 

which appeared in all the 3 data sets. Therefore, the 

result did not serve as a good representation of the 

performance for the case when the system was to 

operate on gestures from an unknown speaker. 

Therefore, another test set, named Unknown Speaker 

test set, consisting of 10 records for each of the 19 words 

were constructed from a new speaker not taking part in 

recording of the original TSL data set. The resulting 

recognition accuracy on the Unknown Speaker test set 

was 77%. Figure 3 showed the confusion matrix from 

the case. 

 

Figure 3: Confusion matrix on the Unknown Speaker 

test set. 

This confusion matrix also showed a similar tendency 

regarding to the level of confusion between “emergency” 

and “quickly”. Apart from that, it was interesting to 

point out the low recognition accuracy in a specific case 

in which the target gesture was the word “hello”. We 

investigated the case and found that almost all of the 

gesturing samples of “hello” in the Unknown Speaker 

test set involved the blind spot of Leap Motion 

mentioned earlier. Leap Motion only detected the side 

of both palms facing its cameras but movements apart 

from those were mostly erroneous.  

4. DISCUSSION 

The significant finding of this study was that 85% of 
TSL test set was predicted correctly by Leap Motion 

with ANN. This result conforms with other similar 

studies. According to Tumsri et al. [6], Finite State 

Machine could be achieved at 72.83% on 44 Thai 

alphabets. This shows that Leap Motion can be a good 

TSL recognition platform. The drawbacks of the blind 

spots might be circumvented if the video feed, which 

was also recorded by Leap Motion but not used in this 

study, is incorporated. 

5. CONCLUSIONS AND FUTURE 

WORK 

We proposed a framework applying Leap Motion, as a 

robust cost-effective device, to the TSL recognition task 

based using Deep Learning. Although we found that 

using Leap Motion readings as provided had limitations 

imposed by the capabilities of the hardware’s sensors for 

specific hand positions, the overall recognition accuracy 

obtained from our parameter tuning and performance 

evaluation were satisfactory. Words whose gestures 

were distinguished by small movements of some fingers 

were usually the sources of errors. 

It is a common knowledge that, when machine learning 

techniques are utilized, more (and well distributed) 

training data generally leads to better recognition results. 

Still, we showed a case of augmenting the original data 

set with their derivatives which resulted in an improved 

accuracy rate. Further analysis of variations found in 

TSL gestures could lead to different ways to perform 

data augmentation. 

A future attempt in improving the system further could 

also be involved in augmenting more sensors, such as 

another unit of Leap Motion, to eliminate the erroneous 

detection in blind spots. Processing the video stream 

recording of the speaker’s face could also be 

incorporated to acquire facial expressions as well as the 

lips movements which are undeniably crucial to TSL 

recognition. 
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ABSTRACT 

Orthopedic insoles have a remarkable effect on the treatment of 
foot diseases (flat foot, hallux valgus, Arch collapse, etc.) and 
biological diseases caused by the foot (scoliosis, Waist strain, 

Chronic degenerative hip disease, etc.). It is designed by the 
principles of biomechanics, which can reduce the local 
concentration of the foot, relieve pain, enhance the stability of the 
foot movement, and be applied to the treatment of lower extremity 
diseases. Some studies have shown that orthopedic insoles have 
certain effects on preventing and correcting knee arthritis, lumbar 
pain and foot deformity, and improving their clinical symptoms. 
The design of the orthopaedic insole needs to be combined with the 

measurement data of the patient's plantar pressure and the plantar 
3D model to perform individual modification of the thickness of 
the insole, the medial and lateral arches, the pain points of the 
patient's plantar feet, and the strephenopodia and strephexopodia of 
the heel. The existing thickening methods are mostly based on the 
experience of doctors to select thickened areas and the thickened 
height, but it cannot be quantitatively analyzed. In this paper, a 
method, based on the self-made plantar pressure detection device, 
is proposed to quantify the local thickening of the orthopedic insole 

according to the distribution of the pressure center trajectory. 

Categories and Subject Descriptors 

J.3 [Foot Orthopaedic Method]: Life and Medical 

Sciences – Health 

General Terms 

Design, Theory, Algorithms 

Keywords 

Orthopaedic Insole; plantar pressure; Thickening 

algorithm. 

1. INTRODUCTION 

Foot is one of the important movement organs of human body, 
which carries the weight of human body and sustains the process of 

walking[1]. It is designed by the principles of biomechanics, which 
can reduce the local concentration of the foot, relieve pain, enhance 
the stability of the foot movement, and be applied to the treatment 
of lower extremity diseases. Some studies have shown that 
orthopedic insoles have certain effects on preventing and correcting 
knee arthritis, lumbar pain and foot deformity, and improving their 

clinical symptoms[2-5]. Orthopaedic insoles are produced by 
traditional plaster model making methods, semi-finished insole 
configuration methods or modern CAD\CAM insole making 
methods[6]. The thickening method of the orthopedic insole is 
related to the structure of the insole and the geometry of the sole of 
the foot. The distribution of the foot force in the walking process is 
seriously affect the using effect of the insole correction. The 

existing thickening methods are mostly based on the experience of 
doctors to select thickened areas and the thicknesse of thicken[7], 
but it cannot be quantitatively analyzed. In this paper, based on a 
self-made plantar pressure detection device monitoring data, a local 
thickening method for orthopedic insole is proposed, according to 
the distribution of pressure center trajectory. This method is not 
only suitable for traditional processing methods but also for modern 
customized methods and can be quickly customized with 3D 

printing technology[8]. 

2. PLANTAR PRESSURE DETECTING 

DEVICE 

The plantar pressure collection device consists of membrane 
pressure sensor, an A/D module, an amplifier module, a STM32 
minimum system, a storage module and a power supply module. 
The distribution of pressure sensors has two ways, the global array 
distribution [9] and the feature points distribution based on the 
plantar anatomy [10]. The F-Scan system of Tekscan company can 
measure the distribution of plantar pressure with the advantage of 
its large number of pressure sensors. According to the data, the 

information of the plantar pressure is mainly distributed in the heel, 
the forefoot and the toe, and the big toe is the focal point of force 
in the toe area. Thus, the collection device with five points for each 
foot is designed, and the structure of the device is shown in Figure 
1. The device can collect the pressure value of 5 points during the 
patient's walking. Through the analysis of the data, the patient's gait 
data can be displayed on the self-made MATLAB-GUI interface. 
The interface is shown in Figure 2, including the trajectory of the 

plantar pressure center, the balance of the left and right feet, and 
the distribution of the step phase, etc. The device has the following 
advantages: 1. It is easy to carry; 2. it is not limited by the site; 3. It 
can measure the plantar pressure data of patients who are wearing 
orthopaedic insoles. 
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Figure 1. Structure of the experimental device 

 

Figure 2. matlab-GUI launch interface 

 

3. LOCAL THICKENING ALGORITHM 

FOR ORTHOTIC INSOLES 

According to the trajectory distribution of the stress point 

and the plantar pressure center required by the self-made 

device, the plantar area is divided as shown in Figure 3. 

That is, the medial aspect of the heel (M1), lateral heel 

(M2), medial arch (M3), lateral arch (M4), phalanges and 

toes (5). 

      

Figure 3. Plantar area division      Figure 4. 

section of the  

frontal plane 

In order to express the position of the center point of the 

plantar pressure better, this article will segment the sole 

of the foot with a cross section of the frontal plane, as 

shown in Fig. 4. One of the sections is used as an object 

for analysis. The simplified model is shown in Fig. 5. In 

the process of standing or walking, the reaction force on 

the foot is usually a three-dimensional vector consisting 

of the vertical force and two shear components along the 

ground. Here, shear force is ignored and vertical force is 

calculated only. 

 

 Figure 5. A simplified mathematical model. 

In the illustration, two points A and B are the edge points 

of the plantar contour. The origin of the coordinates is the 

midpoint of two points AB. It is known that point A is the 

equivalent force point in the left half of the section, and 

the ground reaction force is GA , and the point B is The 

right half of the equivalent force point, and the ground 

reaction force is GB  , point Z is the pressure center of the 

section, assuming the point Z is on the right side of the 

origin, then the force at point B is greater. 

According to the formula of center of gravity: 

   G L G L G G XA B A B z

G G GA B

   


 

g g g
                (1) 

If pressure center X z and total pressure G are known, 

GA and GB can be solved. 

If the insole below the B point is thickened, the height of 

the thickening is h, the mathematical model is shown in 

Figure 6. 

 

Figure 6. Thickened mathematical model 

In the figure, FA  and FB are the ground reaction 

forces after thickening, Z 、B  are the projection of Z 、
B  onto the X axis, and point Z is the centroid of the foot 

at the cross section, so Z  is the pressure center after 

thickening , α is the angle of inclination, where the length 
of AB is still 2L, then: 
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arcsin
2L

h


 
  

 
   (2) 

According to geometric conditions available: 

cos
X LZ

X LZ


 


   (3) 

Then the height of the thickening is calculated by: 

2 sin arccos
X LZh L
X LZ

        

           (4) 

Therefore, the position of the padding and thickening can 

be selected by comparing with the ideal pressure center 

point. If it is necessary to shift the center point to the left, 

the right side is thickened, and the right side is offset to 

the left. Thickened heights can be obtained by substituting 

the ideals before correction XZ and after correction XZ  , 

and the corresponding L. 

4. A TYPICAL CASE 

One case of an abnormal foot in the Jing'an District 

Geriatrics Hospital is being corrected. The procedure is 

explained to the patient by the rehabilitative physician, 

and the informed consent is signed. The corrected 

forefoot pressure curve is shown in Fig. 7. The deviation 

between the curve and the normal curve in the M3 and 

M4 regions is relatively large. To make it normal, method 

given above, the M3 region is thickened, and one of the 

frontal cross sections is measured. Get 2L=48mm and

11mmX Z  , ideally 4X mmZ  , calculated h=28.8mm, in the 

corresponding position of the insole pad some of the 

specified thickness of silica gel, using foot pressure 

measurement device again for testing, measured foot 

pressure curve in Figure 8, the curve in The correction 

section has basically reached the ideal correction 

requirements, and the rest of the curve can also be 

corrected according to this method to achieve the ideal 

correction effect. 

     

Figure 7-8. Before and after the correction of the 

pressure center curve comparison diagram. 

5. DISCUSSION AND CONCLUSION 

Above, X
Z

is obtained by analyzing the data collected 

by the device. This value has a corresponding value at 

each section. 2L is the distance between points A and B. 

A&B is an equal effectiveness point, their positions can 

be arbitrary, but each L corresponds to an h, of course, the 

width of a sole can be selected as the size of 2L, and the 

calculated h is this height of the side of the sole. During 

the walking process, as the gait changes, the pressure 

center of the sole changes. The cross section referred to 

above is the cross section of the center point 

corresponding to each moment in the walking process. 

This is a prerequisite for the establishment of assumptions. 

If enough sections can be analyzed, the calculation of the 

position and height of the pad can get greatly help and the 

conclusion can be more accurate. The ultimate goal of the 

experiment is to combine the geometric data of the 

patient's foot and use more characteristic pressure points 

to obtain complete foot pressure data to design the insole 

to correct the abnormal foot. 

This article proposes a local thickening method for 

orthopedic insole, using the self-made plantar pressure 

detection device and software system developed to collect 

real-time pressure data during the walking process. 

Through the analysis of the pressure center trajectory 

distribution of the patient, quantitatively analyzing the 

locally thickened areas and thicknesses that insoles 

require. The entire system is self-developed. It is good in 

cost-effectiveness, compared to using finite element 

analysis to design insole[11] or using commercial large 

hardware and software to test plantar pressure. The 

further research direction requires further tracking and 

analysis of the effect of local insole thickening to verify 

the effectiveness of the method. 
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ABSTRACT 

In order to solve the problem of transporting heavy objects in 
buildings without elevators, inconvenient transporting in 
elevators due to volume and other reasons, or helping elderly 
people who move inconveniently and live in old houses, we have 
developed an easy-to-load and manned stair-climbing platform. 
The platform has three degrees of freedom, including horizontal 
advance, retreat vertical lifting and rotating motion. Its six-foot 
movement structure based on digital servo electric cylinder drive, 

multi-sensor fusion technology and precise control of each foot's   
movement and rotating mechanism. With closed-loop control 
principle it realizes climbing for self-adapting condition of stairs. 
The paper focuses on the mechanism principle of each motion 
unit of the platform. Based on the digital motor control system 
scheme, it analyzes and deduces the horizontal attitude 
adjustment principle of closed-loop control, control technology of 
self-adaptive climbing stairs and attitude turning action process. 

The developed products always maintain a horizontal posture 
during climbing process and will not be tilted. They have been 
exhibited at the Shanghai Industrial Fair, which have achieved a 
good result of climbing stairs and received many attention. 

Keywords 

Smart Wheelchairs; Horizontal Gestures; Stairs; Robots; 

Spiral Stairs 

 

1. INTRODUCTION 

With the rapid development of the city, population's density has 
gradually increased. In order to increase the utilization rate of unit 
land area, multistory or high-rise buildings have being 
constructed constantly. However, for some reasons, many 
buildings do not have elevators, especially many old houses built 

in the early years. Although the elevator is easy to use, it still 
cannot replace the stairs. So smart stair-climbing wheelchairs 

were born, and advanced control systems were used to achieve 
safer and more efficient stair climbing [1]. 

Since the 1990s, western countries represented by the United 
States, France, Germany, and Spain have started the development 

of intelligent wheelchairs. The research was started early and the 
technology was mature relatively [2]. However, domestic 
researches on the technology of intelligent stair climbing 
wheelchairs is started late relatively, and the actual number of 
used programs is very small [3]. According to the mechanical 
structure, the stair-climbing platform can be divided into wheel 
type, foot type, track type, compound type and other methods [4, 
5, 6]. The wheel-track type is the most commonly used type in 

various type of field robot platform [7]. Although the mechanical 
structure of the stair-climbing platform is mature relatively, it still 
needs to be developed in the control system and the overall 
optimization, such as the coordination of the movement, walking 
stability, walking mobility, versatility of the non-structural 
environment, loading capacity during walking and so on. 

The horizontal attitude stair-climbing platform designed in this 
paper can effectively optimize the overall performance. The 

platform can achieve stabilizing stair-climbing with a horizontal 
attitude, solve the tilt instability problem of the stair-climbing 
platform and improve the smooth performance. It can achieve a 
zero-radius turn to improve the maneuverability of the stair-
climbing platform and the turning in narrow stairs. According to 
the robot's measurement and control devices, the height and depth 
of the stairs can be obtained. The servo electric cylinder used 
closed-loop control and the control system designed 
independently make the stair-climbing platform realize climbing 

with the ability of self-adapting stairs' situation intelligently, and 
improve the coordination and versatility of the robot [1, 8, 9]. 
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2. HORIZONTAL ATTITUDE 

CLIMBING PLATFORM'S SYSTEM 

FRAMEWORK 

 

2.1 Mechanism Theory 

The horizontal attitude stair-climbing platform is a kind of robot 
that can realize the movement of three degrees of freedom. The 
movement mechanism of the entire platform includes a forward 
unit, a combination unit of vertical movement and a rotation unit. 
Fig.1 shows the schematic diagram of the mechanism of the stair-
climbing machine platform. The forward unit is driven by a 
stepping motor. The ball screw rotates through the transmission 
mechanism. The relative movement between the upper stage and 

the down stage enables the robot to complete the forward 
movement. The combination unit of vertical motion is the 
coordination mechanism of the upper and down servo electric 
cylinder feet and their alternating motions can realize the vertical 
motion of the robot. The rotation mechanism is driven by the 
motor, and the relative rotation of the robot between upper stage 
and down stage is achieved through the speed reducer. The 
horizontal attitude stair-climbing platform realizes the three-

degree-of-freedom movement of the robot by combining the 
forward movement, the vertical movement and the rotation 
movement. 

 

Figure 1. Schematic diagram of the mechanical structure of 

the stair-climbing machine. 

(1-servo electric cylinder foot on the upper platform; 2-down 

stage; 3-rotary plate for supporting; 4-slide; 5-rotary mechanism; 
6-upper stage; 7-down stage servo electric cylinder foot) 

 

2.2 Control Plan 

The horizontal attitude stair-climbing platform is driven by a low-
voltage DC servo motor with the relatively fast response speed. 
Its digital control can be achieved easily, and the six-foot's speed 
and displacement can be controlled accurately. The motor is 
suitable for small and medium-sized machines, such as industrial 
robots with complex movement and high accuracy limit of 
movement trajectory especially. Therefore, after consideration of 
various comprehensive factors, in this paper we finally select the 

motor drive, with low-voltage DC servo suiting to use lithium 
battery. The control system uses multi-variable closed-loop 
control to improve the robot's adaptability in the surrounding 
environment. 
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Figure 2. Robot control's system frame. 

The dual-axis tilt sensor is used to measure the tilt angle on the 
diagonal of the platform. The infrared distance sensor is used to 
measure the vertical distance from the center of the platform to 
the ground. The tilt angle value and the vertical distance value are 
important parameters for the horizontal attitude adjustment. 

The robot control system in Fig.2 uses the PLC controller as 
control core, and uses servo electric cylinders and stepper motors 

as drive units. The PLC controller directly controls the forward 
unit and the combining unit of vertical motion. The calculation 
efficiency and response speed influence the overall coordination 
performance of the robot movement. The vertical motion of the 
robot is the most complicated and the servo electric cylinder plays 
an important role as an important component of the combination 
unit of vertical motion. The servo electric cylinder with the 
function of converting rotational motion into linear motion is a 

modular assembly that integrates a servo motor and a screw. The 
high-precision rotation speed of the servo electric cylinder makes 
the vertical movement speed of the robot more accurate and 
makes the movement state more stable and efficient. The high-
precision number of revolutions makes the position control of the 
robot in the vertical direction more accurate, which is favorable 
for the horizontal attitude adjustment for different road surfaces.   
The high-precision torque makes the robot's thrust control in the 

vertical direction more accurate. PLC controllers, servo-electric 
cylinders, other motors and numerous sensors make up a complex 
control system that executes system commands stably and 
efficiently under different road conditions. 

 

3. THE KEY TECHNOLOGY OF THE 

STAIR CLIMBING MACHINE 

PLATFORM 

 

3.1 Horizontal Attitude Adjustment 

Considering that the four upper servo electric cylinder feet in this 
design are located at the four corners of the square platform, the 
horizontal attitude sensor consists of a high-precision digital dual-
axis tilt sensor and an infrared distance sensor. The dual-axis tilt 
sensor can measure the X axis and the Y axis that they are 
perpendicular each other. The design can simplify the algorithm 
and improve the accuracy. 

As shown in Fig.3, the four servo cylinder feet to be tested form 
a square ABCD (side length is a). In the case that the stair-
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climbing platform is not tilted, the square ABCD is parallel to the 
set horizontal reference plane. The dual-axis tilt sensor is 
disposed at the center O point of the square ABCD, and the red X 
axis corresponds to the X axis direction measured by the dual axis 

tilt sensor, and the green Y axis corresponds to the Y axis 
direction measured by the dual axis tilt sensor. The red plane is 
the tilted plane. At this moment, point A is tilted to point M. The 

diagonal line OM forms a declination angle ∠AOM with the 

square ABCD plane. Point B is tilted to point N and the diagonal 

line ON forms a declination ∠BON with the square ABCD 

plane. 

 

Figure 3. Measurement of two-axis sensor. 

The infrared distance sensor is located at the center point O of the 
square ABCD in Fig.3 and measures the vertical height of the 

center position from the ground. It is mainly used to refer to the 
vertical distance and adjust the platform to the set reference plane 
position. The platform is regarded as a rigid body. The deflection 
angle that the servo electric cylinder on the diagonal line rotate 
around the center point O is equal, that is, the offset distance is 

equal. The side length a of the square ABCD, the declination ∠

AOM and the declination ∠BON can be used to calculate the 

offset distance of the horizontal planes of the four upper servo 

electric cylinder feet, comparing with the vertical height H. The 
calculation formula is: 

𝐻𝐴𝐶 = tan(∠AOM) ∗
√3∗𝑎

2
, 

𝐻𝐵𝐷 = tan(∠BON) ∗
√3∗𝑎

2
. 

The controller controls the displacement Hi (i=AC, BD) of the 

servo electric cylinder feet precisely and adjusts to the set 
reference plane, so as to realize the adjustment of the horizontal 
attitude of the stair-climbing platform. 

Interference

PLC 

controller

r(t) ＋
＋

＋

－

c(t)e(t)

Dual axis tilt sensor

Servo electric 

cylinder feet

Horizontal attitude 

climbing platform

 

Figure 4. Horizontal attitude adjustment closed-loop control. 

After the horizontal attitude stair-climbing platform is started, the 
PLC controller in Fig.4 controls the servo electric cylinder feet to 

adjust the horizontal attitude. Under the influence of disturbance 
factors, there is a certain error in the level of the horizontal 

attitude stair-climbing platform. The dual-axis inclination sensor 
feeds the platform status information back to the input 
information and adjusts it again through the PLC controller that it 
uses closed-loop control, to complete the adjustment of horizontal 

attitude.  

 

3.2 Adaptive Control of Different Depths and 

Heights 

Fig.5 is a schematic diagram of self-adaptive stair-

climbing control device. The self-adaptive stair-

climbing control system consists of an ultrasonic sensor 

and an L-shaped antenna-type detection device. The 

horizontal attitude stair-climbing platform moves 

toward the stairs, and the ultrasonic sensor 1 measures 

the distance between the robot feet 5 and the bottom of 

the stairs. When the movement reaches the set distance 

S, the horizontal attitude stair-climbing platform stops. 

As shown in Fig.6, the L-shaped antenna-type detection 

device starts to move and the L-shaped structure 4 

rotates towards counter clockwise direction. When the 

collision sensor 2 contacts the surface of the staircase, 

the sensor signal is transmitted to the controller and the 

motor stops working. The foot 5 makes a rising motion. 

The ultrasonic sensor 1 measures the new distance data 

Z. The depth of the stairs can be obtained as:  

X = Z − S. 

The angle sensor 3 records the angle Φ which the L-

shaped antenna structure 4 produces in the above 

rotation process. As shown in Fig.7, the geometric size 

of the L-shaped antenna-type structure 4 is B*L. The 

vertical height of the turning center is Ha and the 

dimension B1 is an auxiliary dimension. According to 

the geometric relationship, the height of the stairs can be 

obtained as: 

 h = Ha − B ∗ sin(Φ) + L ∗ cos (Φ). 

 

Figure 5. Schematic diagram of adaptive climbing 

stairs control device. 
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Figure 6. Schematic diagram of L-shaped antenna 

detection device. 

 

Figure 7. Geometrical principle of L-shaped 

antenna. 

 

3.3 Horizontal Attitude Steering 

 

Figure 8. Robot Steering. 

As shown in Fig.8, the horizontal attitude stair-climbing 

platform performs the attitude steering action through a 

down-stage rotating mechanism. When the upper servo 

electric cylinder feet rise to a certain height, the robot's 

down-stage mechanism is in the suspended state. The 

rotating mechanism turns a certain angle and then 

returns to its original position. When the robot maintains 

a stable state and the down servo electric cylinder feet 

rise to a certain height, the robot's upper-stage 

mechanism is in the suspended state. And the 

mechanism turns to the same angle degree as the former 

to complete the attitude steering action. In the process of 

completing the attitude steering of the robot, the 

horizontal attitude stair-climbing platform rotates with 

its own geometric center and turns by zero radius. 

 

4. CONCLUSION 

The developed product has a good effect to horizontal attitude 
stair-climbing and can achieve climbing spiral staircase. Once it 
has been exhibited at the Shanghai Industrial Fair and received 
many attention. The horizontal attitude stair-climbing platform 
designed in this paper that can be used in intelligent wheelchairs 
is based on servo electric cylinder and self-designed multivariable 

closed-loop control system. It can complete the horizontal attitude 
adjustment, climbing of smart adaptive stair state and intelligent 
steering, which improves smoothness performance, versatility 
performance, and maneuverability performance of the robot when 
it walks. Based on the excellent features of the horizontal attitude 
stair-climbing platform, we can continue to improve the 
intelligent module, such as the use of image processing modules 
to improve the recognition accuracy and complete the 

autonomous navigation. We can improve the security 
performance of the system further, so that it can achieve 
industrialization applications as soon as possible. 
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ABSTRACT 

Thai television is in a transition period and digital 

television has the potential to offer more types of 

services.  This paper explores television service and its 

accessibility for persons with disabilities in Thailand, 

the voice and requirement of users with disabilities, and 

possibilities and challenges, including policy 

recommendations. Sign language, open captions or 

moving text services are increasingly accessible services 

on television. Persons with disabilities turn to television 

for news updates, live programs, and entertainment. 
Common problems are not knowing whether and when 

the program will have accessible service, and having 

limited knowledge about the benefit of digital television.  
The legal instruments to increase accessibility -- at both 

international and national levels -- is a strong point. 
There needs to be governmental support for accessibility, 

especially at the outset, and regular review of national 

technical standards as technology evolves. Also, users 

with disabilities, especially youth and adults with 

hearing disabilities, need more Thai language skills 

development. 

Categories and Subject Descriptors 

K.4 COMPUTERS AND SOCIETY 

General Terms 

Management, Legal Aspects 

Keywords 

digital television, accessible television, persons with 

disabilities 

1. INTRODUCTION 

Access to information and communication, including 

information and communications technologies and 

systems, has been defined as part of human rights. The 

United Nations Convention on the Rights of Persons 

with Disabilities (CRPD) [16] specifies this in Article 9 

– accessibility to the physical environment, to 
transportation, to information and communications, 

including information and communications 

technologies and systems; and Article 21 -- the right to 

freedom of expression and opinion. In Article 30.1.b, 

television is mentioned explicitly. Article 30 references 

participation in cultural life, recreation, leisure and sport, 

and enjoyment of access to television programs, films, 

theatre and other cultural activities in accessible formats.  
Television has authority in itself as a trusted platform of 

information. The content on television is verified, 

produced and created by professionals. It is the main 

source for public news and up-dates on emergencies as 

well as providing a space for creating and involving 

educational, social and cultural communities [12].  The 

whole world is covered by a TV signal, with 98% of 

households in developed countries and 73% of 

households in developing countries with television. 
However, one billion people with some form of 

disability cannot access audiovisual content in the home 

because of limitations of media and/or devices. The 

migration from analog to digital television is seen as an 

ideal opportunity to make television more accessible. 
Currently, television is the most widely used medium for 

audiovisual content. Content also includes films and 

videos through other networks such as the Internet and 

mobile phone networks, physical storage media, online 

or combinations of local and network feeds. This paper 

focuses on terrestrial television broadcasting, as the 

broadcasting is a highly regulated area where more than 

60 years of international standardization has been 

successful in achieving the exchange of programs and 

the interoperability of television services. The standard 

creates mechanisms for creating, exchanging and 

delivering access service around the globe. The 

experience of broadcast television can be applied to 

other digital distribution of audiovisual content [1].  

The objectives of the study were to explore television service 
and accessibility for persons with disabilities in Thailand, to 
document the voice and requirement of users with disabilities, and 

to discuss possibilities and challenges, including policy 
recommendations for further development. 

2. METHODOLOGY 

Data were collected by documentary research and 

interviews. A questionnaire survey about user needs and 
accessible services on digital television was 

administered to a sample of 149 persons. The sample 

mailto:kamolpun.punpuing@nectec.or.th
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includes 22 persons with visual impairment, 41 persons 

with hearing loss, 41 persons with mobility disabilities, 

12 persons with psychiatric impediments, and 33 parents 

of persons with intellectual disability or persons with 

autism. A group interview was conducted with 20 

persons with hearing loss to answer more specific 

questions regarding user behavior on captioning 

services and to solicit comments on live captioning 

service testing. Key informant in-depth interviews (8 

persons) and group interview (40 persons from 

broadcasters and producers) were carried out on topics 

of policy and television’s business needs.  Descriptive 

statistics and content analysis were used to process the 

data.  

3. DISABILITY IN THE THAI 

CONTEXT  

In Thailand, the definition of persons with disabilities is 

a mixture of medical and social dimensions. Persons 

who register as persons with disabilities can obtain 

rights to services specified under the law.  According to 

the Empowerment of Persons with Disabilities Act 

B.E.2550 (2007) [14], “Person with Disabilities” means 

a person who has a limitation to perform their daily 

activities or to fully participate in society due to visual, 

hearing, mobility, communication, mental, emotional, 

behavioral, intellectual, learning or other impairments, 

in combination with obstacles in various ways, and has 

special needs to obtain any particular aid in order to 

perform their daily activities or participate in society as 

any other person in general, according to type and 

criteria of disability.  According to the database of the 

Ministry of Social Development and Human Security, as 

of 15 September 2017 [3], there were 1.8 million Thais 

with disabilities who registered nationwide, as follows: 
187,249 persons with visual disability (10.4%), 332,294 

persons with hearing or communication disability 

(18.4%), 880,662 persons with physical or mobility 

disability (48.7%), 134,915 persons with psychiatric or 

behavioral disability (7.5%), 126,604 persons with 

intellectual disability (7%), 10,556 persons with autism 

(0.6%), 8,726 persons with learning disability (0.5%), 

117,067 persons with more than one type of disability 

(6.5%), and others (0.6%).  In this registered persons 

group, about half (50%) were persons age over 60 years, 

while 45% were 15-60 years old.  As registration is on 

a voluntary basis, not all persons with disabilities may 

have access to needed services.  

4. TOWARDS ACCESSIBLE 

TELEVISION  

4.1 Right to accessibility, information and freedom 

of communication  

Groups of persons with disabilities have utilized 

television as a tool for communication among members 

of their group and with others in society since 2007. The 

Thai disability movement, in cooperation with 

technocrats, has participated in a policy process at the 

national and international level, and has successfully 

advocated for the right of persons with disabilities to 

have access to information and freedom of 

communication and expression as part of the relevant 

laws. These legal instruments can ensure access, and 
Thailand ratified the CRPD in 2008. The convention and 

its follow–up mechanisms have supported and 

stimulated advancement on such issues.  

 

At the national level, there are four main laws involving 

accessibility, access to information, communication, 

technology and public media. The Constitution of the 

Kingdom of Thailand B.E.2550 (2007) [13], Section 54, 

and The Empowerment of Persons with Disabilities Act 

B.E.2550 (2007), Section 20, state that a person with 

disability has right to access welfare service and other 

appropriate assistance from the government. The Act on 

Broadcasting and Telecommunication Services 

B.E.2551 (2008) [10], Section 36, sets standards to 

ensure that radio and television are accessible to persons 

with disabilities.  The Act on Organization to Assign 

Radio Frequency and to Regulate the Broadcasting and 

Telecommunications Services B.E. 2553 (2010)[11], 

Section 52(2) states the objective of a Fund for Research 

and Development of Broadcasting and 

Telecommunication Services for Public Benefit to 

support technology development for persons with 

disabilities, older persons, and disadvantaged groups.   

 

Access to television covers many elements, such as 

television content or programs, program guides (both 

electronic and non-electronic), equipment, and spectrum 

management. Since 2010, the National Broadcasting 

and Telecommunications Commission (NBTC), as 

regulator, has played a large role in making television 

accessible. The 1st Broadcasting Master Plan 

(B.E.2555-2559) (2012-2016) is a mechanism for 

moving policy into action.  There are three strategies: 

Enhance rights to equal access to information and 
communication; consumer protections; and transition to 

digital broadcasting transmission.  These strategies 
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created a significant opportunity for making television 

more accessible, efficient and higher quality.  To 

support all citizens’ access to digital television, free set-
top boxes (approved under the NBTC standard) were 

distributed to all households in the country, including 

households with persons with disabilities. 

 

As for content, Section 5 of the Notification of NBTC 

on encouraging and protecting rights of persons with 

disabilities to access television programming B.E.2559 

(2016) [15] stipulates that broadcasters are to provide 

sign language, closed captions, audio description or 

other kinds of accessible services for at least 40% of 

news or knowledge programs, to be increased to 60% 

within five years. The total average time per day for 

accessible programming is not to be less than 180 

minutes. 

Service Year 1 Year 2 Year 3 Year 4 Year 5 

Sign language 

(percentage) 
5 5 7 7 9 

Closed captions 

(percentage) 
40 40 50 50 60 

Audio description 

(percentage) 
5 5 7 7 10 

 

Broadcasters must provide television programs with 

sign language for at least 60 minutes per day, closed 

captions for at least 180 minutes per day and audio 

description for at least 60 minutes per day. 

4.2 Accessible service on analog television  

Analog television was first available in Thailand in 1955. 

Initially, there were six free television channels. For the 

analog television system, sign language and subtitles 

were the only services available for enhanced 

accessibility.  In 2007, sign language first appeared on 

television as part of the evening news program of the 

National Broadcasting Service of Thailand, under the 

government’s Public Relations Department. After that, 

sign language service has been available in the 

government’s report programs and live television 

broadcasts of sessions of the House of Representatives, 

the Senate, and joint sittings of the National Assembly.  
In 2010, Thai deaf TV [2] was created as a project in 
Dhurakij Pundit University, and this attracted  interest 

from funders and free TV channels. Thai deaf TV has 

helped provide distance education to the deaf and hard-

of-hearing community.  TV producers and 

broadcasters increasingly include sign language and 

open captions for news, as well as for programs about 

identity and cultural awareness. Apart from this, there 

are groups of persons with disabilities who have become 

television program producers themselves, e.g., four 

wheelchair users groups and one blind persons group. 
The programs are their tools for expressing opinion 

about society, being a role model, raising awareness 

about accessibility in public places, and promoting full 

participation of persons with disabilities in mainstream 

society. 

4.3 Accessible service on digital television  

Digital television was launched for the public 

in Thailand in 2014. Thailand uses DVB-T2 (Digital 

Video Broadcasting – Second Generation Terrestrial) for 

the broadcast transmission of digital terrestrial 

television. Closed captioning conforms to ETSI EN 300 

743 V1.4.1 (2011-10): Digital Video Broadcasting 

(DVB) and subtitling systems. The four digital 

television network operators in Thailand consist of the 

Royal Thai Army (two multiplexes), the Mass 

Communication Organization of Thailand (MCOT), the 

Public Relations Department (PRD), and the Thai Public 

Broadcasting Service (ThaiPBS) [7]. As of January 

2018, the signal covers about 95% of households around 

the country [5]. There are 26 digital television channels 

(four public service channels and 22 business channels). 

Ten channels can provide high definition TV services. 
The 22 business channels are divided into four 

categories: High Definition TV, Standard Definition TV, 

Children’s TV and Digital News TV.   

At present, most television channels do not have the 

infrastructure for closed captioning services production 

and have limited technical knowledge in that area.  

ThaiPBS has provided closed captioning service since 

April 1, 2016.  The Royal Thai Army was in the 

process of equipment installation as of this writing.  

Live closed captioning service in Thailand is now in a 

research and development stage.  The technical study 

and simulation testing by ThaiPBS and the National 

Electronic and Computer Technology Center (NECTEC) 

demonstrated that the service can run on the tested 

platform. The technique is called simulated-typing 

developed by NECTEC, and is used to produce real-
time transcription for Thai language with accuracy (with 

live news programs) of around 80-90%, a level that is 

acceptable to the disabled user. However, the network 

multiplexes require allocation of more bit rate in order 
to support higher quality live closed captioning in High 

Definition format [8].  Overall, most television 

https://en.wikipedia.org/wiki/Digital_television
https://en.wikipedia.org/wiki/Thailand
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channels have implemented sign language, open 

captions or running text services. Two channels provide 

audio description service. However, electronic program 

guides have no information about programs with 

accessible services, and spoken subtitle service (or so-

called audio subtitling) is not mentioned in the relevant 

laws. In April 2018, for the first time, representatives 

from the Association of the Blind voiced the need for 

spoken subtitles  [9]. 

4.4 Voice of users with disabilities   
This study interviewed persons with disabilities about 

the need for and accessibility of services.  The 

response was that persons with disabilities, in general, 

use television for news updates (77.1%), live programs 

(6.0%), and entertainment (4.0%). The majority of the 

group (42.0%) spends about 1-5 hours per day for 

watching television. Most respondents watched 

television during prime time (59.2%), and watched 

television together with family (69.0%).  A common 

problem is that they do not know when the programs 

having accessible service are on air. Persons with 

hearing loss and persons with visual disability do not 

understand content because there is no accessible 

service.  They also do not fully grasp the benefits of 

digital television. Many cannot access program guides 

on websites. Remote control with bigger buttons would 

be helpful.  Persons with disabilities have to ask friends 

or family to assist or explain certain aspects when 

watching television. Watching digital television from 

cable TV or satellite service may not contain accessible 

service in the same way that terrestrial digital television 

does. Groups of parents want media literacy training, so 

that they can support their children with disabilities. 
Those parents do not normally encourage their children 

to watch television because of inappropriate content. 
Language used in the media for the children should be 

easy and simple. Persons with visual disabilities need 

television or equipment that gives feedback after 

sending a command, and provides audible information 

for navigation.  Talking televisions are still in limited 

use and are costly. There should be more audio 

description in televisions. Groups of persons with 

hearing disabilities suggested sign language service 

quality improvement, well-trained sign language 

interpreters and bigger display size of the sign language 

interpreter.  

Persons with hearing disabilities normally access 

captions via YouTube, CD, DVD, satellite, or 

subscription cable television. Satellite and subscription 

cable television have few closed caption options; they 
do offer subtitle service  instead (foreign language-Thai 

translation service). When there is no accessible service 

on television, the disabled obtain information from other 

sources such as newspapers, social media, friends and 

family. Regarding emergency and disaster news, 

respondents need such news as soon as possible or at the 

same time as other members in society. As for live 

captioning testing, the moving text speed is fast and may 

benefit from shortened words or summarized content.  

Sign language and captions should be on screen at the 

same time to assist both deaf and hard-of-hearing users.  

There was no unanimous agreement by respondents in 

this study on preferred background color of caption 

display on the television screen. The users did suggest 

that persons with disabilities be a part of the process of 

making television service more accessible. There should 

be a centralized outlet for providing live captioning 

service and to act as a resource pool. 

4.5 Possibilities and challenges   

The legal instruments and pace of transition from analog 

to digital television is a good opportunity for making 

television more accessible in Thailand. Digital 

television can provide greater integrity and flexibility of 

signal content, accommodating higher quality image in 

digital format and having extra space used for additional 

video, audio and text signals. Digital television also 

carries the potential for improving accessibility to 

services on television. NBTC plays a strong role in 

regulating law enforcement and, at the same time, 

provides funding for research and development on 

accessible services, and educational training for users, 

broadcasters and content producers.   

After three years of digital television, Thai society is still 

in transition toward achieving its full potential.. Some 

observers argue that Thailand embraced digital 

television too late as people increasingly watch 

television via other media.  Still, the Thai television 

business has adapted by turning crisis into opportunity.  

Some broadcasters are catching up with the trend and 

are designing strategies to take advantage of the 

convergence of radio, television, and 

telecommunication media to expand content and build 

audience [6].  As for preparing and testing accessible 

services, there is movement in all channels but at a 

different pace.  In addition, the unstable economic 

environment has had a negative impact on progress in 

this area. Representatives from business television 

channels have asked for an extension to 2020 to begin 

service provision in the proportions required by the 

NBTC’s Notification (2016). The reason given was that 

providing closed captioning and audio description has 

become burdensome as they have financial constraints 

and lack technicians for arranging the service [4].  The 

NBTC approved the extension, stating the intention to 
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encourage broadcasters to have technical testing on real 

circumstances. Representatives from broadcasters also 

mentioned the need for support on equipment set up, 

with an estimated cost of about 3-5 million baht 

(US$ 96,000-160,000).  Some wish to have more 

flexible incentives in response to the business market 

environment. 

5. RECOMMENDATIONS 

Thai television has been going through a transition, not 

only the change from analog to digital television system, 

but also in accommodating consumer behavior trends 

and marketing to more online media.   Some 

recommendations to further strengthen accessible 

television services are as follows: 

1) Government needs to increase support to assist television 

channels to obtain equipment and service production. Certain 

incentives are needed to help this sector adapt to the market 

environment.   

2) Government needs to continue to support research, 

development and pilot projects on accessible service 

technology and delivery, and increase user knowledge and 

satisfaction.   There is still a need to find suitable technology 

to reduce cost in the production process.  

3) There should be systematic training to create human 

resources as professionals on accessible television service. 

4) There is a need for accessible electronic program guides and 

advance information about programs that have accessible 

television services. 

5) There is a need to regularly review national technical 

standards on digital television broadcasting as technology of 

accessible television services continues to evolve.  The bit 

rate allocation for multiplexes for live closed captioning 

service are a case in point. 

6) More hours for Thai language class for students with hearing 

disabilities in secondary schools are needed to better develop 

Thai reading and writing language skills. 
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ABSTRACT 

There is an increasing demand of soft and flexible 

electronic devices, retractable, skin-mountable, and 

wearable sensors in particular, which could be applied 

in personalized health-monitoring, human motion 

detection, human-machine interfaces, soft robotics, and 

so forth. This article categorizes and compares new 

stretchable flexible strain sensors embedded in wearable 

devices or garments, including the support material, 

deployment position, and maximum accuracy of the 

flexible sensor. The feedback form of the existing 

wearable system is summarized, and the design 

requirements of the new wearable sensor are proposed. 

This survey reveals that flexible, skin-mountable, and 

wearable strain sensors have potential in diverse 

applications while accuracy, repeatability, and real-time 

performance of sensors have to be improved for the 

study of motion capture and rehabilitation applications. 

Categories and Subject Descriptors 

D.10.4 [Rehabilitation robot]: Human motion 

perception and control . 

General Terms 

Documentation 

Keywords 

Motion Capture, Flexible Sensors, Wearable technology. 

 

1. INTRODUCTION 

Studies suggest that human movement is controlled by premotor, 
motor cortex, cerebellum, basal ganglia and brainstem 

hierarchically and regulated according to feedback of vestibular 
and sensory system 0. Similarly, posture maintenance combines 
the control of the higher brain center (cerebellum and basal 
ganglia), brainstem, and spinal cord with feedback from various 
sensory receptors to stabilize a person's center through muscle 
contractions. It is functional exercise and posture measurement 
that can provide information in rehabilitation science and practice. 
For example, such quantification can reveal changes in athletic 

performance caused by development, injury, recovery, treatment, 
or assistive technology. By tracking the movement of the human 
body, it is possible to monitor the movement status in real time 

and judge whether the training posture is reasonable by 
reproducing movement of body.00. 

According to the difference of the motion capture devices, motion 
capture can be classified into six categories, including mechanical 

motion capture, motion capture by inertial sensor, acoustic 
motion capture, electromagnetic motion capture, optical motion 
capture and motion capture by depth camera. It is widely used in 
two directions: Human Motion Recognition Based on Visual 
Sensor and Wearable Sensor 00. The tag-based optical motion 
capture system is considered to be the gold standard and usually 
used as a reference for validation. VICON system 0 is one of the 
most widely applied and developed optical capture technology, 

but it is limited to a fixed sensing volume, requires extensive post-
processing and kinematic model development, and is relatively 
expensive. 

Motion capture systems based on accelerometers and 

inertial measurement units are also the most commonly 

used technologies at present, and they already have 

mature commercial products such as Synertial 0 , 

Perception 0, and Xsens0. However, these sensors 

require a lot of filtering to eliminate the integral drift. 

The price is as expensive as an optical capture system. 

At the same time, IMU sensors are attached to the body's 

joints and are very conspicuous. 

There are a wide variety of wearable devices. Considering 
flexibility and comfort, this paper only compares the new flexible 
sensors embedded in wearable devices or clothing and 
summarizes the feedback forms of existing wearable systems to 
provide technical characteristics information about them and 
assistance for research in related fields and practical applications 
in the future. 

 

2. NOVEL FLEXIBLE WEARABLE 

SENSORS 

2.1 Microfluidic Sensors  

School of Engineering and Applied Sciences at Harvard 
University 0produced a kind of super elastic strain sensor with 

liquid metal(eutectic gallium indium alloy), and silicone rubber . 
It was sewn on clothing and used to monitor the hip, knee, and 
sacroiliac joint angles. The root mean square (RMS) error of the 
sensor accuracy was less than 5 °. The Wyss Institute of Harvard 
University 0 also used this sensor for wrist measurements. Based 
on the theoretical model of elastic channel deformation, Chung-
Ang University, Korea, 0 manufactured a microfluidic strain 
sensor by injecting ionic liquid into PDMS elastomer. The 

bending of the fingers, wrists, and rotation of the arm were tested. 
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The resistance of the sensor changed with various movements of 
the human body. 

2.2 Elastomers Hydrogels 

Klaassen et al. 0 integrated a KPF strain sensor and a 

KPF goniometer with an IMU to apply this to a 

multimode sensor system. Friedman et al. 0 placed six 

wires on the gloves and measured finger strain. Sensors 

developed at Wyss Institute for Biologically Inspired 

Engineering at Harvard 0 were made from conductive 

knits as electrodes and silicone elastomers as dielectrics. 

The capacitive sensor was integrated in the glove and 

was used to monitor the movement of the finger.  

2.3 Electronic skin  

Kavli Institute for Bionano Science and Technology at Harvard 
University 0 used a polyacrylamide hydrogel containing NaCl as 
an ion conductor and an acrylic elastomer (VHB 4905, 3M) as a 
dielectric to develop a strain sensor that adhered well to the finger 
and measured the strain on the finger. 

2.4 Nanomaterial sensors 

Nanomaterials used as flexible sensors can be divided into 
carbon nanoparticles, nanowires, and nanotubes. Based on the 
change in resistance caused by the opening and closing of the 
micro-crack, silver nanoparticle (Ag NP) strain sensors were used 
to detect the movement of fingers and wrists 0. Silver nanowires 
and Ecoflex was used to develop a capacitive strain sensor with a 

deformation of up to 50%. It was used to monitor the movement 
of the thumb, to sense the knee strain and other human body 
exercise. 0 Silver nanowires (AgNW) were assembled into a 
styrene-butadiene-styrene (SBS) elastomer matrix and 
successfully detected simple sign language 0. An ultra-soft strain 
sensor was developed by using a carbon nanotube permeation 
network-silicone rubber nanocomposite film. Adhesive bandages 
were attached directly to the skin of the fingers 0. MIT developed 

an extremely resilient strain sensor that used CNT fibers. The 
strain of the three joints of the finger showed greater than 200% 
0. 

2.5 Graphene sensors 

Korea University of Seoul 0 manufactured a highly 

stretchable strain sensors based on composites of 

disintegrated graphene foam (FGF) and PDMS, 

measuring the joint of finger and elbow. FGF/PDMS 

strain sensors could also sense sensitive strain areas with 

less than 1%. A flexible strain sensor was assembled by 

attaching graphene fabric GWF to polymer and medical 

tape composite films by Nano and Micro-Mechanics 

Center at Tsinghua University 0. The sensor could 

detecte 0.2% micro-deformation and consists of 

graphene fabrics, PDMS, and medical tapes. 

（a）Microfluidic Sensors （b）Electronic textiles （c）Electronic skin

（d）Nanomaterial sensors （e）Graphene sensors （f）Fiber Optic Sensors

2.6 Fiber Optic Sensors 

Tsinghua University 0 used a dye-doped polydimethylsiloxane 
fiber to detect the finger's bending deformation. The peak strain 
produced by bending was about 36%. Shanghai Institute of 
Ceramics 0coated optical fibers on benzyl alcohol fibers. The 
strain on the fingers and knees was 0.2%. 

Flexible sensor image shown in Figure 1. Summary of 

flexible wearable sensors, as shown in Table 1. 

Table 4. Various types of flexible sensors 

Type 
Support 

Material 

Positioning 

Position 

Maximum 

Accuracy 
Ref. 

Microfluidic 
PDMS, 
Ecoflex 

Elastomer 

Waist, knee, 
ankle, 
finger, 

wrist, arm 

Root mean 
square error 
less than 5° 

10-, 
12 

Elastomers 

Hydrogels 

Ecoflex 

Elastomer 

Fingers, 

wrists 
/ 

13-

15 

Electronic 
skin 

VHB, 
Hydrogels 

Fingers 
2% of the 
maximum 

strain 
16 

Nanomaterial 

PDMS, 
Ecoflex 

Elastomer 
,SBS 

Fingers, 
elbows, 

arms, knees 
/ 

17-

21 

Graphene PDMS 
Fingers, 
elbows 

Less than 
1% of strain 

22, 
23 

Fiber Optic PDMS 
Fingers, 
knees 

0.2% of 
strain 

detection 
limit 

24, 
25 

 

We can see that the sensors are mainly on the fingers, elbows, 
wrists and knees. There is also a corresponding test at the waist 
and ankle. As shown in figure 2.We also could draw a decision 
that silicone-based elastomers (eg, polydimethylsiloxane (PDMS) 
and Ecoflex resin) and rubber (eg, natural rubber and 
thermoplastic elastomer) are the most commonly used polymers 
that are soft Strain sensor flexible support material. At present, 

Figure 1. Novel flexible wearable sensors 



 

 70 

most of the flexible wearable sensors are still in the research stage, 
and there are relatively few references to the accuracy. 

 

Figure 2. Sensor placement in the human body 

 

3. FEEDBACK FORM  

In terms of the rehabilitation training system, it is not 

enough to explore human motion information, but also 

need feedback to individuals by certain forms to support 

the motor learning process in musculoskeletal and 

neurological pathologies. 

Vision is often considered to be the most important form 

of perception when interacting with the environment in 

daily life. Based on the visual feedback, patients can 

complete their motor learning tasks through therapeutic 

intervention and comparison with correct movements. 

As for many simple tasks, results can be expressed 

directly in the form of numbers or graphics, such as lines 

and curves 0. In addition to simple graphics, 3D displays 

are also used for rehabilitation training. A 3D model of 

limbs or anatomy was presented in the display 0 to guide 

the patient in rehabilitation training. In order to motivate 

longer training of patient, VR technology has been 

widely used. Patients can participate in treatment 

through games, which greatly improves patients’ 

positivity and increased treatment effectiveness 0. In 

addition, some systems combined visual and other 

modalities as multimodal feedback systems with the aim 

of enhancing learning effectiveness by reducing the 

cognitive load required for information processing 0 

Relevant literature about complex motor tasks shows 

that tactile guidance could reduce perceived workload, 

improve current performance, and enhance motor 

learning. Additionally, haptic feedback has been shown 

to enhance the cooperation of users and devices, which 
is quite important for sports learning. A flexible 

vibrating tactile strip was developed which could be 

worn on the body for rich tactile communication. In 

addition, the layout of the feedback module 0 needs to 

be considered so that the patient can get the best 

feedback. 

Auditory feedback plays an important role in the study 

of multimodal feedback. For instance, it can be as an 

error or reward, such as a beep 0. In addition, a more 

sophisticated system was indicated which adjusted the 

pitch or volume of the sound through the stretch control 

of the fabric sensor to reflect the wearer's movement. 

Presenting precise or complex information sing through 

only one feedback form is limited. Therefore, more 

often than not, several forms of feedback are used in 

combination 0. The form of feedback is summarized in 

Table 2. 

Table 2.  Feedback form summary 

Feedback form Ref. 

Vision 

Abstract (lines, curves) 26 

3D model of limb or 

human body or structure 
29 

VR Game 38 

Haptic Vibrotactile display 31 

Auditory Musical pattern 32 

Multi-modal  14,28,29 

 

4. THE DESIGN REQUIREMENTS OF 

THE WEARABLE SENOR 

4.1 Accuracy  

The wearable sensor should meet certain accuracy 

requirements to ensure accurate measurement of posture 

parameters of human motion, so as to facilitate the use 

in rehabilitation medicine and improve the performance 

of the body. 

4.2 Comfortability 

The wearable sensor should be non-invasive and help 

improve physiological comfort level and psychological 

comfort level and be non-invasive.  Meanwhile it 

should not restrict to movement of human body, skin and 

muscle, so that it can be firmly placed between bones, 

ligaments and muscles. 

4.3 Flexibility 

The wearable sensor should monitor human motion 

information in real time online, return human posture 

information to the computer for calculation and 
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processing, and use the calculated information for 

rehabilitation training or other purposes. 

4.4 Extensibility 

The wearable sensor should satisfy the diversity of the 

body size.  Its size can be adjusted to adapt to different 

size of human parameters with guaranteed repeatability 

 

5. CONCLUSION 

Flexible wearable sensors are currently a major research 

hotspot and can be widely used in rehabilitation 

medicine and other fields. From the perspective of 

measurement principle, there are mostly resistance 

sensors as well as optical fiber sensor and capacitance 

sensor. PDMS, Ecoflex elastomers and other support 

materials are used to improve tensile properties of 

sensors, but their accuracy is poor and cannot be applied 

in practice. In addition, repeatability and real-time 

issues need to be considered. And most of them can only 

measure the single-DOF joint. For multi-DOF joints 

such as shoulder joint or wrist joint, it needs to be 

measured together with other sensors. The motion 

capture by using flexible body sensor networks is grand 

challenge and future research directions. Vision is 

currently the most common form of feedback, but 

multimodal feedback forms can provide more accurate 

feedback. The design requirements for future wearable 

sensors should include accuracy, comfort, flexibility, 

and scalability. 
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ABSTRACT 

Respiratory functions are usually impaired after lung 

cancer surgery. Advances in physical therapy have the 

potential of improving the capability of inhale and exhale 

for patients, which may also contribute to pain alleviation 

after surgery. Here we have designed a perspective cohort 

study, in which two cohorts of patients were included to 

compare the effect of physical therapy between therapist-

intervened (Group A) and self-guided (Group B) 

interventions. In Group A, each patient was given 

pulmonary training; in Group B, each patient was only 

shown a 3D animation using custom-build mobile 

application(APP) that renders the same training 

movements. A total of 18 patients diagnosed with lung 

cancer between July and October in 2017 admitted by the 

Departments of Thoracic Surgery, Rehabilitation 

Medicine of Ruijin Hospital were included in the pilot 

study. Preliminary data showed that the Vital Capacity 

(VC) was not significantly different between self-guided 

and therapist-advised groups; but the Numerical Rating 

Scale (NRS) of pain was reduced by therapist-advised 

intervention. Our results suggest that a combination of 

self-guided and therapist intervened interventions would 

optimize the effect of post-surgery rehabilitation for 

patients with lung cancer. 

Categories and Subject Descriptors 

K3.1 Computer uses in Education, collaboration 

General Terms 

Medicine, education, evaluation 

Keywords 

APP, post-operative lung cancer, pulmonary rehabilitation 

exercises 

1. INTRODUCTION 

In China, lung cancer is not only the most commonly 

diagnosed, but also the most deadly of all cancers[1]. 

Video-assisted thoracic surgical(VATS) lobectomy is 

remain the best (curative) option for patients with stage I 

and II Non Small Cell Lung Cancer (NSCLC) and for 

selected patients with locally advanced disease (stage 

IIIA)[2]. 
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However most patients select for surgical removal have 

limited functional capacity, owing to associated 

comorbidities and/or the stage of the disease[3]. Early 

treatment of rehabilitation intervention after surgery has 

been proved effectively to improve the expansion degree 

of lung alveolar, to decrease complication rate and to 

shorten hospital days[4]. On the other hand, for patients 

undergoing any surgery, including lung surgery, patient 

education is seen as critical to their recovery.  

Education is known to be an essential tool to provide 

patients with information concerning their health 

condition, their treatment and their recovery[5]. The 

purpose of this study was to observe the effect of different 

rehabilitation methods on lung function improvement in 

the post-operative period of lung cancer. 

2. DATA AND METHODS 

2.1 Clinical Data 

Collecting clinical data of 18 cases of patients who 

accepted VATS lobectomy from July to October in 2017 

in Ruijin hospital, among them, 10 patients were men, and 

8 were women, age from 27 to 73, and the average age 

was (53.77±11.27) years old. According to the 

Methodology of Therapeutic Intervention, separating 

patients into therapist-intervened (Group A) and self-

guided (Group B). Comparing age and sex, patients from 

both groups show no statistical difference. See Table 1. 

Table 1 Demographic data of two groups 

Group 
No. of 

Participants 

Sex Ratio 

(Male/Female) 
Average Age 

Group A 9 5/4 52.55±10.2 

Group B 9 5/4 55±12.7 

 

2.2 Methods 

2.2.1 therapist-intervened 

Under the condition of normal vital signs in post-operative, 

patients were encouraged to sit up beside the bed and do 

following activities: ①Effective coughing: The most 

common clinical active cycle of breathing technique 

(ACBT) was used. Patients used tidal breathing with their 

own speed and depth, they were encouraged to relax 

shoulders, use lower abdomen as much as possible, 

namely diaphragm breathing mode to complete breath. At 

the end of inhaling, patients needed to hold breath for 3 

seconds, and then complete passive exhaling. At last, 

sputum would be spitted out by the way like huff coughing. 

②Breathing exercises: Patients extended both upper 

limbs to around 150 degrees, crossed both hands behind 

head, opened elbows slowly towards back by inhaling, 

and hold breath for 3 seconds, laid down hands by 

exhaling. ③Elastic belt exercise: Patients extended both 

hands forward for 90 degrees, pulled up elastic belt with 

their palms facing inward, with inhaling pulled belt open 

till both upper limbs totally spread out, when movement 

went to the end, hold breath for 3 seconds, drew back 

hands by exhaling. ④Uplifting with weight: Patients 

grasped dumbbells with 0.5 kg with both hands, raised 

them slowly from body side towards top of the head by 

inhaling, hold for 3 seconds, and put down by exhaling. 

The above mentioned movements needed to be complete 

for 3 groups by each training, and each group for 10 times. 

When patients didn’t feel uncomfortable obviously by 

movements beside the bed, they will be encouraged to do 

exercise out of the bed. ⑤Out-of-bed exercise: Sequence 

of exercise was: sit up beside the bed —— stand up near 

the bed —— walk with support of bed —— walk in the 

corridor. Patient walked every day for one time with 

distance from 120 m to 180 m. According to the position 

of sputum in lungs, patients were coached to postural 

drainage by decubitus position, and encouraged to turn 

over. ⑥Postural drainage: Patients were told the 

importance of postural drainage by decubitus position, 

and coached with correct posture. 

2.2.2 self-guided 

We developed a 3D animation using custom-build mobile 

apps that renders the same therapist-intervened training 

movements, as the part of the pre-operation education(see 
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picture 1). Patients were encouraged to maintain a certain 

amount of exercise before surgery and avoid keeping 

lying on the bed, were told to have rational diet and energy 

supplement. Principles of Enhanced recovery after 

surgery （ERAS） and importance of early rehabilitation 

training were expressed to patients and relatives in order 

to relieve anxiety, therefore, they could cooperate better 

with doctors and nurses from department of chest surgery 

and physical therapists for treatment. 

picture 1: 3D animation using custom-build mobile apps

 

2.2.3 Observation Indicators 

The ratios of vital capacity on the third day after surgery 

to it before surgery from Group A and Group B were 

compared, and also ratios of pain degree on the third day 

after surgery. 

2.2.4 Statistical Analysis 

A comparative analysis was conducted between the pre-

operative spirometry test with those obtained in the post-

operative spirometry test for each group using the t-test 

for normally distributed. All statistical tests were 

conducted using SPSS software ver. 18.0 (SPSS Inc., 

Chicago, IL, USA). A significance level of 5% was 

adopted. 

3. RESULTS 

Mean VC depressions measured the radio of third post-

operative day to the pre-operative ranged from 50.8% to 

52.8% of the post-operative values with no significantly 

different between the two groups. Post-operative pain 

control was very effective in both groups(mean pain score 

< 2.7 during cough), but the mean score of Group 

A(NRS=2.3) was much lower than Group B(NRS=3).See 

table 2

 

Table 2 Mean pre-operative values of VC and mean ratios of measured/post-operative values at the third post-operative day, and 

evaluated NRS during cough 

4. DISSCUSSIONS 

Although lung resection is the effective treatment for 

lung cancer[6], pulmonary resection has a direct 

negative influence on pulmonary function[7]. As a 

consequence the reduction in VC can be observed 

resulting in higher likelihood of infection[8]. PR could 

help recovery VC post-operative[9]. Rehabilitation 

education can be showed before surgery, during period 

of hospital stay or after surgery, and hospital discharge. 

Research indicates that pre-operative education has 

positive effects on patients of thoracic surgery[10.11]. 

Especially the pre-operative anaesthesia education has 

been proved that can increase patients’ understanding of 

anaesthesia care, decrease anxiety, fear and reduce 

requirements of post-operative analgesic[12.13]. Pre-

operative physiotherapy education also demonstrates 

that it can reduce post-operative complications and 

shorten days of hospital stay[14.15]. 

There is a study indicated that smart  phone app led to 

a larger proportion of patients with adequate bowel 

preparation (100% vs 96.1%, P = 0.037) and higher 

acceptability than written instructions coupled with 
visual aids in the control group[16]. In the present study, 

mobile application program could recovery VC as 

Group Pre-operative VC Post-operative VC Post-operative (VC)/ Pre-operative (VC)   NRS 

Group A 2.64±0.4 1.34±0.27    0.508     2.3  

Group B 3.03±0.5 1.62±0.42    0.528    3  
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useful as PR on the post-operative. 

We need to make a detailed introduction to our patients 

why the control of pain is necessary, and the effective 

way of medicine delivery. Patients will be told that 

efficient pain management can help to avoid post-

operative complications, lead to faster recovery, and can 

support to finish tasks such as out-of-bed movements 

and deep breath exercises better. 

Patients will be informed that ward nurses and doctor 

and physical therapy play roles in the process of pain 

management, and will give suggestions when patients 

feel more pain than endurance. If pain really exists, the 

team hasn’t achieved feedback that this may lead to 

unnecessary discomfort, patients’ appetite and energy 

standard will be decreased, spirit will be low and 

hospital stay will be extended. 

According to report of Xiaolan Chen et al 2013[17] and 

others, although pain degree of VATS was lower than 

regular chest surgery, the rate of patients with medium 

or above pain degree was relatively high. Pain would 

affect post-operative sputum excretion、breathe mode、
posture and others of patients, these would lead to 

atelectasis、pulmonary infection、hypoxemia and so on. 

Meanwhile, sleep and emotion of patients would also be 

affected by pain, then body recovery would be seriously 

influenced. Because Group A could receive 

rehabilitation guidance each day, the patients of this 

group solved the pain problem in a timely manner. Our 

treatment of pain depends on the different levels of pain 

in the patient. It is roughly included in the suggestion 

that the tube bed doctor improve the level of anesthesia 

and put the patient in the comfortable position and 

remind the patient to increase the dose of PCA and so 

on. 

We concluded that a combination of self-guided and 

therapist-intervened interventions would optimize the 

effect of post-surgery rehabilitation for patients with 

lung cancer. 
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ABSTRACT 

In this paper, an improved Dijkstra algorithm is proposed based 

on the servo robot control system, which solves the problem of 
visual servo robots avoiding fixed and non-fixed obstacles during 
the task. First, maps are created effectively in the mission area of 
the robot's actual movement environment, and a model is 
established to mark out the effective target points and obstacle 
information. Secondly, the Dijkstra algorithm is used to perform 
optimal path planning for the target points of the servo robots in 
the mission area, combined with hardware sensors. Detection of 

dynamic obstacles, and to improve the Dijkstra algorithm, to 
solve Dijkstra's algorithm cannot avoid the obstacles of dynamic 
obstacles. Finally, the application of improved Dijkstra algorithm 
in the grip control of the visual servo robot is taken as an example. 
The practical running experiment of the robot verifies the 
robustness and effectiveness of the proposed method. 

Categories and Subject Descriptors 

Rehabilitation Technology [Robotics]: Life assist robot, 

Path planning algorithm. 

General Terms 

Algorithms 

Keywords 

Improved Dijkstra algorithm, servo robot, obstacle 

avoidance, path planning. 

 

1. INTRODUCTION 

With the advancement of technology and the continuous 
development of robotics, robots are becoming more and more 
intelligent. Robotics are increasingly developed and refined. Its 
kind is getting more and more. It has almost all of its appearance 
in various fields, whether it is simple life or high-end technical 

fields. The rapid development of robots can be summarized in 
three stages of growth.  

The first stage of the robot is shown briefly. The robot does things 
blindly and does not know outside information. It is usually 
programmed by the creator. The second generation of robots has 
the ability to sense facial features. They have added touch, vision, 
hearing and other functions like humans. Therefore, the robot can 

obtain information such as its position and direction in the 

environment through sensors, and can also make self-decision 
through information feedback. The third-generation robot is an 
intelligent robot with multiple sensors and intelligent algorithms. 
Not only do they have the ability to sense facial features, they can 
also independently determine and separate from human control 
through artificial intelligence, and can do many complex things. 
At present, the meaning of the intelligent service robot is an 
intelligent device that serves humans. It incorporates a variety of 

high-end technologies. Among them, the robot autonomous 
navigation technology is one of the high-end technologies. There 
are many navigation technologies for robots. People often have 
taste navigation, sound navigation, inertial navigation, laser 
navigation, visual navigation, electromagnetic navigation, light 
reflection navigation [1-3], and GPS navigation. The problems 
solved by navigation are mainly divided into robot positioning, 
robot destination, and how the robot goes to the end.  

The first problem is positioning. Positioning makes the robot 

system know its location. With regard to location technology, 
contemporary researchers have applied ranging methods, inertial 
navigation, global positioning systems [4], landmark positioning 
[5] and map matching and positioning. The second problem is the 
optimal path planning [6]. The purpose of the planning is to find 
an optimal path for the robot. The optimal path planning can make 
the robot separate from the artificial remote control and reach the 
destination autonomously. This optimal path satisfies certain 

performance indicators such as the shortest distance and the least 
time-consuming. According to the known degree of robot 
environment information. Path planning is further divided into 
global path planning and local path planning. The environment 
information is all known as global path planning. Part or all of the 
environmental information is unknown as local path planning. 
Taking the view method and grid method as examples, many 
global path planning algorithms have been widely used. In 

addition, local path planning algorithms such as fuzzy logic 
methods [7-8], genetic algorithms, etc. [9] have attracted more 
and more attention. Although the problem of the shortest path 
planning has been studied by many scholars. However, most of 
the existing algorithms are based on the research of target point 
path planning. At present, they can carry out path planning in the 
case of fixed obstacles. It is difficult to handle obstacles if they 
are suddenly added. Moreover, in the field of robotics, fixed 

obstacles or mobile disturbance obstacles have limited processing 
capabilities. In addition, this paper designs a kind of vision servo 
robot grab control request path planning algorithm, combined 
with other functions to achieve the shortest complete function 
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time, the design of the algorithm requires a higher calculation 
time.  

Based on previous studies, this paper comprehensively considers 
the autonomous planning path of servo robots, autonomously 

avoids fixed obstacles during exercise, and accurately avoids 
moving obstacles that may suddenly interfere, and moves the 
robot to the fixed position with the shortest path. First, the design 
uses software to create maps of indoor information and to mark 
obstacle information. Secondly, since the servo robot code wheel 
can record its position information, the user only needs to set the 
target point. The servo robot can plan the route according to the 
Dijkstra algorithm and plan the optimal route from the current 

node information on the map. Finally, the algorithm is combined 
with its own obstacle avoidance sensor hardware to complete the 
obstacle avoidance function when the robot autonomously runs. 
Based on the above research contents, this paper designs a servo 
robot that runs autonomously on the path planning and proposes 
an improved Dijkstra algorithm, which enables the robot to avoid 
unexpected obstacles in real time during the traditional obstacle 
avoidance path planning exercise. 

The content of this paper is organized as follows: Firstly, the 
article introduces methods for creating and marking obstacles in 
indoor maps. The purpose is to prepare for robot path planning. 
Secondly, the article introduces the Dijkstra algorithm and its 
design steps. Finally, the design is based on a servo robot. 
Through the simulation and verification of the effectiveness and 
feasibility of the overall design of this paper. 

 

2. SERVO ROBOT’S PROBLE 

MANALYSIS AND MAP 

CONSTRUCTION 

2.1  Servo Robot Problem Description 

The structure of the robot is made up of four parts, as shown in 
Figure 1. The structure of the robot is made up of the bottom 
driving part, the control layer, the sensor layer and the notebook 
layer. Its motion part is composed of three 24V geared motors and 
a omnidirectional drive module, and is uniformly distributed at 
360° at the bottom. Its control layer consists of a power module, 
a motor drive module, and a power lithium battery. The sensor 

layers include ultrasonic sensors, laser sensors, and ultrasonic 
infrared sensors. The notebook layer is a device layer for users. 

 

Figure 1. The overall structure of an omnidirectional robot 

The design integrates robot control technology, visual servo 
technology, and robot navigation technology. The research field 
involves mobile robot remote control robot, Dijkstra algorithm 

and obstacle avoidance sensor robot path navigation, Kinect 
target recognition and three-dimensional space positioning, 
inverse kinematics to calculate the joint angle of the robot arm 
and other technologies. The main research focus of this paper is 

the autonomous motion and obstacle avoidance path planning of 
servo robots. The plan can be summarized as a kind of 
optimization problem [10].  

 

2.2  Sports Environment Map Creation 

The robot path planning environment needs to be known. Then 
the map is created according to the information of the 
experimental environment. The created map information can be 
saved in the configuration file. If the researched robot is in a new 
environment, the map information in the configuration file needs 
to be updated to the latest. Environmental information. First 

measure the actual size of the experimental environment and the 
size of the obstacle.  

Before the map is created, the definition of origin and direction of 
the coordinate system is described as follows: The robot 
coordinate system is defined as the positive X-axis direction in 
front of the robot and the positive Y-axis direction of the robot to 
the left. The definition of the world coordinate system of the 
created map is the same as the robot coordinate system. Figure 2 
shows the created map information. The place where the line 

segment connects is the boundary, and the robot cannot pass 
through. The point where the line breaks is the entrance, and the 
robot can pass through. The closed rectangular area is an obstacle. 

 

Figure 2. Created map information robot 

 

3. IMPROVED DIJKSTRA 

ALGORITHM FOR ROBOT PATH 

PLANNING 

3.1  Improve the Basic Principle of Dijkstra 

Algorithm 

The basic Dijkstra algorithm [11] was chosen for improvement 
and path planning. The shortest path problem is a classical 

problem in graph theory research. Its purpose is to find the 
shortest path between two nodes in a graph, that is, the sum of the 
weights (path length) along each edge of the path is minimized. 
The algorithm given by Dijkstra [12] is a classical algorithm for 
finding the shortest path in graph theory. Dijkstra's algorithm has 
a wide range of applications, such as: application in multi-point 
routing, application in surveying and mapping science, 
application in the shortest path of logistics transportation, 
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application in intelligent traffic system, application in expressway 
networking toll collection Wait. The algorithm uses greedy ideas 
and finds the point that is the farthest from the point each time, 
and because of this, it cannot be used to solve graphs with 

negative weight edges. The problems solved are mostly described 
as follows: There is an undirected graph G(V,E), and the weight 
of the edge E[i] is W[i]. Find the shortest path from V[0] to V[i].  

Improve the Dijkstra's algorithm idea: Let G = (V, E) be a 
weighted directed graph. Divide the vertex set V in the graph into 
two groups. The first group is the set of vertices for which the 
shortest path has been obtained (indicated by S, initially There is 
only one source in S. After each shortest path is obtained, it will 

be added to the set S until all the vertices are added to S. The 
algorithm is complete. The second set is the set of vertices for 
which the shortest path is not determined. (indicated by U), add 
the vertices of the second group to S in ascending order of the 
length of the shortest path. In the joining process, the length of 
the shortest path from the source point v to the vertices in S is 
always not greater than the shortest path length from any source 
vertex v to any vertex in U. In addition, each vertex corresponds 

to a distance. The distance of the vertex in S is the shortest path 
length from v to this vertex, and the distance from the vertex in U 
is from v to this vertex. Only the vertices in S are intermediate 
vertices. The shortest path length. The improved algorithm steps 
are as follows: 

Step 1: Initially, S contains only the starting point s; U 
includes other vertices except s, and the distance of the vertex in 
U is the distance from the starting point s to the vertex. 

Step 2: Select the shortest vertex k from U, and add the 
vertex k to S; meanwhile, remove the vertex k from U. 

Step 3: Update the distance between each vertex in U to the 
starting point s. The reason why the vertex distance in U is 
updated is that in the previous step it was determined that k is the 
vertex of the shortest path, so that the distance of other vertices 
can be updated by using k. For example, the distance (s, V) may 
be greater than (s, K) distance plus (k, V) distance. 

Step 4: If the hardware sensor detects a new obstacle in the 

non-fixed obstacle area in front of the robot, the sensor detects the 
position information of the object, and the robot saves the 
information in the path planning area map. From this point on, the 
new path planning area is performed. Optimal obstacle avoidance 
planning. 

Step 5: Repeat steps Step 2 and Step 3 until all vertices have been 
traversed. 

The improved Dijkstra algorithm is also a typical single-source 

shortest path algorithm for calculating the shortest path from one 
node to all other nodes. The main feature is to extend from the 
starting point to the outer layer until it reaches the end point. 

 

3.2  Improved Dijkstra Algorithm Path Planning 

The previous section introduced the Dijkstra algorithm basic 
ideas and path planning process. Based on the basic concept of 
the algorithm, this section combines the servo robot navigation 
and the improved Dijkstra algorithm to perform autonomous path 
planning for the servo robot from the target point to the end point. 
The Dijkstra algorithm essentially uses a greedy strategy. The 
program declares an array dis to hold the shortest distance from 

the origin to each node and a set T that holds the nodes for which 
the shortest path has been found.  

The improved Dijkstra algorithm is described as follows: At the 
beginning of the code, the path weight of the initial point s is 

assigned 0 (dis[s] = 0). If there is an edge (s, m) that can be 
directly reached for the starting point s, set dis[m] to w (s, m), and 
set the path length of all other (s not directly reachable) squares 
to infinity. Initially, the set T has only vertices s. Next, select the 
minimum value from the dis array. The value is the shortest path 
from the starting point s to the vertex corresponding to the value, 
and this point is added to T. At this point, a square is completed. 
Finally, the newly added square needs to be determined. Whether 

it is possible to reach other squares and determine whether the 
length of the path through the square to other squares is shorter 
than the direct arrival of the starting point S, and if so, the values 
of these squares in the dis are replaced. Then, find the minimum 
value from dis again and repeat the above actions until T contains 
all the squares of the graph. 

For the obstacle avoidance function of the above fixed objects, 
this article also considers the non-fixed obstacles such as humans 

and animals encountered by the robot during the movement. As 
the servo robot is in the process of autonomous path planning, the 
viable areas and obstacles in the environment have been set in the 
robot system, but if a non-fixed obstacle suddenly enters the robot 
motion area when the robot planning path moves, it may cause 
the robot to Motion fails and damages non-fixed obstacles, so the 
robot hardware incorporates the obstacle avoidance sensor. The 
obstacle avoidance priority of the hardware sensor is higher than 

the priority of the robot algorithm's obstacle avoidance. That is, if 
the algorithm follows the steps to plan the path of a known fixed 
obstacle, When the sensor detects a new obstacle in the direction 
of advancement, the information such as the position of the 
obstacle is added to the path area planned by the robot in real time, 
and the newest area is planned for the shortest path. So as to solve 
the problem of robots evading fixed obstacles and non-fixed 
obstacles. 

 

4. SERVO ROBOT APPLICATION 

RESEARCH 

4.1  Servo Robot Introduction 

The robot used in this experiment is an omnidirectional 

robot. For the purpose of greater torque and relatively 

suitable speed, the HOME omnidirectional robot uses a 

P36HA planetary gearbox, an emergency stop button, 

and a robot carrying Socket communication. Connect 

the user's mobile phone APP function. In addition, in 

addition to the robot's own function, the robot's obstacle 

avoidance and optimal path planning that this article 

focuses on, the robot itself also has functions such as 

Kinect target recognition function and robotic arm 

motion capture object. Kinect can be used on Xbox 360 

consoles, developed by Microsoft.  
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4.2  Improved Dijkstra algorithm path Planning 

Simulation Experiment 

Servo robot path planning is the focus of this paper. For 

simulation, this article sets (1.8, 1.5) as the end position 

and only needs to be set once. As the robot moves, the 

base's encoder will record the current position of the 

robot. When setting the initial position of the robot, in 

addition to the (X, Y) coordinates, set the angle between 

the positive X-axis direction of the robot motion and the 

positive X-axis direction of the world coordinate system. 

As shown in Figure 4 (the red dot indicates the initial 

position of the robot), the right half of the program 

interface is the map we created. The red dot position is 

the initial position of the robot, and the arrow points to 

the positive X-axis direction of the robot. 

 

Figure 3. Created map 

The simulation assumes that the initial position of the 

robot is set to (5.1, 5.2), the positive direction is 180 

degrees to the x axis of the coordinate system, and the 

end position is set to (1.8, 1.5), in front of the door. The 

blue path in Figure 5 is the optimal path generated by 

the Dijkstra algorithm used in this paper. The path made 

up of the red arrows is the path planned by the servo 

robot in the simulation mode. 

 

Figure 4. Dijkstra algorithm and robot planning 

path map 

In order to verify whether the robot can move normally 

during the actual operation and combine sensors to 

avoid sudden obstacles, the feasibility of improving the 

Dijkstra's algorithm is examined. As shown in Figure 6, 

this article shows that during the operation of the robot, 
obstacles suddenly appear. The figure at point A. It can 

be seen that the robot evaded to the left and then returned 

to the planned route and successfully reached the end. 

 

Figure 5. Unknown obstacle path planning 

At present, there are many algorithms for obstacle 

avoidance, such as Dijkstra's algorithm, A* algorithm, 

Floyd's algorithm, Greed-Best-First-Search algorithm, 

and so on. In the Greed-Best-First-Search algorithm, the 

Manhattan distance is equal to the actual distance only 

if there is no obstacle between the two points, but once 

the obstacle occurs, the shortest path cannot be 

guaranteed. The Floyd algorithm has a high time 

complexity and is not suitable for calculating a large 

amount of data. The A* algorithm determines the next 

path grid by comparing the neighboring heuristic 

function values of the current path grid. When there are 

multiple minimum values, the A* algorithm cannot 

guarantee that the searched path is optimal. Classic 

Dijkstra's algorithm can avoid fixed obstacles set in the 

planning area and can't plan temporary obstacles in real 

time. However, the improved Dijkstra algorithm can 

handle obstacles in the known area and temporary 

obstacles in the movement to ensure the optimal 

obstacle avoidance path. 

 

5. CONCLUSION 

In this paper, robot motion control technology, visual servo 
technology, robot navigation technology and other research 
hotspots are studied. The obstacle avoidance path planning of the 

robot is studied. Dijkstra algorithm is combined with the 
hardware obstacle avoidance sensor to achieve the optimal path 
from the starting point to the target point of the servo robot. 
planning. Servo robot has diversified application scenarios and 
can be widely used in service, health care and other fields. As 
more and more service robots enter people's lives, their 
development prospects will be more extensive. 
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ABSTRACT 

According to the characteristics of ultra wideband 

(UWB) location, an improved Camshift tracking 

algorithm is proposed to obtain the location of the 

centroid of targets based on the Camshift algorithm. The 

improved Camshift algorithm, through the UWB 

auxiliary tracking system, effectively solves the 

problem of the instantaneous loss of the target caused by 

the target acceleration in the traditional Camshift 

algorithm. It can effectively avoid the defects of visual 

tracking affected by illumination changes, occlusion and 

scale changes [1].   

Categories and Subject Descriptors 

Rehabilitation Technology [Robotics]: Service robot, 

Tracking algorithm.  

General Terms 

Algorithms 

Keywords 

UWB Tracking; Target Tracking; Improved Camshift 

Algorithm. 

 

 INTRODUCTION 

Moving target tracking plays a very important role in 

mobile robot navigation and location, disaster rescue 

and outer space exploration [2]. For different tracking 

requirements, researchers have proposed a number of 

visual tracking algorithms, which can be roughly 

divided into 4 categories: region based tracking, feature 

based tracking, deformable template tracking and model 

based tracking. In the process of moving target tracking 

of mobile robots, the color feature based tracking 

algorithm is more suitable for moving target tracking in 

the image tracking method, because its color does not 

change with the change of target scale and angle of view. 
The MeanShift algorithm is due to its need of no 

parameter and fast mode. The matching features are 

widely used [3]. 

However, the algorithm lacks the necessary model 

updating, and its fixed kernel function window width 

affects the accuracy of tracking. In view of this 

shortcoming, Bradski divides the tracking mode into 

monocular tracking and binocular tracking, in which the 

real-time performance of the monocular tracking is good, 

but in the absence of depth information, the researchers 

used monocular tracking combined with distance 

sensors to compensate for the defects [4]. 

In view of the situation that the target is disturbed by the 

external environment and the instantaneous change of 

the motion state leads to the loss of the target, this 

research improves the Camshift tracking algorithm 

through the UWB auxiliary tracking system, and uses 

the improved Camshift tracking algorithm to obtain the 

position of the target in the image and calculate the 

deflection angle of the mobile robot. The speed of 

mobile robot is adjusted according to the distance 

information measured by ultrasonic wave. 

 

 UWB AUXILIARY TRACKING 

SYSTEM 

First, the global coordinate system XOY is established 

based on the starting point of the mobile robot. The 

UWB modules, P1, P2, and P3, are arranged on both 

sides and center of the front end of the mobile robot 

platform. (Avoid the interference of the vibration to the 

wireless signal and avoid three modules near the 

vibration source.) The platform center is the original 

point of the platform, the head orientation is the positive 

direction of the y axis, and the clockwise rotation 90 

degrees is the positive direction of the x axis. Establish 

the relative coordinate system xoy of the vehicle body 

and the coordinates of the unknown node C in the 

coordinate system xoy are (x, y), as shown in Figure 1.  
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Figure 1. A sketch map of the tracking model coordinate 

system. 

The starting trigger distance of the mobile robot is LAC. 

(If the distance between the mobile robot and the 

tracking object is greater than LAC, the robot is kept 

tracking. And if it is less than the LAC, the robot remains 

stationary.) By analyzing the moving trajectory of the 

mobile robot, the time and path distance of the tracking 

process are estimated, and  the motion posture of 

mobile robot is obtained in the whole tracking process. 

The specific principles are as follows. 

 

2.1 Three side positioning method to realize 

tracking 

As shown in Figure 2, the traditional three edge location 

method takes three known nodes as reference points, 

and uses some distance measuring method to get the 

distance between the nodes to the reference point
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d , and the simultaneous 
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Figure 2. The sketch map of three side positioning method. 

The simulation results are as follows. 

 

 

 

 

 

 

 

 

 

 

Figure 3. The three side positioning simulation diagram. 

 

 CAMSHIFT TRACKING 

ALGORITHM 

Camshift algorithm, namely continuous adaptive mean 

shift algorithm, is developed on the basis of Meanshift 

algorithm proposed by Hostetler and Fukunage [6]. The 

algorithm is a nonparametric density gradient estimation 

algorithm. The essence of the algorithm is that the 

search window is "drifting" along the direction of the 

sample point density increasing in the characteristic 

space, until the moving distance is less than the 

predetermined fixed threshold or the number of cycles 

reach a maximum, which is satisfied to meet the 

convergence condition and reach the sample point. The 

local density is maximal, that is, the position of the 

target. The algorithm consists of three parts: histogram 

backprojection, Meanshift algorithm and Camshift 

algorithm. Because the algorithm uses statistical 

characteristics, therefore, it has strong adaptability to 

noise, and the algorithm is essentially steepest descent 

method. Therefore, the optimization process has fast 

convergence speed and strong real-time performance. It 
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is widely used in image segmentation and target tracking, 

such as [7]. 

3.1  Calculation of the Probability Distribution of 

Color 

First, the region that contains the target object is 

converted from the RGB color space to the HSV space, 

and the histogram of the H component is obtained. The 

histogram contains the probability of the occurrence of 

different H component values or the number of pixels. 

Each pixel value in the H component image of the whole 

image is replaced with its corresponding color 

probability, and the probability distribution of the color 

is obtained. This process is called reverse projection. 

This color probability distribution map is a single 

channel image. 

3.2 Meanshift Operation 

The Meanshift algorithm is a nonparametric density 

function gradient estimation method, which iterates the 

extreme value of probability distribution to locate the 

target. First, select the search window in the color 

probability distribution diagram, and then perform the 

following steps. 

(1) Caculate Zero Order Distance 00
M : 


x y

00
),( yxIM                     (4) 

Caculate First Order Distance 10
M and 01

M : 


x y

yxxIM ),(
10

                       (5) 


x y

yxyIM ),(
01

                      (6) 

Calculate the centroid of a search window: 

00

10

M

M
x

c
                            (7) 

00

01

M

M
y

c
                      (8) 

(2) Adjust the size of the search window: the width is 

256
2 00

M
s   and the length is 1.2s. 

(3) Move the center of the search window to the center 

of mass. 

Repeat steps (1), (2) and (3) until the moving distance 

of the search window center is less than the preset 

threshold, or the number of iterations reaches a certain 

value, then stop computing. 

3.3 Meanshift Operation 

Extending the Meanshift algorithm to continuous image 

sequences is the Camshift algorithm. The Meanshift 

operation of each frame in the video is carried out, and 

the tracking result of the previous frame is used as the 

input of the next frame of Meanshift to achieve the target 

tracking. 

The advantages of the Camshift algorithm are simple 

and easy to implement and less computation. Camshift 

can track objects according to their color characteristics, 

such as rotation, zoom and translation [8]. However, the 

disadvantages of Camshift are also obvious. For the 

objects with rich texture or background interference, the 

tracking effect is poor. 

 IMPROVED CAMSHIFT 

ALGORITHM 

When the target suddenly accelerates or even suddenly 

vanishes from the camera's view, the search window is 

almost reduced to one point and stays in the background, 

and the target tracking is lost. In the traditional Camshift 

algorithm, even if the target is still in the field of vision 

or once again into the field of vision. It is difficult to 

track the target again. In a short time after the target is 

lost, the target is still near the missing position, so the 

algorithm starts the UWB auxiliary tracking system in 

the missing position according to the tracking result, and 

continues to track the target until the Camshift algorithm 

refinds the tracking target. The detailed flow chart is as 

follows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The improved Camshift algorithm flow chart. 
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Figure 5. The experimental pictures from 28 to 30 frames. 

 

 

 

 

 

 

 

 

Figure 6. The experimental pictures from 31 to 33 

frames. 

 

Figure 7. The experimental pictures from 34 to 36 frames. 

 

 

 

 

 

 

 

Figure 8. The experimental pictures from 45 to 47 frames. 

From figure 5, 6 and 7, it can be seen that the improved 

Camshift algorithm is effective in tracking rolling 

basketball. Even if the basketball is going to disappear 

in figure 8, the algorithm can continue to track until the 

target disappears. 

 

 

Figure 9. The color probability histogram. 

 

 OBSTACLE AVOIDANCE 

CONTROL STRATEGY 

In order to establish a simple robot obstacle avoidance 

control system, it is important to know what function 

should have at least to make the robot stable and 

continuously avoid obstacles [9].  In this paper, three 

ultrasonic sensors are used to detect the obstacles in 

front of the robot. Figure 10 is a schematic diagram of 

the robot, and the installation position of the ultrasonic 

sensors are displayed. The big circle is the mobile robot, 

the two ellipse are the wheels and the three small circles 

are the ultrasound sensors. 

                              

Figure 10. The robot schematic diagram. 
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Figure 11 shows the flow chart of robot obstacle 

avoidance control. The obstacle avoidance system can 

identify obstacles in two directions of the robot by 

means of two ultrasonic sensors. By setting the 

threshold, the robot can distinguish the obstacle from the 

far, middle and near of the robot, so as to formulate the 

maximum speed according to the robot's walking. That 

is to say, corresponding to the "near" depth distance, it 

is necessary to make the robot have enough time to 

reduce the speed from the maximum to zero, and give 

the robot control system and the visual system a 

sufficient reaction time. By dividing the depth 

information of the obstacle scene in front of the robot 

into three categories, the algorithm is much simpler than 

the previous algorithm. 

 CONCLUSION 

In this paper, an improved Camshift algorithm is 

proposed in this paper, which is easy to lose when the 

Camshift algorithm accelerates the target 

instantaneously or even suddenly disappears from the 

camera field. The improved Camshift algorithm 

performs well in track rolling. Even if basketball is 

going to disappear in figure 8, the algorithm can 

continue to track until the target is gone. At the same 

time, three ultrasonic sensors are put forward to achieve 

real-time obstacle avoidance in tracking process. 
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Figure 11. The flow chart of robot obstacle 

avoidance control. 
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ABSTRACT 

With the higher demand for precise, minimally invasive, 

high-efficiency, and low-cost aspects of medical and 

health measures and procedures, medical rehabilitation 

robot technology has received great attention from 

various countries and has experienced rapid 

development. In the field of medical and rehabilitation, 

humans and machines are more and more inclined to 

interact naturally and precisely. In recent years, 

technological breakthroughs such as the combination of 

human intelligence and machine intelligence and 

human-machine interaction have led to a closer 

integration between humans and machines. With the 

help of human-computer interaction technologies and 

methods, human intelligence and machine intelligence 

are combined to complement each other's strengths and 

work together, and major theoretical innovations and 

technological breakthroughs will be spawned in medical 

rehabilitation. Social needs, technological innovations 

and the integration of human-machine intelligence have 

greatly promoted the development of medical 

rehabilitation robots. This article has mainly done the 

following aspects of the work. First, from the aspects of 

structural design, environmental awareness system and 

wireless positioning, etc., the research status at home 

and abroad in recent years is analyzed, and on this basis, 

the mobile service structure and the environment 

perception capability of the home service robot are 

studied. Second, analyze the structure of the motion 

system and the control system structure of the home 

service robot. First of all, its body structure and drive 

system are designed. Then, it analyzes its control 

architecture and related control circuits, and realizes the 

collection and transmission of environmental sensing 

data. Thirdly, in the robot's environment perception 

analysis, the robot can automatically avoid obstacles 

through the study of its own localization perception and 

the position and shape perception of the external 
environment. 

Categories and Subject Descriptors 

Rehabilitation Technology [Robotics]: intelligent 

human-computer interaction technology 

General Terms 

Algorithms 

Keywords 

Mobile Robot. Navigation, A*, Artificial potential field 

method, Path planning. 

 

1. INTRODUCTION 

Mobile robots with intelligent characteristics have 

been widely used in military and civilian fields, 

involving cutting-edge technology of many disciplines 

[1]. Navigation is the core of the mobile robot. The study 

is: Where am I? Where I want to go? How do I go? 

corresponding to the positioning, mission planning and 

path planning issues. From the target range of robot path 

planning, path planning is divided into global path 

planning and local path planning. Global path planning 

is the mobile robot in an obstacle to the environment, 

looking for certain indicators (such as distance, time, 

energy, etc.) as much as possible to avoid the obstacle 

avoidance path [2]. The study of path planning began in 

the 1970s, but so far no one algorithm has been applied 

to all environments and is in a leading position. So the 

research in this field is still very active, not only for the 

traditional environment map modeling and search 

algorithm to do further improvements, but also put 

forward many new algorithms. The current main 

environmental models include grid decomposition 

diagrams, quadrature exploded graphs, visual views, 

Voronoi diagram. These environment map models have 

improved space, such as the literature [3, 4] proposed a 

fan-shaped grid map and adaptive tree based on the 

quadratic 3D model improvement method. Zhang Qi et 

al. [5] presented a simplified rule to ignore path-
independent obstacles, through which a simplified 

graphical environment model with a small number of 
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visible edges was constructed. In [6], a novel visual 

method is proposed, which much improves the 

efficiency of path search when the quality of a certain 

path is lost. For the environment of multi-obstacle, [7] 

gave an improved viewable algorithm based on polygon 

aggregation, which reduces the time-consuming of the 

view structure by simplifying the obstacle. [8] and [9] 

improved the view method, so that it has a good ability 

to adapt to the environment, which can be applied to an 

unknown or dynamic environment. 

At present, the improved robot path planning method is 

divided into two kinds, one with the environmental 

information is a static global path planning method; the 

other with environmental information is a dynamic local 

path planning method. Static global path planning can 

search for an optimal path from the starting point to the 

target point based on the known environmental 

information before the robot starts to move. The path 

may be based on the shortest distance or the shortest 

time. However, in the process of robot movement, many 

environmental information is not completely known, but 

dynamic changes, and this method has great limitations. 

So we need to use dynamic path planning method. The 

dynamic path planning method is difficult to satisfy the 

real-time requirements in the unknown environment. In 

addition, because there is no global information, it can 

not optimize the performance index such as the motion 

path or the running time. The obtained path can not 

guarantee the optimal or the second excellent. Therefore, 

in order to realize the efficient operation of the robot, the 

path planning is divided into two parts: the first part is 

the global path planning which tends to the target; the 

second part is to avoid the unknown path or other local 

path planning of the robot. In the case of environmental 

information, the static path planning method is obtained 

by using A * algorithm to search out a global path. In 

the unknown local environment, the robot's potential 

field method is used to design the controllers of the robot 

so as to avoid the collision occurred. After avoiding 

dynamic or unknown obstacles, the robot is moved 

according to the designed original global path. 

 

2. A * with the Artificial Potential Field 

To calculate the trajectory, the motion model should 

be determined first. Ultrasonic sensors are used in this 

paper to detect the environment. Because the 

ultrasonic sensors are placed in front of the mobile 

robot, in order to guarantee the environment 

information of the moving direction, the mobile robot 

studied in this paper only has the horizontal forward 

and the rotation direction movement. Since the 

prediction time is very short, the motion trajectory is 

considered as a straight line to simplify the model. Fig 

2.1 is a schematic diagram of the motion model[10]. 

    

 

 
 

𝑥

 

(𝑥,  )

 

Fig 2.1 Two-wheeled robot model 

The dynamics of the differential drive are defined as: 

 

where R is the radius of the wheels and L is the distance 

between the wheels, rv  is the speed of right wheel, lv  

is the speed of left wheel, q  is the angle between the 

front and the x-axis, x, y is its coordinates in the 

coordinate system[11] . 

Then we deal with the map. 

 

Fig 2.2  Interior plan 

In view of the high efficiency of the global path search 

of the A * algorithm and the flexibility of the local path 

search algorithm[12], in this paper, the integration of the 

two methods is to find a feasible path based on the static 
environment using the A * algorithm before each robot 

moves from the starting point to the target point of the 



 

 90 

global shortest path, and then the robot in accordance 

with the search has been a good global path to move, 

real-time collision detection. When the distance 

between the robot and the obstacle is less than the 

collision avoidance distance, the artificial potential field 

algorithm is called again[13], and the motion direction 

or the moving speed of the robot are dynamically 

changed. The practical method is described as follows: 

Step1: Enable the A * algorithm to search for an 

optimal path based on the stored global map 

information[14]. 

Step2: Robot walking in accordance with the global 

path, each step to determine whether the next node is an 

obstacle. 

Step3: If there is an obstacle the artificial potential 

field method is enabled. Otherwise return to Step2. 

Step4: After avoiding obstacles, one re-enables A * 

algorithm for path planning. 

Step5: The program don’t end until the robot reaches 

the target point. 

The path search flow is shown in Fig 2.3. 
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Fig 2.3 Path search flow 

3. Simulation of Fusion Algorithm 

 

 

Fig 3.1 The simulation diagram 

TABLE I  THE ELAPSED TIME 

Algorithm A* Artificial 

potential 

field 

Combined 

Time(s) 10.05 30.10 5.87 

The simulation results show that the A *, artificial field 

method and hybrid algorithm can reach the target point 

in the same situation[15]. The hybrid algorithm can 

avoid the obstacle in time, and reach the target point 

with the shortest time. 

4. Experiment 

The test environment[16] is selected in the hall 

coordinates, the system test using positioning base 

station 3, positioning tags 1, and PC a positioning 

accuracy of the test. Fig 6.1 for the positioning system 

layout work environment, tripod can not only fix the 

base station, but also to reduce the signal propagation 

path of the block, improve the positioning accuracy and 

positioning response speed[17]. In the regional wireless 

positioning system, at least three or more pre-arranged 

fixed nodes, that is, the positioning base station in the 

system. Place each positioning base station to the 

appropriate coordinate position, and then plug in the 

adapter of each positioning base station to connect the 

power supply. Want to pinpoint the mobile tag, the 

premise must ensure that the coordinates of the 

positioning base station is accurate. An initial coordinate 

of the positioning base station 1 (primary base station) 

is set first in the host computer[18], for example. Since 
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the clock synchronization has been performed between 

the base stations before the TDOA positioning algorithm 

is used, the value of station 2 can be obtained by bi-

directional communication between the base station 1 

and the base station 2. After obtaining the exact 

coordinates of the base station 1[19] and the base station 

2, the radius 1 and 2 value can be obtained by their 

bidirectional communication with the base station 3, and 

the TOA algorithm is used to calculate station 3 which 

are positive and negative. 

TABLE II  COORDINATES 

Start Point (900,1000) 

Target Point (100,100) 

 

 

Obstacle 

(100,150) (100,200) 

(200,250) (300,500) 

(600,800) (650,700) 

(800,750) (800,810) 

(900,1200) (910,300) 

 

 

Fig 4.1 Experimental environment 

 

5. CONCLUSION 

In this paper we have did some work like this: 

1)    Introduces the positioning method of mobile 

robot in the airport. The posture is obtained by 

using UWB (Ultra-Wide Band), and the accuracy 

can reach 10cm or less, and the distance up to 

about 500 meters[20]. 

2)    We proposed a new algorithm for robotic path 

planning. In view of the high efficiency of the 
global path search of the A * algorithm and the 

flexibility of the local path search algorithm, in 

this paper, the integration of the two methods is 

to find a feasible path based on the static 

environment using the A * algorithm before each 

robot moves from the starting point to the target 

point of the global shortest path, and then the 

robot in accordance with the search has been a 

good global path to move, real-time collision 

detection. When the distance between the robot 

and the obstacle is less than the collision 

avoidance distance, the artificial potential field 

algorithm is called again, and the motion 

direction or the moving speed of the robot are 

dynamically changed.  

3)   The simulation results show that the A *[21], 

artificial field method and hybrid algorithm can 

reach the target point in the same situation. The 

hybrid algorithm can avoid the obstacle in time, 

and reach the target point with the shortest time. 
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ABSTRACT 

Knee Osteoarthritis (KOA) is a common degenerative joint disease 
and knee brace is an important means to ease pain and treat KOA 
by correcting lower limb force line, reducing imbalanced load of 
knee joint and reducing the friction of articular surface. We raised 
a new improved unilateral load-reduction orthopedic principle and 
designed a knee brace manufactured by 3D printing. By analyzing 
structural and mechanical properties, the feasibility and 

effectiveness of the unilateral load-reduction orthopedic theory 
were validated. The orthopedic function and security of the new 3D 
printed customized unilateral load-reduction knee orthopedic brace 
were preliminarily verified through gait biomechanical analysis. 
The brace allowed a significant reduction in peak knee adduction 
moment (KAM) in stance phase from 0.542 to 0.412 Nm/kg (p< 
0.005), while no significant change of the pace, cadence and step 
length of participant were observed with and without braces. 

Mechanical analysis and gait biomechanical test results showed 
that the new knee brace can effectively reduce KAM and knee 
compartment load, correct lower limb force line and relieve pain. 

Categories and Subject Descriptors 

J.6 [Computer-aided Engineering]: Computer-aided 

Design (CAD) 

General Terms 

Design,  Verification 

Keywords 

unilateral load-reduction; knee brace; gait analysis; 3D 

printing 

 

1. INTRODUCTION 

Knee joint is one of the most important load-bearing 

joints in human body. Because of daily activities, the knee 

injury probability occupies the first place among all 

joints[1]. Statistics show that over 40% of people over the 

age of 65 suffer from varying degrees of knee or hip 

arthritis [2]. In 2016, there are about 360 million 

osteoarthritis patients in the world and more than 150 

million people have osteoarthritis diseases in China. The 

cost of treating osteoarthritis every year accounts for up 

to 1% of domestic GDP. At present, the cause of KOA can 

not be completely identified. Factors such as age, sex, 

injury, hyperactivity, obesity and inheritance have an 

impact on the occurrence and development of KOA [3]. 

In addition, the incidence and development of KOA also 

have a relationship with changes in the lower limbs’ 

mechanical properties. For patients in early-mid stage of 

KOA or those who recover from postoperative knee 

surgery, the knee brace is a relatively safe and easy way 

to relieve pain and reduce or slow the progression of the 

disease. In addition, some prophylactic knee braces 

prevent KOA and protect knees [4]. 

The purpose of this study was to raise a new 3D printed 

customized unilateral load-reduce knee brace, which 

based on the local decompression principle. We 

conducted a series of biomechanical experiments to 

analyse gait parameters and kinematic and dynamic 

properties before and after participants wearing this brace, 

and then to verify the effectiveness of brace. 

 

2. 3D PRINTED KNEE BRACES DESIGN 

AND MANUFACTURE 

We raised a new 3D printed customized unilateral load-

reducing knee brace which combined the advantages of 

the three(four)-point force bending system and the total 

load-free braces.  

According to the principle of action and reaction, lever 

balance and resolution of force, the unilateral load-

reducing knee brace can produce a small force correction 

moment in the lateral direction by applying different axial 
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tensile force on both sides of the knee joint. The 

mechanical structure of human knee is idealized as shown 

in Figure 1. The natural position of the femur is shown as 

part 1. The unilateral-loading orthopedic theory is mainly 

based on the different displacements (△Xlateral and 

△Xmedial) of both sides of the knee joint produced by 

different load. When △Xlateral <△Xmedial, the femur 

will rotate around the center of the knee joint relative to 

the tibia and abduce according to the principle of lever 

balance. Therefore, the unilateral load-reducing 

orthopedic braces corrects patients’ force line of lower 

limb and the bilateral compartment space of knee joint 

increases when the knee joint is straight, meanwhile, the 

component of the resultant force in the axial direction can 

counteract the partial load on the lateral compartment and 

achieve the effect of load reduction.  

 

Figure 1.  Figure 1. Unilateral load-reduction 

orthopedic principle. 

Figure 2 shows the overall appearance of the design of the 

new unilateral knee joint orthopedic brace. The middle 

joints adopt the biaxial design because the axial position 

of the knee joint's flexion is not fixed and employ self-

lock screw joints which can change the connecting rod 

length continuously. When the self-lock screw joints are 

given different displacements, the coronal plane of the 

knee joint produces a transverse moment, and then to 

achieve the correction of the force line of the lower limbs. 

At the same time, the displacement of the self-lock screw 

joints creates an axial stretching force.The key to the 

unilateral load-reducting brace design lies in the middle 

joints. The biaxial rotation mode in braces actualizes knee 

flexion. There are spacing holes in arc-shaped distribution 

on upper and lower biaxial plates. With limitation bolts, 

the holes can limit knee flexion angle. The two parts of 

the upper connected plate are connected by a bolt-nut self-

lock part and fixed by fix bolts. 

 

Figure 2. The final assembly of 3D printed 

customized unilateral load-reduction knee 

brace. 

When bilateral middle joints, femoral and tibial bands are 

connected and fix on the participants, the rotation of the 

bolts and nuts generates the displacements and axial 

tensile force. When the internal and external 

displacements are different, the corresponding axial 

tensile force is different, resulting in the lateral torque 

towards the smaller displacements side to correct force 

line. The combined axial force component counteracts 

some additional loads on the knee compartment. 

We used HANDYscan (Creamform, Canada) to get thighs’ 

and shanks’ 3D data and used these data to design 

customized femoral and tibial bands in Geomagics 

Sdudio 2013(Geomagics, USA). Then the bands were 

printed using nylon powder. The middle joints were 

designed in Solidworks 2014(Dassault Systemes S.A, 

USA) and manufactured through CNC machining, and 

the material is aluminum alloy.  

 

3. EXPERIMENT 

3.1 Participants 

Totally 20 healthy participants (Table 1) were enrolled in 

this study. All of them are male students at Shanghai Jiao 

Tong University. They do not have any lower extremity 

motor dysfunctions or other diseases which affect 

experiment results. We excluded some incomplete data 

and finally 12 participants experimental data are analysed. 

Table 5. The information of participants 

Gender Age Height

（cm） 

Weight

（Kg） 

Total 

Male 24.22

±0.92 
173.33±

5.50 

66.56±
6.58 

12 

All participants gave written informed consent and the 

study was approved by the Bioethics Committee of the 

Ninth People's Hospital affiliated to Shanghai Jiao Tong 

University School of Medicine. All participants were 

volunteered to participate in the experiment and 
understood the contents of the experiment.  
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3.2  Apparatus 

A 8-camera 3D motion analysis system (Vicon MX, UK) 

was calibrated through a standard dynamic protocol. Four 

OR6-7 force plates (AMTI, USA) were embedded within 

a 10 m walkway. Kinematic data were subsequently 

captured into Vicon Nexus (Vicon, UK).  

Participants had their height and mass taken to get the 

lower body model (Vicon, UK). Twenty-two 

retrorefletive markers (Ø = 14 mm) were placed 

bilaterally over the anatomical landmarks(anterior 

superior iliac spine, posteriorsuperior iliac spine, greater 

trochanter, medial and lateral femoral epicondyle, fibula 

apex of lateral and medial malleolus, heel and middle and 

bilateral forefoot) and four rigid marker clusters made up 

of four markers were affixed to the thighs and shanks of 

both legs according to the CAST protocol[5,6] .   

3.3 Experimental Process 

The participants undertook a number of walking trials 

until three data groups of without-brace and with-brace  

were collected respectively. Several trials were carried 

out to determine the exact distance of the start so 

participants' heel-strikes would hit each force plate 

without modifying their gait pace. During walking, the 

ipsilateral foot contacted a force plate during both initial 

contact and toe off.  

The participants were tested before and after wearing 3D 

printed customized unilateral load-reduction knee braces. 

All participants wearing knee orthosis brace on left legs. 

The one gait period taken in this study was left-foot heel 

contact followed by the next again. Invalid and error data 

were removed and finally 12 participants were included 

in the data analysis. 

4. RESULTS 

4.1 Gait Space-time Parameters 

The pace, cadence and step length of participants after 

wearing 3D printed customized unilateral load-reduce 

knee braces decreased slightly and the single-step time 

increased slightly. However, paired t-test results showed 

that this difference was not statistically significant (Table 

2). 

Table 2. The contrast of gait space-time parameters between 

experiment and control group 

Parameter Without 

brace 

With 

brace 

P value Conspic-

uousness 

Pace

（m/s） 

1.378±
0.063 

1.361±
0.045 

0.430  

Cadence

（step/min

） 

75.5±
6.36 

73.0±
2.88 

0.218  

Step length

（m） 
1.807±
0.010 

1.789±
0.061 

0.568  

Single-step 

time（s） 
0.555±
0.030 

0.559±
0.020 

0.627  

the parameter is mean standard deviation, * means that the difference is 

statistically significant 

4.2 Gait Kinematic and Dynamic Parameters 

After participants wearing braces, the first-peak and 

second-peak KAM (knee adduction moment) decreased, 

and the statistical test showed significant difference 

(P<0.05); the first-peak knee flexion moment increased 

while the second-peak one decreased, but the difference 

was not significant (P>0.05). The coronal maximum knee 

angle significantly changed (P<0.01), and it was 

8.747°adduction without braces while changed to 

6.222°abduction with braces. The maximum knee flexion 

angles of the participants with braces decreased, but had 

no significance(P>0.05). The first-peak ankle abduction 

moment with braces increased to 0.133°from 

0.180°compared without braces. However, there was no 

significant difference in statistics (P>0.05). 

The knee flexion angle with braces was slightly larger 

than that without braces in stance phase, while was 

smaller in swing phase. The flexion range of the knee 

joint with braces was smaller than that without braces. In 

the whole gait cycle of participants without braces, the 

knee adduction was a trend and reached the maximum in 

the stance phase, while knee abduction was a trend with 

braces. After the participants wearing braces, the knee 

flexion moment decreased in the whole stance phase, 

and the peak value decreased most in the prophase and 

late stage of stance phase. While the knee adduction and 

abduction moment in early and late stance phase varied, 

the entire gait cycle showed the same trend with and 

without braces, and there is no obvious difference of 

moment (Figure 3). 

 

Figure 3. The graph of knee parameters 

The curve of ankle adduction and abduction moment of 

participants with brace was above the other, indicating 
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that the ankle adduction moment decreased while 

abduction moment increased in stance phase after 

participants wearing braces. The ankle adduction and 

abduction angle curve also showed that the ankle 

adduction angle decreased and abduction angle increased 

in stance phase after participants wearing braces, 

especially in the later stage of stance phase(Figure 4). 

 

Figure 4. The graph of ankle parameters 

There was no change in the joint force of the knee after 

participants wearing braces.The vertical component of 

ground reaction force (GRF) increased slightly after 

wearing brace, but the difference was very small(Figure 

5).  

 

Figure 5. The graph of knee joint force and GRF 

vertical. 

 

5. DISCUSSION  

This study mainly introduces a new 3D printed 

customized unilateral load-reduce knee brace and the 

effect verification through gait biomechanics experiment 

method. The knee adduction moment and angle of 

participants wearing braces were significantly decreased 

in stance phase of gait circle, indicating the load reducing. 

In addition, the flexion range of the knee joint was limited 

by the brace, but it did not affect the normal walking 

movement. The results of gait biomechanics experiments 

preliminarily verified the safety and effectiveness of the 

new 3D printed customized unilateral load-reduce knee 

brace for the treatment of KOA. 

KAM is the moment caused by GRF towards center of 

knee joint when people standing or walking[7], and the 

value of KAM is related to the load on medial knee 
compartment. Studies showed that the more serious the 

knee osteoarthritis is, the bigger KAM is in the knee [8]. 

Although there are some insufficient conditions[9], KAM 

has become an indicator of the dynamic load of the medial 

compartment of the knee [10, 11]. The medial knee 

osteoarthritis is the most incidental because of the 

characteristics of human lower limb force line[12]. In this 

study, KAM of participants wearing braces significantly 

decreased and statistical tests showed that the difference 

was significant, indicating that the design of the new 3D 

printed customized unilateral load-reduce knee brace can 

effectively reduce the load of knee medial compartment. 

Although there was a report about the increase of the 

adduction moment of healthy people wearing abduction 

knee braces[13], the result of this study was consistent 

with the clinical observation of knee brace used for 

treatment of KOA in most literatures. 

In addition to the analysis of the effect of new 3D printed 

customized unilateral load-reduce knee brace on 

participants, the influence of the braces on the participants’ 

hip and ankle joints was also studied. The braces 

influenced the internal and external motion of the hip and 

the ankle joints on the coronal plane, and the effect were 

opposite on the adduction and abduction movements as 

compared with the knee joints, and were in line with the 

correction of lower limb force line. In fact, the occurrence 

and development of KOA is not only related to the 

biomechanical changes of knee joints, but also the 

biomechanical changes of hip and ankle joints [14]. 

Therefore, the KOA treatment methods do not only 

include braces, while orthopaedic insoles are also 

effective, and the combination are more effective . It has 

been reported in the literature that simultaneous use of 

knee braces and orthopaedic insoles has a greater 

reduction in the adduction moment of the knee than when 

the two orthoses are used alone [15]. In addition, there are 

also literatures on the use of ankle orthosis for knee 

osteoarthritis [16].  

In the three-dimensional gait biomechanics experiment, 

this article only analyzed the short-term changes in the 

kinematics and kinetic parameters of participants wearing 

3D printed customized unilateral load-reduce knee braces. 

While in this study, mechanical analysis and gait 

biomechanical test results showed that the new 3D printed 

customized unilateral load-reduce knee brace can 

effectively reduce KAM and knee compartment load, 

correct lower limb force line, and relieve pain. 

6. CONCLUSIONS 

We raised a new improved unilateral load-reduction 

orthopedic principle and designed a knee brace 

manufactured by 3D printing. By analyzing structural and 

mechanical properties, the feasibility and effectiveness of 

the unilateral load-reduction orthopedic theory were 

theoretically validated. The orthopedic function and 
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security of the new 3D-printed customized unilateral 

load-reduction knee orthopedic brace were preliminarily 

verified through gait biomechanical analysis.Mechanical 

analysis and gait biomechanical test results showed that 

the new knee brace can effectively reduce KAM and knee 

compartment load, correct lower limb force line, and 

relieve pain.  
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ABSTRACT 

This paper introduces a novel wheelchair mounted 

exoskeleton (WEXO) to aid patients with mobility 

impairment and limitation of their upper extremity. The 

WEXO integrates a four-degree-of-freedom (DOF) 

exoskeleton arm and a soft exoskeleton glove to assist 

arm motion and hand grasping. The kinematics of the 

WEXO were quantified using the Denavit-Hattenberg 

(DH) parameters and the possible input control modalities 

were investigated for accurate intention detection of ALS 

patients.  

Keywords 

Upper Body Exoskeleton, Wheelchair Mounted 

Exoskeleton, BCI, EEG. 

1. INTRODUCTION 

Locomotion and manipulation are challenging tasks for 

patients suffering from chronic neuromuscular disease 

and physical disabilities. Neuro-motor dysfunction like 

Amyotrophic Lateral Sclerosis (ALS), cerebral palsy and 

muscular dystrophy have a significant impact on the 

patient's quality of life. Additionally, medical care and 

services require considerable financial resources that 

have a direct impact on our community. Thus, robotic 

assistive technology represents a promising solution for 

people with motor dysfunction to facilitate their activities 

of daily living (ADL) and their participation in the 

community. Assistive devices for the rehabilitation of 

motor dysfunction have been developed with growing 

interests and applications [1], especially in the form of 

smart wheelchair mounted robots. Robotic wheelchairs 

can assist the user's motion to allow them to interact 

effectively with their external environment, particularly, 

for reaching and grasping tasks.  

A number of wheelchairs mounted robots have been 

developed by means of robotic manipulators (WMRM). 

For example, a 9-DOF WMRM II [2], was developed by 

the University of South Florida, to support elderly 

patients in autonomous navigation and manipulation 
while performing ADL using visual servoing. The robot 

incorporates with adjustable link length to make it have a 

large adaptability to users of different sizes. Another 

example is Raptor [3], a 4-DOF commercially available 

manipulator for wheelchair application. This supports 

spinal cord injured patients during a wide range of ADLs, 

such as grasping and pouring water, using Sip and Puff 

technology. 

Due to the unavailability of encoders, Raptor cannot be 

controlled precisely within Cartesian coordinates. KARE 

II [4], a 6-DOF manipulator driven by visual servoing or 

electromyography (EMG) signals is able to support four 

basic tasks autonomously; drinking, grasping a pen from 

the floor, as well as turning on and off a light switch. The 

Manus ARM [1] is another commercially available 

WMRM which is designed to assist patients suffering 

from limited motor dexterity in performing their ADL. 

This [5] is a six-degrees-of-freedom (DOF) wheelchair 

mounted robotic arm system with a weight of 14.3 kg for 

a maximum payload of 1.5 kg. The maximum reach of the 

end-effector is 800 mm, which can be controlled with two 

different types of user interfaces; namely a local control 

interface and a remote operator controller. The FRIEND 

IV [6] is a seven-DOF wheelchair mounted robotic arm 

which is designed to assist quadriplegic people for 

physical tasks. The end-effector is an adapted version of 

an industrial parallel gripper which facilitates handling of 

books, such as transferring books from a cart to a shelf 

and vice versa. The JACO arm [7] is a seven-DOF robotic 

arm system developed by KINOVA and consists of six 

lightweight interconnected carbon fiber links coupled to 

a three-fingered end-effector. The maximum opening of 

the fingers is 12 cm and each finger can move 

independently. The JACO arm is usually controlled by a 

three-axes joystick which can be complex to use, 

especially for people with mild cognitive impairments. 
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Figure 1. WEXO prototype for ALS patients 

All aforementioned WMRMs aim to assist ALS patients 

in the locked-in state with robotic manipulator to support 

ADL. Upper body exoskeletons on the other hand, are 

wearable robotics that replicate the skeletal structure of 

the user’s upper limb. Unlike WMRMs, this type of 

device is coupled with the user’s upper limb to assist the 

movement at joint level.  

This paper presents a novel wheel chair mounted 

exoskeleton (WEXO) design, which is an 

anthropomorphic kinematic structure and compatible 

with the human upper body torso. The ergonomic design 

of WEXO enables the user to perform large range of 

motion movements and provides assistance in ADL for 

reaching and grasping movements (Figure 1). In the 

WEXO, a novel shoulder mechanism is introduced to 

overcome the recurrent singularity issues of a spherical 

joint. The kinematics of the WEXO are derived with the 

DH parameters. Finally, a possible control strategy of 

WEXO is presented. 

2. DESIGN OF WHEELCHAIR 

MOUNTED UPPER BODY 

EXOSKELETON 

A new wheelchair mounted exoskeleton, WEXO has been 

developed at Aalborg University, Denmark. The WEXO 

consists of two sub-systems; one four-DOF exoskeleton 

arm and one three-finger soft exoskeleton glove. The 

system has four active and one passive DOFs. The four 

active DOFs are used to assist shoulder extension/flexion 

and abduction/adduction, and elbow extension/flexion by 

coupling the upper limb to a rigid exoskeleton mechanism. 
Grasping is supported by a soft robotic glove developed 

by Bioservo Technologies [8]. Shoulder internal and 

external rotations are passively performed with a double 

parallelogram linkage [9]. The range of motion (ROM) 

for each mechanical joint (Table 2) attains 99% of the 

range of motion required for ADL.  

Maxon EC-60 and EC-45 flat brushless DC motors were 

selected along with two different types of harmonic 

transmission drivers (Table 2), to meet the speed and 

torque requirements for ADL. Two custom design soft 

orthosis cuffs ensure a comfortable physical connection 

between the user and WEXO at the upper arm and 

forearm level. 

3. KINEMATIC MODELING AND 

ANALYSIS 

The kinematic diagram of WEXO is shown in Figure 2. The 

kinematics of WEXO were analyzed with the Denavit-

Hartenberg (DH) parameters given in Table 1, where Lu and 

Lf  are the upper arm and forearm lengths respectively. The 

transformation matrix of the mechanism can be readily 

achieved which gives complete information about position 

and orientation of WEXO. Thus, the set of equations gives 
all reachable points by the exoskeleton for the given joint 

angles: 

Table 1. DH Parameters of WEXO 

Link i ai  αi di θi 

1 0 -π/2 0 θ1 
2 0 π/2 0 θ2 
3 Lu 0 0 θ3 
4 Lf 0 0 θ4 

 

{
  
 

  
 
𝑝𝑥
0 =   𝑢𝐶1𝐶2𝐶3 −  𝑢𝑆1𝑆3 −  𝑓𝐶4(𝑆1𝑆3 − 𝐶1𝐶2𝐶3)              

            −  𝑓𝑆4(𝐶3𝑆1 + 𝐶1𝐶2 𝑆3)                                           

𝑝𝑦
0 =  𝑓𝑆4(𝐶1𝐶3 −  𝐶2𝑆1𝑆3) +  𝑢𝐶1𝑆3                                      

          +  𝑓𝐶4(𝐶1𝑆3 + 𝐶2𝐶3𝑆1)  +   𝑢𝐶2𝐶3𝑆1                   
 

𝑝𝑧
0 = −𝑆2( 𝑓𝐶(3+4) +  𝑢𝐶3 )                                                       

(1) 

where    

𝐶𝑖 = 𝑐𝑜𝑠 𝑖   𝑎𝑛𝑑 𝑆𝑖 = 𝑠𝑖𝑛 𝑖 
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Figure 2. Kinematic diagram of WEXO 

The velocity of angular velocity of the forearm of the 

exoskeleton is  

𝝎 =J. �̇�                            (2) 

where, �̇�  = [ ̇1   ̇2    ̇3    ̇4]
𝑇  represents the joint 

angular velocity, J is the Jacobian matrix and  𝝎 =

[𝜔1  𝜔2   𝜔3]
𝑇  is the output angular velocity of WEXO. 

The Jacobian matrix is given by.  

  J   = [

𝐽11       𝐽12       𝐽13       𝐽14
𝐽21       𝐽22       𝐽23       𝐽24
𝐽31       𝐽32       𝐽33       𝐽34

]                  

(3) 

The elements of Jacobian matrix are: 

𝐽11 = − 𝑓𝑆4(𝐶1𝐶3 − 𝐶2𝑆1𝑆3) −  𝑢𝐶1𝑆3 −  𝑓𝐶4(𝐶1𝑆3 +

               𝐶2𝐶3𝑆1) −  𝑢𝐶2𝐶3𝑆1   

𝐽12 = −𝐶1𝑆2( 𝑓𝐶(3+4) +  𝑢𝐶3   

𝐽13 =   𝑓𝑆4(𝑆1𝑆3 − 𝐶1𝐶2𝐶3) −  𝑢𝐶3𝑆1 −  𝑓𝐶4(𝐶3𝑆1 +

              𝐶1𝐶2𝑆3) −  𝑢𝐶1𝐶2𝑆3       

𝐽14 =   𝑓𝑆4(𝑆1𝑆3 − 𝐶1𝐶2𝐶3) −  𝑓𝐶4(𝐶3𝑆1 + 𝐶1𝐶2𝑆3) 

𝐽21 =  𝑢𝐶1𝐶2𝐶3 −  𝑢𝑆1𝑆3 −  𝑓𝐶4(𝑆1𝑆3 − 𝐶1𝐶2𝐶3) −

             𝑓𝑆4(𝐶3𝑆1 + 𝐶1𝐶2𝑆3)  

𝐽22 = −𝑆1𝑆2( 𝑓𝐶(3+4) +  𝑢𝐶3) 

𝐽23 =  𝑢𝐶1𝐶3 −  𝑓𝑆4(𝐶1𝑆3 + 𝐶2𝐶3𝑆1) +  𝑓𝐶4(𝐶1𝐶3 −

            𝐶2𝑆1𝑆3) −  𝑢𝐶2𝑆1𝑆3  

𝐽24 =  𝑓𝐶1𝐶3𝐶4 −  𝑓𝐶1𝑆3𝑆4 −  𝑓𝐶2𝐶3𝑆1𝑆4
−  𝑓𝐶2𝐶4𝑆1𝑆3

 

Table 2. WEXO range of motion, transmissions specification and functional requirements 

Supported movements Min ROM 

(Deg) 
Max ROM 

(Deg) 

Actuator  Gear type  Speed 

(rpm) 
Rated 

Torque/force 

Shoulder (Int-Ext Rot) −30𝑜 60𝑜 - - User 

defined 

User defined 

Shoulder (Fle-Ext) −60𝑜 170𝑜 EC-60 LCS-17-18 69.8 11.2 Nm 

Shoulder (abd/add) −10𝑜 170𝑜 EC-60 CSD-25-50 43.6 18.0 Nm 

Elbow (Fle-Ext) 0𝑜 135𝑜 EC-45 CSD-25-50 42.7 10.0 Nm 

Grasping Follow Actual Hand ROM Servos  - - 20 N 

𝐽31 =  0 

𝐽32 = −𝐶2( 𝑓𝐶(3+4) +  𝑢𝐶3) 

𝐽33 = 𝑆2( 𝑓𝑆(3+4) +  𝑢𝑆3) 

𝐽34 =  𝑓𝑆(3+4)𝑆2 

The developed model is used in the motion control of 

the exoskeleton arm. 

4. Actuation and Control 

In order to achieve the specified torque and speed 

requirements of WEXO, several combinations of 

actuators and harmonic drives were investigated. After 

careful analysis of end-user requirements for ADL and 

simulation of upper limb movement, assistance with 5 

kg payload were used to identify the desired speed and 

torque. Thus, to make an overall implementation of 

ergonomic WEXO feasible, all active joints are powered 

by harmonic gears (CSD-25-50-2) and brushless dc-

motors (Table 2). To enable the actuators to run the 

system safely and smoothly back drivability of the 

harmonic gear (CSD-25-50-2) was implemented to 

prevent the user from being locked even though the 

motors are powered off [10]. Further a reliable control 
of the physical interaction between the exoskeleton and 

its environment is crucial for the successful assistance 
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of ADL.  

A control strategy was proposed for the WEXO. This is 

a BCI based control, as shown in Figure 3. The control 

system is under development. Further clinical testing on 

the physical assistance of ALS patients is planned to be 

conducted upon the system development. 

5. DISCUSSION 

Progresses with exoskeletons allow the assistance of 

neuromuscular impairments. However, the natural 

mobility and the achievable range of motion, especially 

about the shoulder joint, remains the principal challenge 

of upper limb exoskeleton. The presented WEXO 

introduces a potential solution to assist the shoulder 

girdle movement [9]. The range of motion of the 

shoulder joint is 90° for abduction/adduction and 110° 

for internal/external rotation, which allows adequate 

mobility of the user’s upper limb. The elbow joint 

consists of a single revolute joint aligned with the user's 

elbow joint and, with a comparable range of motion. The 

unique combination of the exoskeleton mechanism and 

a soft robotic glove provides a kinematically 

complementary solution for physical human robot 

interaction (pHRI) by overcoming the inter-subject 

variability of joint center of rotation and individual’s 

torso dimensions. Compatible pHRI and an adaptable 

design of the mechanism enables the user to manipulate 

effectively while maneuvering of mobile platforms.  

 
 

Figure 3. Schematic diagram for proposed wheelchair mounted exoskeleton (WEXO) control. 

 

The stability and high performance control of the wheel 

chair mounted exoskeleton is an essential requirement to 

achieve as it operates in a close physical interaction with 

the user. Different control input modalities have been 

investigated, including force sensitive resistors (FSRs), 

tactile sensors, electromyography (sEMG) and 

electroencephalography (EEG) for optimal user intention 

detection. Control input from force sensitive resistors and 

sEMG sensors directly represents the applied force and 

muscle activity of the patient respectively. Numerous 

applications such as wheelchair, prosthesis and 

exoskeletons show the effectiveness of such control 

techniques. However, FSR and EMG based control 

techniques have some disadvantages depending upon the 

physical state of the user and application. Patients 
suffering ALS and neuromuscular dystrophy are unable 

to generate muscle signal of sufficient strength, thus may 

not be able to use WEXO. Additionally, people with the 

residual muscular activities do not completely relay on 

the FSR and EMG based control techniques because 

undesired tremor and muscular fatigue can affect the 

amplitude and the frequency spectrum of  control input 

[11]. It is expected that EEG based control input method, 

shown in Figure 3, can compensate the missing volunteer 

muscular movement and still can be used to reject the 

artifacts including muscular fatigue and unwanted tremor 

6. CONCLUSION 

A wearable wheelchair mounted exoskeleton has been 

proposed which can assist the user in ADL without 

affecting freedom and mobility of torso. A novel shoulder 

mechanism has been used to accommodate shoulder 
movement and provide wide range of motion. Moreover, 

an EEG based control strategy is under development to 
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allow for control of WEXO for the patient suffering from 

the severe neuromuscular disease. Further system 

development and clinical testing on the physical 

assistance for ALS patients is planned to be conducted.  
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ABSTRACT 

Smart knee prosthesis can significantly improve the exercise ability 
and quality of life for patients with lower extremity amputation. 
The identification of multiple motion patterns is a difficult point in 
the study. Based on the well-designed hydraulic smart knee joint, 
this study carried out research on the motion pattern recognition. 

Using the knee joint angle as the main control variable. By 
comparing the learning rate and error rate of BP neural network, 
dynamic gradient BP neural network and L-M back propagation 
neural network, it was determined that the neural network model of 
L-M back propagation algorithm is a great lower limb prosthetic 
motor pattern classifier and trainer. The simulation results show 
that the neural network algorithm of L-M back-propagation 
algorithm has high training speed, high recognition effect, and good 

classification effect. 

Categories and Subject Descriptors 

I.2.9: [Robotics]: Novel hydraulic intelligent knee prosthesis, 
motion pattern recognition, neural network algorithm 

Keywords 

Smart Knee; Lower Limb Prosthesis; Motion Pattern 

Recognition; L-M Neural Network; 

1. INTRODUCTION 

Lower extremity prosthesis is an important tool for motor 
replacement of amputees, and the knee joint is the most important 
component of lower extremity prosthesis [1]. Traditional knee 
prostheses cannot realize the self-adaption of the changes in 
walking speed and road conditions, resulting in limited and 

malformed gait [2]. The intelligent knee joint can automatically 
adjust the prosthetic knee joint control torque with the walking 
speed and joint angle changes, and automatically identify different 
motion modes, and can effectively work under different road 
conditions [3]. 

Motion pattern recognition is the key and difficult points in smart 
knee joint research. Hargrove L et al. under the condition of non-
bearing weight, that is, the wearer sitting on a chair, realizes the 

real-time response control of the knee joint through an 
electromyographic signal measured by a sensor placed on the 
stump of the thigh, the accuracy rate is higher than 90%, but under 

load conditions, further research is needed [4]. Huang He et al. 

developed a neuromuscular-mechanical signal fusion control 
algorithm that uses insole pressure sensors to detect gait events, 
gluteus muscles, and thigh electromyographic signals and ground 
force and torque signals measured at the support frame as input to 
continuously identify the motion pattern [5]. Ossur, an Icelandic 
company, launched Power Knee, an active knee prosthesis, which 
implements mapping control of Power Knee through measurement 
of the healthy leg joint motion and pressure information [6]. The 

study of neural network algorithm for smart knee motion pattern 
recognition is still relatively lacking. 

Therefore, this study compares the learning rate and error rate of 
BP neural network[7], dynamic gradient BP neural network[8], and 
L-M back propagation neural network[9] to determine that the last 
one is more suitable for smart knee motion pattern recognition. The 
neural network algorithm has verified the feasibility through 
simulation experiments. 

2. RESEARCH ON INTELLIGENT KNEE 

SYSTEM 

The artificial knee joint prototype is shown in Figure 1. The two 
independent hydraulic cylinders can be independently adjusted the 
valve opening by the linear motor so that the walking damping in 
the buckling and stretching process can achieve a bionic gait by 
controlling continuously and independently to achieve a bionic gait. 
The prototype is equipped with a variety of sensors such as JY901 
(9-axis inertial sensor), JHBM-7-V (load-bearing pressure sensor) 
and knee angle sensor, and two PCB control boards. The gait 
recognition and road condition recognition are the basis for 

intelligent hydraulic knee joints based on the previous theoretical 
research and related experiments. The prosthesis prototype can 
collect data such as the angle, acceleration, angular velocity and 
axial pressure of the knee joint during walking through the multi-
sensing system and use intelligent algorithms to identify the gait 
phase and road conditions by processing these sensor data and then 
intelligently control the damping output for physiological gait. The 
motion patterns of this study include the flat ground, sit down and 

stand up, upstairs and running. 

mailto:jorryzhao2015@163.com
mailto:yhl98@hotmail.com
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Figure 1. The hydraulic prosthetic knee prosthesis 

3. ESTABLISHMENT AND 

SIMULATION OF HUMAN LOWER 

LIMB MOVEMENT PATTERN 

RECOGNITION MODEL 

In the process of walking, the changing angle of the knee 

joint is approximately around 5°-70° in the flat ground 

and the maximum bending angle is 60°-70°[10]. In this 

study, knee joint angle information is selected as the main 

identification signal, and other signals were used as part 

of the motion pattern recognition signals. 

3.1 Lower Limb Movement Pattern Recognition 
Model Establishment 

In this paper, we collect the four kinds of motion data of 

the level walking, running, upslope, and continuous sit-

down and stand up. Each of the motion patterns is 

collected 200 sets of data, a total of 800 sets of data. The 

mean value method is used to extract the angle 

information of knee joints. The 200 sets of data in each 

mode are respectively imported into each classifier model 

for training. From each action sample, 100 groups of 

training sample sets were randomly selected as neural 

network classifiers, and then 100 sets of feature data are 

arbitrarily selected as test sample sets to test the accuracy 

of the classifier. For all kinds of motion modes, training 

samples are set. The value of the corresponding output 

node is set to 1, and the value of the remaining output 

nodes is 0. The common BP neural network, BP network 

based on momentum gradient descent, and BP network 

based on L-M back-propagation algorithm are used as the 

classifiers for the motion patterns respectively. The 

simulation experiments are performed and the relevant 

models are established in the software MATLAB 2014a. 

The model is judged by training error. The degree and the 

length of training indicate the practicality of the model. 

The basic models established in MATLAB are shown in 
Figure 2. 

 

Fig. 2 Model establishment of lower limb movement pattern 

recognition classifier, upper (left) normal BP neural network 

model, upper (right) BP network model based on the gradient 

of momentum gradient, and BP network based on L-M back 

propagation algorithm 

3.2 Training Results and Discussion 

 

Figure 3. Training results of the lower limb movement pattern 

recognition classifier model. (Left): General BP neural 

network training results, (middle): BP neural network 

training results based on the dynamic gradient, (right): 

Neural network training results of L-M back propagation 

algorithm 

From the training results shown in Figure 3 (left), the 

training speed of the BP neural network is very slow, and 

the training frequency does not reach the preset error rate 

of 0.001 for more than 1000 times. The learning 

efficiency is low, and the training sample does not reach 

the preset effect. The speed and precision are not good 

enough for the purpose of resolution.  

From the training results shown in Figure 3 (middle), 

based on the dynamic gradient BP neural network model, 

when the number of training reached 200 times, the error 

rate has reached 0.001 compared to the general BP neural  

network  model, training speed can be improved, so this 
model can be used for classifying. 

From the training result shown in Figure 3 (right), the 
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neural network based on the L-M algorithm achieves a 

target error rate of 0.001 within 1 second, and the training 

speed is fast. Compared with the BP neural network 

model based on the dynamic gradient, the neural network 

of L-M back propagation algorithm has fast network 

convergence and high precision, and can also be classifier 

and trainer. 

1.1.1 Simulation Results and Discussion 

Based on the above graph results, the optional classifier 

model is further tested, 100 sets of data are selected as 

training data samples, and optional 100 sets of data are 

used to determine the accuracy of the training data sample 

classifier. The BP neural network and L-M neural 

network model based on descending method were 

imported into the test. The simulating results obtained are 

shown in Table 1 and Table 2. 

Table1. Descent Method Based BP Neural Network Test 

Classification Effect 

 
level 

walking 
running upslope 

sit-down 

and stand 

up 

Number of 

test 

samples  

100 100 100 100 100 100 100 100 

Number of 

identified 

samples 

88 85 90 92 81 78 87 85 

Recognition 

rate 
0.88 0.85 0.90 0.92 0.81 0.78 0.87 0.85 

Average 

recognition 

rate 

0.865 0.91 0.795 0.86 

 
Table2 Neural Network Test Classification Effect Based On L-M 

Back Propagation Algorithm 

 
level 

walking 
running upslope 

sit-down 

and stand 

up 

Number of 

test 

samples  

100 100 100 100 100 100 100 100 

Number of 

identified 

samples 

90 92 93 95 89 85 89 93 

Recognition 

rate 
0.90 0.92 0.93 0.95 0.89 0.75 0.89 0.93 

Average 

recognition 

rate 

0.91 0.94 0.87 0.91 

 

According to Table 1, although the BP neural network 

based on the descent method can achieve the effect of 

pattern classification, the accuracy of the classification is 

low because of its own characteristics, and a large number 

of samples or more training are still needed to make up 

for the resolution. After many experiments, it is found that 

the training process of BP neural network is cumbersome, 

the training set takes a long time, the error is large, and 

the recognition rate cannot be guaranteed. 

From the recognition rate shown in Table 2, it can be 

clearly seen that the neural network based on the L-M 

back propagation algorithm not only has a fast training 

speed but also has a high recognition efficiency and can 

achieve a good classification effect. 

To summarize, the neural network of the L-M back 

propagation algorithm can be used to identify different 

motion patterns of the intelligent prosthesis. 

4. SUMMARY AND DISCUSSION  

This study compares the learning rate and error rate of BP neural 
network, dynamic gradient BP neural network and L-M back 
propagation algorithm neural network and obtains the neural 
network model of L-M back propagation algorithm as the lower 
limb prosthetic motor pattern classifier and trainer. It can accurately 
identify and classify various motion patterns under the 

circumstances, which is of great significance to intelligent control 
of lower limb prosthetic wearers under different road conditions, 
laying a certain foundation for the application of more neural 
network algorithms in smart knee joint research. 
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ABSTRACT 

Virtual reality (VR) game with integrated biofeedback is developed 
for a robot-assisted gait therapy. Fourteen healthy individuals are 
recruited to validate the feasibility and usability of the virtual 
reality intervention. Significant differences are found in the 

outcomes of the trials suggesting that the VR game with integrated 
biofeedback has the potential to improve the motor function 
outcome compared to the result in the non-VR trial. 

Categories and Subject Descriptors 

D.3.3 [Programming Languages]: Language Constructs 

and Features. 

General Terms 

Design, Performance, Experimentation, Human Factors 

Keywords 

Virtual reality, gait rehabilitation, biofeedback, robot-

assisted therapy. 

 INTRODUCTION 

Every year, more than 10 million people suffer from stroke. People 

who have suffered a stroke usually have some form of motor 
function impairments. The damages on the lower extremities may 
cause the patient to have abnormal gait patterns, reduced walking 
speed or weakened muscle strength [3], which result in  
diminishing the quality of life and a loss of ability to self-care. 
Therefore, restoring the capability to walk independently and safely 
has been considered as one of the primary goals for stroke 
rehabilitation [3][10]. Although the robot-assisted therapy has been 

proven to be an effective approach to assisting and facilitating 
stroke survivors in many ways and address the shortage of 
professional manpower in the clinic, it, however, cannot answer the 
fundamental issue of lack of patients’ self-motivation toward 
rehabilitation. Fortunately, with the advancement of computational 
power, virtual reality (VR) seems to be a promising intervention to 
solve the low adherence issue. Furthermore, the sensational 
feedback from VR may also enhance the therapeutic effect for 

stroke patients. 

VR technology allows people to create realistic experiences in a 
computer-generated environment. The purpose of implementing 
VR into stroke therapy is to generate a virtual activities of daily 
living (ADL) scenario where the patient can practice under a 
monitored environment without any possible external hazard. The 
feedback provided by the VR can be delivered in the form of visual, 
acoustic or haptic and has the potential to enhance the stimulation 

of neuroplasticity. The biofeedback offers a real-time knowledge 
of performance (KP) showing the instant quality of movement, 
which is considered as one of the key roles in motor skill restoring 
[9]. Apart from the simulated activities and biofeedback, the 

entertainment element and the goal-orientated game not only 
distracts the patient from the fatigue and the discomfort of the 
training but also increases patient’s self-motivation toward 
rehabilitation. For example, many researches have already suggest 
that VR intervention may bring positive motor learning outcome or 
additional improvements to the rehabilitation compared to the 
conventional therapy [5][7]and even establishes stronger 
confidence to individual towards completing ADL [4]. Although 

the above studies, like the majority of the existing studies, indicate 
a positive result on the VR therapy, their VR interventions are not 
coupled with any robotic device; they still require one-on-one 
professional therapist to manually assist the patients. Having the 
VR game with the robot-assisted therapy maximize the advantages 
of two interventions. For instance, an ankle force feedback system 
joined with the VR game allows individuals to perform the ankle 
movement and navigate the vehicle in the game based on the ankle 
motion. The game-oriented VR intervention increases the 

entertainment in the training, however, it fails to link the simulated 
scene to ADL which makes less sense to motor functional recovery 
[2]. A first-person view virtual community ambulation game with 
the treadmill is done by Yang et al. where the participants can 
experience simulated daily community walking in the hospital. In 
this study, the speed of the treadmill is fixed in each trial causing a 
less intuitive and more dangerous training environment than the 
over-ground walking. Nevertheless, the result of the study is still 

encouraging, the experimental group demonstrates a significant 
improvement compare to the control group where the participants 
receive the similar exercise but without the interfaces of VR [10]. 
Another similar work done by Walker et al. also implements a first-
person view virtual environment ambulation activity to a body-
weight support treadmill gait training system. In this study, the VR 
does not only generate outdoor visuals but also provides sound 
effects during the training, like encouragement or congratulatory 

message. In the end, all the participants show significant progresses 
in their walking ability [8]. Although, the above two first-person 
view VR ambulation gait training studies suggest an improvement 
in walking ability, the major drawback is the constraint of fixed 
treadmill speed that forces the patients to adapt to the environment 
instead of walking intuitively as their will. 

Although there has been an increasing trend in the research of VR 
therapeutic effect, the majority of them have not explored the 

integrated effect of VR intervention together with the robot-assisted 
therapy. Moreover, most VR interventions are simply 
commercialized TV games that fail to follow the principle that the 
VR game should be meaningful and related to ADL in terms of 
motor function restoring [1]. On top of that, few research discuss 
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the influence of KP and the stimulation of biofeedback provided by 
the VR intervention to the motor learning outcomes. As a result, the 
objective of this paper is to develop a VR intervention for an 
existing robot-assisted rehabilitation platform which is to support 
and facilitate the gait [11]. The VR game simulates the natural gait 

tasks in a familiar virtual community and provides the real-time 
performance feedback during the training. The diverse biofeedback 
coupled with the robotic makes the study different from the 
majority of VR for rehabilitation studies and more importantly, 
with the integration of the robot platform, it is possible to create the 
most intuitive ambulation experience where the participant can 
walk on the treadmill at their comfortable speed and is no longer be 
constrained to a fixed walking speed. 

 METHOD 

2.1 Experimental System 

The experimental platform for the VR intervention is a robot-
assisted gait training system which includes a lower-limb 
facilitating robot, namely walker, and a self-paced treadmill. The 
walker integrates an omni-directional platform and a body weight 
support unit that is designed to assist and facilitate patients’ in 
retraining their gait. The admittance control model in the walker 

converts the force inputs to the velocities of the walker and an 
adaptive share controller regulates the control proportion between 
the human and robot [11][6]. This experimental system permits an 
indoor gait exercising environment with no space restriction as an 
experimental platform for the VR intervention. The walker is 
placed right behind the treadmill and maintained at a fixed position 
during the entire sessions and the speed of the treadmill is 
controlled by the user via the admittance model built in the walker, 
creating an intuitive ambulation experience; individuals are 

allowed to walk at their own pace and stop at any time. The VR 
intervention is displayed on a 55-inches flat-screen in front of the 
user, shown in Fig. 1. Seven IMU-based motion tracking sensors 
and a knee orthosis with a small vibration motor are being attached 
to the participant during the experiment; the sensors are positioned 
at lumbar spine, the mid-portion of left and right femur, left and 
right tibia tuberosity, and the superior surface of the left and right 
foot to measure the hip, knee, and ankle joint angles. The orthosis 

is placed on the right knee to mimic an abnormal stiff knee gait that 
is commonly seen in stroke survivors. 

2.2 Experimental Design 

The non-virtual reality (NVR), virtual reality (VR) and 

retention (R) trials are delivered to all the participants in 

this study. In every trial, the subject is asked to wear the 

walker and perform a fixed distance ambulation on the 

self-paced treadmill. A large flat-screen monitor displays 

the VR game in the VR trial. Individuals in the NVR or 

the VR trial will receive the same amount of exercise 

(400-meter ambulation distance) but will only be exposed 

to the VR game and its integrated biofeedback in the VR 

trial. The R trial follows right after the VR trial which 

requires the subject to walk for 150 meters without the 

intervention of VR and any feedback. The purpose of R 

trial is to evaluate the muscle memory to the haptic 

stimulations obtained in the VR trial. This will be 

evaluated by a defined parameter called knee flexion 

correction ratio (KFCR). 14 healthy individuals, 10 men 

and 4 women aged from 22 to 33 with no history of 

neurological disease or any lower limb pathology have 

been recruited into this study. An informed consent is 

given to each subject before conducting the experiment. 

All the 14 participants are randomly and equally assigned 

to two groups: group A (n=7) and B (n=7). Individuals in 

either group will receive the same amount of exercise and 

the only difference between group A and B is the order of 

the three trials. Group A receives NVR first then followed 

by VR and R. On the other hand, group B conducts the 

experiment in the sequence of VR, R then NVR. It is to 

see whether there is a bias due to the trial sequence. A 15-

minute break is compulsory for the participant between 

the VR and the NVR session and another 5-minute break 

between VR and R trial. 

Outcome measures of this study are the average walking 

speed and KFCR which is a quantitative measurement 

defined as the ratio of the number of steps that the 

maximum knee flexion angle exceeds the desired 

minimum threshold value during the swing phase (Nc) to 

Fig 1: The illustration of robot-assisted gait 

training with the integration of VR 

Fig 2: Game screen of the VR intervention 
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the total number of steps (Nt), shown in equation (1). This 

is recorded for th e evaluation of the effect of haptic 

feedback. A questionnaire is provided to each participant 

after the experiment in order to understand the user’s 

perception on the VR intervention and whether it will 

cause any nausea during the exercise. Secondary outcome 

measure is the kinematic information of hip, knee, and 

ankle joint collected by the optical motion capture system 

(Vicon; Oxford Metrics Ltd., Oxford, England). The 

hypotheses of the experiment are that the average walking 

speed in the VR trial will be higher than in the NVR trial 

and the highest KFCR value will lie in the VR trial. And 

there is no bias between the groups since the order of the 

trials should not affect the results. The statistical analysis 

is done by IBM SPSS. All the dependent variables are  

to be normal distributed. Two-way repeated measure 

ANOVA is used to analyze the walking speed and KFCR. 

Paired t-test is implemented for all the VICON joint angle 

data evaluation. The significant level is set to be p less 

than 0.05.  

 𝐾𝐹𝐶 = 
𝑁𝑐

𝑁𝑡
 × 100% (1) 

2.3 Virtual Reality 

In this study, the virtual environment is designed to be Marina Bay, 
one of the most prominent spots in Singapore, shown in Fig. 2. The 
aim of this game is to let the subject perform daily walking 
exercises in the cyber world with a first-person virtual avatar. The 

avatar walks at the same speed as the subject does on the treadmill. 
This ambulation synchronization between interventions is done by 
the interface of a force/torque sensor mounted on the robotic walker. 
The VR intervention provides multiple sensational feedback during 
the game, for instance, the movement visualization mirrors the 
instant gait pattern of the subject to the virtual avatar allowing the 
individual to correct the abnormal gait pattern accordingly if 
necessary. Visual and acoustic feedback delivered in the form of 

real-time KP or the voice clips for remaining distance message, 
cheering sound or instructions are played as certain event is 
triggered. Haptic feedback aims to correct one’s gait pattern with a 
strong vibrating. A vibration motor placed in the right knee will be 
activated for half a second if the individual achieves a desired 
minimum right knee flexion angle during the swing phase. The 
effectiveness of haptic feedback in adapting new gait pattern is 
assessed by the KFCR value.  

 RESULT 

According to the statistic result, there is no interaction 

between the VR and the NVR trials and groups (p=0.639). 

However, significant difference in walking speed is found 

in the VR and NVR trial (p<0.001). The results of the 

average walking speed in each trial are shown in Table. 1. 

The mean walking speed in the VR trials is 0.892±0.18 

m/s (95%CI: 0.797-0.986) and 0.714±0.20 m/s (95%CI: 

0.613-0.815) in the NVR trials regardless of the group 

condition. However, taking the groups into account, a 

significant difference is found (p=0.031). Subjects in 

group B demonstrated a 0.202 m/s higher average 

walking speed than the individuals in group A. KFCR is 

assessed by comparing between two pairs of trial: the 

NVR-VR pair and NVR-R pair. No significant interaction 

is found in either in NVR-VR or NVR-R pair (p=0.833 

and p=0.576). The classification of group A and B does 

not contribute any significant difference to the result 

(p=0.623). However, significant differences are found 

within pairs; NVR-VR (p=0.001) and NVR-R (p=0.011). 

Individuals perform a significantly lower KFCR value in 

the NVR trial with the corresponding mean 28.1±21.27 

(95%CI: 15.42-40.78), and 44.56±23.86 (95%CI: 30.36-

58.76) in the VR trial and 52.48±23.34 (95%CI: 38.33-

66.63) in the R trial. Significant difference of kinematic 

data is only observed in the knee angle. The knee angle is 

10.63 (95%CI: 9.16-12.09) degrees higher in the VR trial 

than in the NVR trial (p<0.001). A section of the 

questionnaire are shown in Table. 2 where these questions 

are strongly agreed by most of the participants or most of 

the participants demonstrate a similar feeling. 

 DISCUSSION 

Significant differences are found when comparing the average 
walking speed. Participants walk significantly faster in the VR trial 
than the NVR trial (p<0.001). This may be due to the contribution 

of the biofeedback received in the VR trial; subjects can adjust their 
speeds according to the real-time KP. Furthermore, the acoustic 
cues can either ask the subject to speed up or deliver 
encouragements to prompt the participants to maintain their pace 
during the trial. People in the VR trial walk around 0.15 m/s faster 

TABLE I.  RESULT OF THE QUESTIONNAIRE 

Questions Average Score 

How quickly did you adjust to the virtual environment? 4.29 

Did the VR intervention distract you from the discomfort or boredom felt? 4.07 

Did the self-performance feedback motivate you to walk faster 4.43 

Did you feel nauseous or any discomfort when watching the virtual environment? 1.21 

TABLE II.   RESULTS OF THE PRIMARY OUTCOME MEANSUREMENTS 

Measures 
Group A (n=7)  Group B (n=7) 

VR NVR R  VR NVR R 

Walking Speed (m/s) 0.80±0.20 0.60±0.14 0.79±0.16  0.98±0.12 0.82±0.20 0.92±0.15 

KFCR 48.95±31.11 31.80±24.88 52.30±24.13  40.17±14.89 24.40±18.14 52.65±24.46 

Values are mean ± standard deviation 
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than when they are in the NVR trial. As a result, it is reasonable to 
suggest that the real-time biofeedback in the VR intervention have 
the ability to urge the participant to walk faster within the same 
amount of distance. However, a significant difference in the 
walking speed has also been found between group A and B 

(p=0.031). Subjects in group A are slower than those in group B in 
both the VR and the NVR trial. This bias, nevertheless, can be 
considered as an error from the limited sample size instead of the 
effect of trial sequence because there is a 15-minute break between 
the VR and NVR trial which should be enough for healthy and 
young participants to recover from the fatigue. In this study, most 
of the muscular and stronger subjects are unintentionally assigned 
to group B. 

When discussing the effect of the haptic feedback on gait correction, 
significant differences in the KFCR value are found in the pair of 
VR-NVR (p=0.001) and the R-NVR (p=0.011). There is no 
significant difference reported due to the group factor (p=0.623) 
which implies that one’s sensitivity to the haptic feedback will not 
be affected by whether he/she is muscular or not. Individuals in the 
NVR trial demonstrate the lowest KFCR value compared to other 
trials. The highest KFCR value, either in group A or group B, lies 

in the R trial instead of VR trial as expected since there is no haptic 
feedback in the R trial. This might be because of the shorter walking 
distance required in the R trial and the fact that some subjects argue 
that the vibration feeling is not strong enough to be felt when 
performing a moderate-to-high intensive exercise. The exhaustion 
will cause certain participants to lose his/her focuses on the 
vibration stimulation on the knee especially in the case of long 
exercises. Therefore, since the demanded walking distance in the R 

trial is 150 meters, less than half of the required distance in the VR 
trial, it is easier for the individual to be more concentrated on the 
instructions. However, comparing the difference between the VR 
and the NVR trial, it can be still suggested that the effect of the 
haptic feedback assists the subject to adjust the gait with the 
vibration alert. However, since the standard deviation is not 
negligible, it requires further studies to confirm the conclusion that 
the interface of the haptic feedback can assist people in adjusting 
gait pattern. 

In the kinematic results, only knee joint on the right side 
demonstrates a significant difference (p<0.001) between the VR 
and the NVR trial. The knee joint angle in the VR trial is 10.63 
degrees in average higher than the angle in the NVR trial. This 
VICON kinematic result correlates to the result of KFCR where the 
value is significantly higher in the VR than in the NVR trial. This 
means that the average knee flexion angle in the VR trial during the 
swing phase is higher than in the NVR trial. According to the result 

of the questionnaire about the VR intervention, the following points 
are strongly agreed by the participants or most of the participants 
share a similar feeling: (1) there is almost no motion nausea or 
discomfort cause by the virtual environment, (2) the VR game is 
intuitive and can be adapted easily by the user, (3) the game 
provides enough sense of engagement to the player and has the 
ability to distract and ease the boredom or discomfort during the 
exercise, (4) the instance KP feedback encourages the individual to 

work harder and walks faster during the trial. In sum, VR 
intervention has a great potential for stroke rehabilitation since 
there is no motion sickness caused by the VR and is feasible to 
integrate with the robot-assisted gait training where an improved 
motor functional result is revealed when compared to the robot-
assisted session only. 

Though the result seems promising, there are still some limitations 
in this study. First, the limited number of participants and it is 
constrained to only healthy individuals. A small data point might 
not be convincing enough and may result in an unexpected bias due 
to the fact that people are identical and unique. For example, the 

significant difference of average walking speed observed between 
groups and the high standard deviation is found in the KFCR value. 
More importantly, the neurological disorder patient may have 
different results from well-being subject. As a result, this VR 
intervention with the robot-assisted gait training requires a large 
scale of clinical research to verify the impact of a virtual reality 
intervention and its sensational biofeedback stimulation on stroke 
survivors. 

 CONCLUSTION 

A healthy individual evaluation trial is conducted to assess the 
feasibility of the developed virtual reality intervention for the 
robot-assisted gait training. The results suggest that there is a 
significant improvement in walking speed and adaptation to new 

gait. Therefore, the VR intervention and its sensational biofeedback 
have great potential to enhance motor function learning outcomes 
and may enhance the patient adherence toward the rehabilitation. 
We advise to further conduct this study with a large-scale clinical 
study. 
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ABSTRACT 

Wearable devices are widely used for daily life. Safety of these 
devices is quite important since they are mostly attached to users 
directly, especially for wearable rehabilitation robots. This paper 
presents research on safety related requirements for wearable 
rehabilitation robots and aims to come up with systematic 
requirements or indexes with detailed data. Mechanical hazards 
associated requirements and electrical hazards associated 
requirements are listed and analyzed to select optimal 

combination for reference of wearable rehabilitation robots 
standardization. Meanwhile, several detailed research cases 
considering safety of wearable rehabilitation robots are 
introduced to further emphasize how safety is ensured during 
design stage. Conclusion is made finally that part of requirements 
are vital to wearable rehabilitation robots and further researches 
need to be conducted together with test methods formulated for 
higher safety. 

Categories and Subject Descriptors 

Categories: Rehabilitation robotics. This paper 

introduces safety related requirements for rehabilitation 

training robots and corresponding intelligent human-

machine interaction technology. 

General Terms 

Measurement, Security, Human Factors, 

Standardization. 

Keywords 

Standardization; Wearable rehabilitation robots; 

Mechanical hazards associated requirements; Electrical 

hazards associated requirements. 

 

 INTRODUCTION 

Wearable devices are widely used for daily life nowadays with 
rapid technology development. As a special category of wearable 
devices, wearable rehabilitation robots are developed to assist 
stroke patient or paraplegic for physical training rehabilitation  [1-

3]. The aggravating trend of aging population leads to increase of 
stroke patient. Wearable rehabilitation robots can help solve 
physical therapists limitation problem effectively. Thus, wearable 
rehabilitation robots related technologies are widely under 

research, such as human-machine interaction [4], biomechanical 
design of robots [5], human posture measurement [6], and walking 
gait trajectory planning [7] and so on. However, there is still no 
suitable standardization for wearable rehabilitation robots which 

helps improve corresponding safety. Since they are designed for 
patient, safety is the most important issue that should be 
considered. 

Safety related requirements for wearable rehabilitation robots is 
proposed in this paper which aims to provide detailed issues and 
corresponding data for formulating the standardization of 
wearable rehabilitation robots. 

This paper starts with introduction of safety related requirements 
which consist of mechanical hazards associated requirements and 

electrical hazards associated requirements. Then detailed research 
cases are analyzed to further emphasize importance of safety for 
wearable rehabilitation robots. Finally, conclusion is drawn to 
summary this paper. 

 

 SAFETY RELATED 

REQUIREMENTS 

There are standards for medical/non-medical equipment; 
however there is no specific requirement for wearable device or 
system in terms of safety (Fig. 1). Consequently, for wearable 

rehabilitation robots, IEC 60601-1 Medical electrical equipment 
Part 1: General requirements for basic safety and essential 
performance [8], and ISO 13482 Robots and robotic devices-
Safety requirements for personal care robots [9] are mostly 
adopted.  

 

Figure 1 Safety related requirements for wearable device and system 

To formulate standards for wearable rehabilitation robots, two 

aspects are considered, mechanical hazards associated 
requirements and electrical hazards associated requirements. 
Details of each aspect are listed and introduced bellow. Fig. 2 
shows an example about safety related requirements for lower 
limb rehabilitation exoskeleton. 
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Figure 2 Safety related requirements for lower limb rehabilitation 

exoskeleton 

 

2.1  Mechanical hazards associated 

Mechanical hazards associated requirements mainly focus on 
safety factors that concerns physical interaction between human 
and wearable rehabilitation robots. 

A. Surface, shape and material 

Since wearable rehabilitation robots are always attached to 
wearers closely, surface, shape and material of connecting parts 

should be considered carefully. For example, rough surface, sharp 
corners and edges, burrs must be avoided for wearing comfort and 
safety. As shown in Fig. 3, hinges are usually designed with sharp 
corners and edges, and some zippers are designed without 
consideration of rough surface and removal of burrs, since they 
are not attached to human boy closely. However when it comes 
to a watch, smooth surface, rounded corners and edges, and no 
burrs must be considered in design. 

 

(a)                        (b)                           
(c) 

Figure 3 Products examples (a) Hinge (b) Zipper (c) Watch 

B. Moving parts 

Because of soft characteristics of human skin, wearable robots are 
linked to human body softly and flexibly, which may lead to 
movement and relative displacement. Meanwhile, motion of 
moving part, like unintended movements, overtravel end stops,  
and drop down during moving, may cause unexpected hazards 
which will lead to various hurt or damage to wearers. 

C. Instability 

Wearable rehabilitation robots and the corresponding parts 

intended to be placed on a surface shall not overbalance or move 
unexpectedly. Without stability control or enough robustness 

against external disturbance (such as obstacle, unintended hit) and 
internal disturbance (such as active motion caused interaction 
force from wearer), safety of human-machine system cannot be 
ensured. Thus, stability related requirements for wearable 

rehabilitation need to include: 

 Maximum ascent/descent degree 

 Dynamic Zero Moment Point (ZMP) 

 Stable state robustness 

 

Figure 4 Instability from overbalance 

Fig. 4 shows one example of instability. When the patient is under 
walking training rehabilitation with exoskeleton guided, 
interaction force which is caused by patient active motion would 
affect trajectories of exoskeleton joints and result in worse ZMP 
condition.  

D. Acoustic energy and vibration 

Referring to existing standards (ISO13482-2014:Robots and 
robotic devices - Safety requirements for personal care robots), 
the wearers’ body shall not exposed to acoustic energy exceeding 
the levels specified below: 

 80 dBA for a cumulative exposure of 24 hours over a 24 
hour  period; 

 140 dBC sound pressure level for impulsive or impact 
acoustic energy. 

Similarly, when it comes to vibration, protection is needed when 
the hand-transmitted frequency-weighted RMS acceleration 
exceeds the levels specified below: 

 2.5 m/s2 for a cumulative time of 8h during a 24h period; 

 Allowable accelerations for different times are inversely 
proportional to the square root of the time. 

As wearable rehabilitation robots interact with wearers directly, 
acoustic energy and vibration should be reconsidered based on 

above-mentioned data. Higher level of restricted parameters 
needs to be formulated by repeated experiments. 

E. Other requirements 

Other requirements include pressure and intensity of pressure at 
contact surface, excessive temperature, support systems or 
bandage systems, etc.  

 

2.2 Electrical hazards associated 

Electrical hazards associated requirements mainly focus on safety 
factors caused by electricity.  

Contact force
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A. Electromagnetic interference 

For all reasonably foreseeable electromagnetic disturbances, 
unsafe system states shall be prevented. Wearable rehabilitation 
robots shall conform to all relevant standards for Electro-

Magnetic Compatibility (EMC) (e.g. IEC 61000-6-1, IEC 61000-
6-2, IEC 61000-6-3, IEC 61000-6-4 and IEC 60204-1). 

B. Power failure or shutdown 

In order to avoid risk caused by power failure or shutdown, the 
following measures should be applied: 

 Use of the “de-energize to apply” principle in the design of 
braking mechanisms of all moving parts; 

 Internal storage of sufficient energy to allow recovery to a 

safe state following power failure/shutdown. 

  

 RESEARCH CASES FOR SAFETY 

3.1 Balance control for stability 

In this case, balance control of human-exoskeleton system is 
researched. As shown in Fig. 5, without exoskeleton hip joint 
abduction/adduction (Fig. 5-a), ZMP is always outside the 
connecting area between sole and ground, which means that the 

human-exoskeleton system is in poor stability state. When 
exoskeleton hip abduction/adduction joint is motor driven (Fig. 
5-b), ZMP can be adjusted and will overlap with connecting area 
when adduction motion trajectory is planned appropriately. 

      

(a)                                       (b) 

Figure 5 Simulation of ZMP during human-exoskeleton 

system walking (a) Without hip abduction (b) With hip abduction 

To ensure the stability of wearable rehabilitation robots, 
mechanical design, control methods and additional equipments 
should be concerned. Thus, those aspects are safety related 
requirements for wearable rehabilitation robots in terms of 
stability. 

 

3.2 Pressure at contact surface 

In this case, pressure and intensity of pressure at contact 

surface during exoskeleton aided walking training 
rehabilitation is analyzed. For better human-exoskeleton 

force interaction, motion self-adaptive exoskeleton 

joints were designed and related experiments were 

conducted. As shown in Fig. 6 and Fig. 7, to reduce extra 

interaction force, self-adaptive joint center trajectories 

were calculated from human joint motion analysis 

experiments. Then the designed compatible joints were 

validated through stroke patient experiments. Finally, 

human-exoskeleton interaction forces with normal joint 

and self-adaptive joint exoskeleton were measured. 

Results showed interaction forces reduction when self-

adaptive joints were used. 

 

Figure 6 Upper limb exoskeleton (a) Self-adaptive shoulder joint center 

(b) Experiment (c) Interaction forces [10] 

 

Figure 7 Lower limb exoskeleton (a) Self-adaptive hip joint center (b) 

Experiment (c) Interaction forces [11] 

The transient intensity of pressure at contact surface 

should be less than 4.26kPa. If the intensity of pressure 

at the contact surface is more than this value, the 

endothelial cells will be injured and the platelet 

aggregation will be caused, leading to blood supply 

influenced [12, 13]. The persistent intensity of pressure at 

contact surface should be less than 2.66kPa. If the 

intensity of pressure at the contact surface is more than 

this value, ischemic injury will be caused, leading to 

pressure sore. Thus, for safety of wearable rehabilitation 

robots, mechanical design and control methods should 

be considered to ensure that the intensity of pressure 

related targets are acceptable. 

 

 CONCLUSION 

For better safety characteristics of wearable 

rehabilitation robots, systematic safety related 

requirements are listed and analyzed. Mechanical 

hazards associated requirements consist of surface, 

shape and material, moving parts, instability, acoustic 

energy and vibration, and so on. Electrical hazards 

associated requirements include electromagnetic 

interference, power failure or shutdown, and so on. 
Detailed researches on wearable rehabilitation 

exoskeleton for safety concern were introduced and 
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results showed valuable importance for wearable 

rehabilitation robots standardization. 

Due to length limitations, this paper briefly introduced 

safety related requirements for wearable rehabilitation 

robots, without theoretical analysis of each issue. Future 

work will mainly focus on test method formulating and 

corresponding data acquisition. 
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ABSTRACT 

In this paper, we mainly study to solve the problem of lateral 
overbalance while walking with help of lower limb exoskeleton. 
The walking parameters are taken by detection device and 
preprocessed before used in gait phase determined. According to 
the foot pressure, joint angle and upper body tilt, the phases in 

abnormal gait process are divided. According to the change of 
gait phase, the control strategy is proposed to overcome the 
hazard of lateral overbalance. 

Categories and Subject Descriptors 

[Rehabilitation Technology]: Robotics 

General Terms 

Experimentation, Security, Human Factors 

Keywords 

Walking rehabilitation robot, Foot pressure distribution, 

Joint angle, Lateral overbalance, Gait phase 

 INTRODUCTION 

Rehabilitation robots are mainly used to help stroke patient 
accomplish walking training to resume the ability of muscles. The 
stability and smoothness of movement remains a control  

problem. The Lokomat [1,2] uses the hanging rope to partake the 
weight in case of overbalance. Other rehabilitation systems, such 
as HAL [3,4], Ekso [5,6], utilizes the EMG signal or foot pressure 
to estimate the gait phase and motion intention of users [7]. This 
control method enhances the coordination of man-machines. It 
also helps to enhance the balance and stability of the exoskeletons. 
However, in this way, it’s difficult to overcome the problems of 
lateral overbalance caused by gravity. The system still requires 
crutches to assist for balance. In addition, it’s also a feasible 

method to generate and adjust trajectory by Zero Moment Point 
(ZMP) and other patterns. A trajectory generation method, which 
can generate dynamical stability and tunable gait pattern, adjusts 
ZMP boundary to reach the balance while walking [8]. 

In this paper, we mainly discuss the symptom of lateral 
overbalance and the control strategy of rehabilitation robot. The 
lateral overbalance is the tendency of falling caused by the gravity. 
Gait features are shown in section 2. Gait control strategy due to 

lateral overbalance is presented in section 3. Results are presented 
in section 4. At last, discussions about future works are shown in 
section 5. 

 

 The phase of Lateral Overbalance 

Lateral overbalance is a situation of overturning happened during 

walking. When body’s center of gravity changes behind the body 
movement, lateral overbalance might happen.  

During walking, gait parameters present unique features for 
different gait phases. To describe the gait phase of Lateral 
Overbalance, angles of knee joint and hip joint, the foot pressure 
patterns, as well as tilt angles of upper body, were considered 
during the whole walking process. 

2.1  Preprocessing of Gait Parameters 

To describe the motion of human body, the movement of upper 
body is separated to three angles, projected independently in the 
sagittal, horizontal and frontal planes. According to symptoms of 

lateral overbalance, the angle in frontal plane is mainly concerned. 

For the movement of lower body, the extension and flexion of 
knee joint and hip joint are mainly considered [9].  

For each sub phase, the heel, first metatarsal head (Meta1), fifth 
metatarsal head (Meta5) and the hallux show the special symptom, 
especially the change of the heel pressure while lateral 
overbalance happens [10]. 

 

Figure 1. Measurement Points of Foot Pressure. 

In the actual walking process, there are interference factors of foot 
pressure and angle measurement. The individual differences of 

human, the deformation of plantar unit are the reasons of causing 
errors in the measurement of the foot pressure, as well as the 
detections of the joint angle and upper body obliquity. 

Therefore, those measured datum need to be preprocessed to meet 
the control requirements. 

During preprocessing of the plantar pressure, the integration point 
instead of a single point of the plantar pressure value is used as a 
judgment basis [11].  
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V𝑎 𝑔 = ∫ 𝑖𝑑𝑡 = ∑  𝑖∆𝑡𝑤   

Where Vavg  is the result after integration management. vi is the 
detected value at each time, t is the interval time and w is the 
length of sampling window. The length of w is determined by the 
measurement frequency and period of walking. 

To define the pressure situation of each measuring point, the 
initial values are taken as references when user remains standing 
phase. 

V𝑑𝑖𝑔 = {
0, V𝑎 𝑔 < ɑV𝑠𝑡𝑎𝑛𝑑

1, V𝑎 𝑔 ≥ ɑV𝑠𝑡𝑎𝑛𝑑
 

Where Vdig is the digital value.  Vstand is standing value as the 
reference, ɑ is the parameter based on the experiment. 

The joint angle and tilt of upper body are treated in the similar 

way. 

 

2.2 Gain Phase with Lateral Overbalance 

Through real-time measurement of the volunteer walking, the 

correspondence relationship between the joint angle and the 
plantar pressure during walking can be obtained. 

For normal people, in the walking exercise, the center of gravity 
of the walking movement exists in all three directions, including 
the gradual change between the front and rear foot as the 
supporting foot changes, and then the center of gravity changes 
between front and rear, right and left. 

In normal walking phases, the processing of walking is divided 

into five phases by the maximum pressure of the feet. Those 
phases include Initial Contact(IC), Mid Stance(MS), Terminal 
Stance(TS), Pre Swing(PS) and Swing Phase(SP) [12]. 

Table 6. Foot Pressure for Different Gait Phases 

Gait Phase hallox Meta1 Meta5 heel  

IC small small small large 

MS small large large large 

TS large large large small 

PS large large small small 

SP small small small small 

 

Because the gravity of rehabilitation robot and human themselves, 
it’s a common situation that the center of gravity of human-robot-
system doesn’t move in time while the supported leg turns to 
swing. As a result, the upper body deviates in frontal plane of 
human and the ankle of swing leg remains a lower position than 
usual. 

When Lateral Overbalance happened, the turning of heel pressure 
became earlier in gait phase, also reduced a premature arrival of 
IC phase.  

In addition to the foot pressure, the upper body also shows an 
different symptom when lateral overbalance. The maximum of 
upper body tilt becomes larger the usual. 

 

 CONTROL STRATEGY 

To decrease the influence of lateral overbalance, the control 
strategy is used in the walking rehabilitation system to improve 
the balance and stability.  

The flow chart of the control strategy is shown in Figure 2. 

 

Figure 2. Communication Structrue of Walking 

Rehabilitation System. 

The step length, step time, hip height and other parameters are 
used in trajectory planning. Through planning, the standard 
trajectory is designed [13]. Then, within the walking trajectory, 
the phenomenon of lateral overbalance is well concerned. 

The standard trajectory doesn’t consider in the change of center 
of gravity. To reduce the impact of barycenter backwardness, the 
trajectories of the corresponding hip joint and knee joint are 

modified to regain stability of walking. 

 

 EXPERIMENT 

4.1  Walking Rehabilitation System 

The walking rehabilitation system consists of a host computer, 
walking rehabilitation robot and detection device. Through the 
Bluetooth modular and USB interface, the upper computer 
communicates with the motor controllers and exchanges 
information with sensors. 
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Figure 3. Communication Structrue of Walking 

Rehabilitation System. 

 

4.1.1  Walking Rehabilitation Robot 

The walking rehabilitation robot used in the experiment is 
designed by Zhejiang University. The robot, called ZJU-RE-bLeg 
is shown in Figure.4. 

The whole system consists of belt, controller, motors, adjustable 
linkage modules, straps and feet modules. 

 

Figure 4. ZJU-RE-bLeg. 

 

4.1.2  Motion parameter detection device 

The detection device includes 8 measuring modules for foot 
pressures, 4 measuring modules for joint angles and one 
measuring module to detect the tilt angle of upper body. 

The knee and hip angles of each side of human body, the main 

pressure points of feet and the obliquity of upper body are taken 
with the help of the detection device. After the pretreatment of 
filtering, the parameters are delivered to the upper computer. 

 

4.2  Result 

In the experiment, the trajectory of hip joint and knee joint angle 
with and without lateral overbalance are shown in figure 5. 

The 1-5 gait phases in the follow figures represent IC, MS, TS, 
PS and SP of walking process respectively.  

 

 

Figure 5. (a) (b) Normal Gait Parameters and Gait Phase 

While Walking. (c) (d) Gait Parameters and Gait Phase 

With Lateral Overbalance. 

The upper body inclination becomes large from about 5 degrees 
to about 15 degrees in the abnormal walking status. After using 
the gait control strategy, the upper body inclination is reduced to 
a lower level with the modified trajectory. 

As we can see, when the lateral overbalance happens, the phase 
of IC shows much early then the normal foot phase and lasts for 
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a longer time. The features of joints also are different between 
normal walking and abnormal walking. The swing phase is 
shortened and the joint of knee shows a rapid change nearby the 
IC phase.  

 Future Works 

In the future, we plan to modify the trajectory of angle joint by 
combining the motion parameters and the center of gravity to 
increase the balance of human-machine system. This kind of 
rehabilitation gait control strategy can be used to assist users who 

lack strength of lower limbs. The measurements of walking 
parameters can be improved to increase the accuracy while 
controlling. 
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ABSTRACT 

This paper proposed a novel Kinect-based rehabilitation 

evaluation system for the patient with movement 

deficiencies by performing recovery assessment without 

medical therapist. We used three classification 

algorithms to assess the recovery Brunnstrom stage for 

confirming the effectiveness of this system. The results 

showed that the classification model of random forest 

have the most resultful performance (accuracy: 83.3%). 

It was verified that the Kinect-based system was feasible 

for recover evaluation in a home-based environment. 

Keywords 

Rehabilitation evaluation, artificial intelligence, 

Brunnstrom stage, random forest. 

 

1. INTRODUCTION 

Nowadays, a mass of people have spinal cord injuries 

(SCI), resulting in partial or full paralysis [1]. People 

with such motor deficiencies experience dramatic 

limitations in performing daily activities such as bathing, 

washing and eating. Relevant studies have demonstrated 

that physical deficiencies after SCI can be partially 

recovered through proper rehabilitation. When therapy 

exercises are performed by patients in a home-based 

environment, supervising and assessment are lacked for 

continuous observation in the therapy course. 

Traditionally, a large portion of rehabilitation 

assessment and therapy of stroke patients is based on a 

therapist’s judgment [2]. The evaluation methods (e.g., 

FuglMeyer et al. Assessment of Physical Performance) 

rely primarily on the therapist’s visual assessment. This 

process needs a trained Physical Therapist (PT) or 

Occupational Therapist (OCT)   to spend time with 

the patients. And the performance may be inaccurate for 

several reasons one of which is the subjectivity of these 

clinical evaluation and approaches. 

To solve these problems, new rehabilitation 

technologies based on Virtual Reality (VR) are being 

developed and have recently attracted significant 

interest in the rehabilitation therapy. The core thought of 

VR-based rehabilitation is to use sensor tools to capture 

and quantitatively the movements of patients to track 

their progress precisely. The two families of these sensor 

devices are optoelectronics and nonoptoelectronics 

sensors [3]. In the first groups, if they use markers, they 

are attached to the human body to represent pre-set 

skeletal segments and joints for obtaining the position 

and orientation. In marker-less systems, the image 

information such as colors, shapes, edges and depth are 

used to interpret the motions. The nonoptoelectronics 

sensors include mechanical, inertial and magnetic 

systems. 

In recent years, motion capture using Kinect camera has 

become increasingly popular in physical therapy and 
rehabilitation. Kinect includes an RGB camera and a 

depth sensor. They together provide precise full-body 
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3D motion data without markers or hand-held terminals 

[4]. The affordable depth imaging technology has made 

a crucial impact on motion capture in the field of 

rehabilitation treatment. 

A lot of studies have been published on physical therapy 

using the Kinect-based system. Wiederhold et al. 

conducted two clinical tests of balance measurement 

before the beginning session and after the last session 

[5]. It was showed significant improvement in balance 

recovery according to the standard Berg Balance Scale. 

Chang et al. made use of Kinect-based system for 

rehabilitation treatment in preservice training [6]. Four 

subjects with brain impairments participated in the 

training tasks for 2 weeks. The patients’ feedback were 

qualitatively record by a Likert scale. The authors 

verified the system was helpful for pre-service training 

without any clinical scales. Acosta [7] also developed a 

tracking system using Kinect for upper limb training. 

For evaluation, their team recruited 11 subjects. 6 

patients and 5 able-bodied persons (control group) 

participated their experiments for 6C10 days. The 

patient’s upper Fugl-Meyer scores were acquired for 

further analysis before and after experiments. All 

patients maintained or improved their FM scores while 

the change was not significant. 

Recently, artificial intelligence technologies for 

assessment of patient compliance with a prescribed 

physical therapy program had been used for improving 

the adherence rates and treatment cost [8]. For instance, 

the medical group at Deep Mind had applied deep 

artificial neural networks (ANNs) for analysis of the eye 

motion in diagnosis of age-related macular degeneration 

[9]. And machine learning approaches have also been 

implemented in a Kinect-based rehabilitation system to 

exercise Tai Chi for performance evaluation [10]. 

In this paper, a rehabilitation function evaluation system 

based on Kinect sensor was proposed to assess 

rehabilitation exercises predefined by professional 

physical therapist. With the aid of skeletal tracking of 

Kinect sensor, body movement of the patient while 

performing exercises was well recognized and the 3D 

coordinate data were acquired for further analysis. More 

specifically, patients movements were compared with 

the prerecorded movements form a coach, and further 

evaluated by using several machine learning algorithms. 

The result demonstrated that the rehabilitation stage 

defined by Broonstorm paradigm could be accurately 

judged by mathematical models built by machine 

learning algorithms. 

 

2. METHODOLOGY 

2.1 System Overview 

A system flowchart of the proposed Kinect-based 

rehabilitation evaluation system is shown in Figure 1. 

The system play a video where an instructor to perform 

correct actions according to Brunnstrom Scale 

designated by a professional therapist: (1) Touching 

Homolateral Ear; (2) Shoulder Extension 90 degrees; (3) 

Shoulder Extension 180 degrees; (4) Scapular 

Retraction; (5) Shoulder Adduction; (6) Shoulder 

Flexion 90 degrees; (7) Shoulder Flexion 180 degrees; 

(8) Hand Rotation; and (9) Shoulder Back Extension 

(see Table 1 for detailed explanations). 

When a patient uses this rehabilitation system, the 

system first displays a series of standard movements on 

the screen. The patient follows the information on 

screen to perform relevant exercise. After the participant 

views the video, each task is repeated two times by each 

participant. These motor tasks are all targeting upper 

limb movement and are frequently employed in SCI 

rehabilitation and diagnostics. Meanwhile, the skeletal 

data are acquired by Kinect sensor to record their 

movements into database. We carried out the 

Experiment at the Rehabilitation Center Rehabilitation 

Engineering Laboratory, Wuxi Rehabilitation Hospital, 

China. We invite 2 veteran PT to evaluate the 

Brunnstrom stage for each patient. 

 

Figure 1. The system paradigm of our Kinect-based 

rehabilitation evaluation software. 

Table 7. THE ACTION EXPLANATION OF ALL 9 TASK 

FOR BRUNNSTROM SCALE ASSESSMENT. 

Action Description 

Touching 

Homolateral Ear 

Shoulder raise, flexion and 

adduction from arm above 

Shoulder 

Extension 90 

degrees 

Arm outstretched in front of body 

with shoulder at 90 degrees 

flexion, elbow extended to arm 

outstretched at side at 90 degrees 
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abduction, elbows extended 

Shoulder 

Extension 180 

degrees 

Arm outstretched in front of body 

with shoulder at 180 degrees 

flexion, elbow extended to arm 

outstretched at side at 180 degrees 

abduction, elbows extended 

Scapular 

Retraction 

Arms extended in front of body at 

45 degrees flexion, elbows 

extended - flexing elbows to bring 

hands back towards body 

Shoulder 

Adduction 

Shoulder flexion and adduction 

from arm above head across 

midline of body towards opposite 

knee with elbow extended 

Shoulder Flexion 

90 degrees 

Shoulder flexion 90 degrees with 

elbow extended 

Shoulder Flexion 

180 

degrees 

Shoulder flexion 180 degrees 

with elbow extended 

Hand Rotation Rotation of the hand with elbow 

at 90 degrees flexion 

Shoulder Back 

Extension 

Arm outstretched in back of body 

with shoulder at 45 degrees 

flexion 

2.2 Data Preprocessing 

For each participant, the acquired data are preprocessed 

for further analysis firstly. The distances between a point 

in each frame and initial point in 3D coordinate is 

calculated for each joint location. Then we can obtain 26 

distance sequences for one action. And we also used the 

age, gender as input features for model training by 

machine learning algorithms. At last, Brunnstrom stages 

(III, IV, V) assessed by PT are utilized for 3-class 

labelling. 

2.3 Classification Algorithm 

The algorithms used for recovery stages assessment are 

described in the following passages. For each 

classification method, we employ a 5-fold cross 

validation method for picking out an optimal classifier. 

70% of data are extracted for classification model 

training and others are utilized for test corresponding 

model performance. These algorithms are 

computationally fast and make no statistical 

assumptions regarding the distribution of data. 

2.3.1 Decision Tree (DT)  

DT is a data mining techniques that recursively 

partitions a data set using depth-first greedy approach or 

breadth-first approach. A decision tree structure consists 

of root, internal and leaf nodes. The tree model is 

utilized in classifying unknown data records. The leaf 

nodes are made up of the labels which the items have 

been group. 

2.3.2 Support Vector Machine 

Support vector machine methods are good at classifying 

new items that were not used in the training phase; the 

over-training problem is avoided by its nonlinear 

characteristic [6]. In our case, a radial basis function 

kernel support vector machine (RBF-SVM) classifier is 

used for training these feature vectors. In the experiment, 

the RBF-SVM classifier produces the class label and 

classification probability. 

2.3.3 Random Forest (RF) 

RF is a classification method including an ensemble of 

tree-structured classifiers. RF takes advantage of two 

powerful mathematical techniques: bagging and random 

feature selection. In bagging, each regression tree is 

trained on a bootstrap sample of the training data, and 

predictions are performed by majority vote of trees. 

Instead of using all features, RF randomly selects a 

subset of data features to split at each node when 

growing a classification tree. 

 

3. EXPERIMENT AND RESULT 

ANALYSIS 

3.1 Experimental Setup 

In our study, 23 patients were invited to participate the 

experiments and 19 valid data were obtained finally. 

Neither of the participants had previous experience with 

Kinectbased system. The PT instructed a participant the 

content of a rehabilitation program. Then these patients 

needed to watch the action video to perform evaluation  

exercise. On the other hand, the proposed Kinect-based 

rehabilitation system was used for data acquiring. The 

therapist is not involved in guiding patients. During the 

total experimental course, the exercise of all actions was 

performed for twice times and the best one judged by PT 

was recorded for performance comparison. 

Table 2. THE PERFORMANCE OF ALL 

CLASSIFICATION FOR BRUNNSTROM STAGE 

ASSESSMENT. 

Methodology DT RBF-

SVM 

RF 

Accuracy (%) 50.0 66.7 83.3 

3.2 Experimental Result 

Table 2 showed the experimental result for 3 
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classification models. The achievement of each model 

was higher than random level (3-class classification: 

33.3%). And RF model got the optimal classification 

precision 83.3%. It was proved that the assessment of 

Brunnstrom stage could be automatically performed by 

our Kinect-based system with AI algorithm. And it was 

beneficial for supervising and evaluation of patients’ 

rehabilitation at home. 

Moreover, we compared our results with other art-of-

state Kinect-based rehabilitation evaluation systems 

[10], it was speculated that our system could get more 

precise evaluation result. Because the classification 

method could judge the refined stage of rehabilitation 

process. 

 

4.  CONCLUSION 

This paper proposed a Kinect-based rehabilitation 

evaluation system for the patient with movement 

disorders by performing recovery assessment without 

medical staff. We adopt AI-based algorithm to assess the 

recovery Brunnstrom stage for confirming the 

effectiveness of this system. From the experimental 

results, it is shown that the classification model have 

resultful performance in evaluation. Though this 

proposed system is a prototype, but the preliminary 

result is encouraged. In the future we will use the game 

to replace action video for enhancing the entertainment. 

Also, adding background music and interesting audio 

effects can make the game more appealing. 
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ABSTRACT 

It has become increasingly important to enhance 

effectiveness of rehabilitation in recent years. The key 

is to increase patient willingness to attend rehabilitation. 

Virtual reality has been used in combination with 

medical treatment and technology. More specifically, 

skeletal tracking system is being used in the field of 

medicine and rehabilitation. The Microsoft Kinect 

provides opportunities in the form of virtual reality 

exercise game. The system is low-cost can could be used 

at-home treatment. Considering the complexity of the 

process for upper limb function rehabilitation, this paper 

concentrates on development of a computer program 

using virtual reality and natural user interface developed 

with Kinect Software Development Kit 1.8 (SDK). The 

program offers to collect shoulder and elbow angles 

measurement while playing virtual reality based 

rehabilitation exercise game. Exercise game is the blend 

of exercise and video game that gives new rehabilitation 

experience to the patients. The purpose of this study is 

to make the rehabilitation process more accessible and 

enjoyable to the patients and to assess their feasibility, 

usability and effectiveness.  

Keywords 

upper limb rehabilitation, Kinect camera, skeletal 

tracking, virtual reality, natural user interface 

 

 INTRODUCTION 

Physical rehabilitation is becoming increasingly 

important due to the aging of the population and the 

higher-risk lifestyle of people. It is an active research 

field with many approaches. A physically challenged 
person needs rigorous exercise and a lot of training to 

lead a normal life as much as possible on his/her own. 

The fact sheet of disability and health released by WHO 

Media Center states that over a billion people, i.e., about 

15% of the world’s population, have some form of 

disability [1]. In Malaysia, there are less than 900 

registered physiotherapists available in public hospital. 

Limited physiotherapists bring the challenge to 

healthcare system and affect the intensity of therapy [2]. 

At the same time, patients lose interests quickly in 

conventional training and it might delay their recovery 

process. On the other hand, subjective assessment in 

evaluating the motor performance is lack of reliability 

because only depends on the skills of the 

physiotherapists [3]. Last but not least, physiotherapist 

session is expensive and not everyone can afford it.  

    Traditional way of upper limb rehabilitation to use 

upper extremity rehabilitation equipment for training the 

proximal upper extremity movement functions. They 

are essential tools in the occupational therapy (OT) 

practice. Most existing clinical provides no feedback to 

the patients. Patients may find that repeating the same 

activity can be boring and monotonous and thus develop 

a negative attitude toward the therapy process. In order 

to increase the mental satisfaction and physical vitality 

of rehabilitation therapy, some therapists have using off-

the-shelf video game systems in rehabilitation. Digital 

games have been proven effective in upper extremity 

rehabilitation for patients in addition to arousing higher 

motivation and feelings of pleasure.  

     The Kinect operates in real-time, it is different 

from traditional physical-based equipment, there is no 

need to carry any sensor on the body, and the player only 

needs to face Kinect lens, and the chip inside it will then 

calculate the joint information of the skeleton of each 

player. It can realize many approaches such as virtual 

reality (VR) to the rehabilitation program as in [4, 5]. 

Many researchers use the Microsoft’s Kinect device to 

capture the patient’s motion for physical treatment 
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program improvement [6-8]. It is motion sensing input 

device that detects human gestures and voice commands. 

The structure of this device consists of RGB camera, 3D 

depth sensor, and a microphone array. Kinect V1 can 

detect 20 body joints. Initially it is used for gams but 

now it is used in research, education, healthcare etc. For 

example, Stone and Skubic [9] assessed the accuracy of 

Kinect for human gait analysis. Lee et al. [10] developed 

a system that detect human gestures which can 

manipulates the 3D object accordingly and visualized in 

2D monitor.  

    Virtual Rehabilitation aims to provide interactive 

training sessions in a computer generated stimulated 

platform. This technology allows user images to appear 

in the stimulated environment and presents an 

interactive interface [11]. The technology of creating 

real-time computer simulated environment for the user 

is known as Virtual Reality [12]. Conventional methods 

of rehabilitation being monotonous and barely followed 

by patients, so the Virtual Reality based exercise game 

creates new rehabilitation approach. Conventional 

therapy does not provide feedback to the patients and 

hence no motivation. Exercise game delivers feedback 

to patients during gameplay and motivate patient to 

perform exercises in correct manner. Therefore, this 

study proposes Kinect based real time shoulder joint 

angle measurement and healthcare exercise game can be 

used for rehabilitation. The angle measurement 

application can also be used as an alternative method for 

measurement of shoulder flexion and abduction angles. 

 SYSTEM DESIGN 

The system was designed for movement therapy which 

can help upper-limb rehabilitation with intuitive and 

easy-to-use concept in mind. When the user performs an 

action in front of the Microsoft Kinect, all the data 

collect from Kinect camera is sent to the program on the 

PC. The program analyzes the motion captured and 

through in-game processing, enables the user to interact 

with the software and provides instantaneous feedback. 

Data about the performance of the user is generated. The 

other end of the application stores data on the user’s 

system. This data is then made available to the 

physiotherapist to monitor progress of the patient. 

The developed system is composed of four modules: 1) 

body tracking module that recognizes the patient body 

and extracts body data such as patient’s joints; 2) 

Biomechanical analysis module that is responsible for 

the analysis of the patients’ movements from the 

perspective of biomechanical parameters based on 

planes and angles; 3) Game module, which consists of 

an interactive game controlled by an input from the 

biomechanical analysis module; 4) data recording and 

reporting module that provides therapeutic information 

about the patient. 

In general, rehabilitation processes deal with different 

kinds of patient limitations and thereby explore different 

movements. For the proposed system it was specified 

the need to track the patients’ natural movements 

without the use of markers or controllers. Aiming to 

fulfill the requirement of a full body tracking, the 

Microsoft Kinect sensor was used to extract body data. 

The sensor consists of a RGB-D camera, enabling an 

association of two-dimensional color image to its 

respective depth information. Thus achieving a three-

dimensional perception with the Z axis origin centered 

on the device. Its camera gives a 640x480 color image 

at 30 frames per second with depth resolution of a few 

centimeters. The Kinect device along with the Microsoft 

Kinect Software Development Kit (SDK) were used in 

order to gather the information about the patient in the 

form of a virtual skeleton, which is composed by the 

three-dimensional coordinates of each joint. Using the 

SDK the x, y and z coordinates of each joint is extracted 

for each frame. These positions are provided to the 

biomechanical analysis module for movement analysis. 

Each human joint has an associated degrees of freedom 

that indicates, according to its anatomy, the number of 

planes where it is able to move. A single movement of a 

joint at one plane is called a biomechanical movement 

and its associated angle is named Range of Motion 

(ROM). In the rehabilitation process, biomechanical 

movements are commonly executed and used for 

evaluation and treatment. 

2.1  System Configuration 

The system configuration is shown in Figure 1. There 

are two users of the system:  The first user is the patient. 

The patient plays the game in front of the Kinect device. 

The patient’s data are then streamed to the developed 

system for game processing and data recording. The 

patient can see own images in the virtual world from the 

monitor screen during playing game. The game is 

designed to make the patient perform game tasks that 

encourage movement of one arm in prescribed motions 

that help rehabilitation progress. The second user is the 

operator (physiotherapist). The operator will perform 

setting-up task such as input patient’s data into the 

system, review the patient’s previous record of treatment 

and make a judgment for the current treatment though 

game difficulty level. After the rehabilitating session, 

the operator review the outcomes of current treatment 

returned from the program in the form of game score. 

The operator then makes judgement on the pan of next 

rehabilitating session. 

The system is designed according to the following 
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features: 

• Simple user interface: the software should have a 

simple user interface, which is clear, simple to use at 

first sight, and has unambiguous meaning for the user. 

• One patient for one-time period: during the practice 

only one person was standing in front of the Kinect 

sensor, only his/her movement should be processed. 

• Therapist-assisted set-up: the software is set up by the 

therapist adapted to the patients’ needs and the therapist 

controls the whole practice. The control of the program 

is not the patients’ task. 

• Data review and record: after every treatment session 

the opportunity to save the results should be provided. 

The saved quantitative data should include the date, the 

concrete tasks, with how many repetitions and how 

many successful repetitions the patient completed the 

tasks, game score, the range of joint angle movements 

in order to monitor the progress of the system. 

 

Figure 1. System configuration 

 

2.2  System Components 

The first developed application is for shoulder and 

elbow angles measurement. In traditional rehabilitation, 

therapist manually measure joint angles of patients with 

goniometer. This application serves this same purpose. 

It measures user’s real time shoulder and elbow joint 

angles with Kinect sensor. Application program for 

angle measurement is written in C#, the WPF in 

Microsoft Visual Studio and Kinect Software 

Development Kit (SDK). This application measures 

shoulder abduction and flexion shoulder angle as shown 

in Figure 2. Both active and passive range of motion of 

shoulder can be measured with it. 

For the game developed, the objective is to regain 
flexibility in various movements like internal and 

external abduction. The patient has to control the magic 

stick keeping upper limb kinematic dexterity and touch 

the frequently occurring cartoon character “Mario”. 

Every time Mario appears in a different position so path 

of motions changed with his appearance. Visual 

feedback is given to the patient for successful moves. 

Music in the game add interest for patients. 

Achievement in game is displayed by score and wrong 

movements of the player are detected by error sound. 

The system will automatically record the patient's 

movements of this period and generate data analysis. 

This will help therapist to better understand the patient's 

recovery of previous stage, design reasonable regimens 

for treatments in next phase. 

 

a) right upper limb when patient bends the elbow 

 

b) right upper limb when patient straight the elbow 

 
c) patient move both arms 

Figure 2. Shoulder and elbow angle 

The user interface is designed based on the screen 

requirement from the system flow design. Some parts of 

the screens are shown in Figures 4 and Figure 5. Figure 

6 shows some captured frames of the game while a 

person was playing games.  
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 Method of movement analysis 

The human body representation was developed based on 

data extracted from the Kinect device. This data is 

processed in order to facilitate the biomechanical 

analysis. The sensor gives information three x-y-z frame, 

both position and orientation, attached to three joints at 

shoulder, elbow and wrist. An axis in each frame 

represents vector orientation of a part of upper limb. In 

Figure 3 the first vector (white) is the vector along the 

shoulder, the second (red) is the vector along the arm, 

and the third vector (yellow) is along the forearm. The 

shoulder angle can be calculated by taking the arccosine 

of the dot product of the first and second vectors and the 

elbow angle can be calculated by taking the arccosine of 

the dot product of the second and the third angles. 

                

 

Figure 4 The main user interface page 

 

Figure 5 Patient’s information page 

In the game, physiotherapist has opportunity to set the 

difficulty level, treatment period and save the results. 
When the therapist starts the task in the main window of 

the application, the control setting window appears, 

which automatically starts the Kinect sensor. The 

therapist’s task is to choose the options for patients. 

During the treatment, the repetition of a movement is 

viewed as complete when the settling period of the video 

ends. 

This system includes a useful database table which 

physiotherapist can get information to assess the 

progress of rehabilitation. It is possible to adapt the user 

interface so that patients can exercise on his/her at home, 

perhaps with some help from caretaker. The data can be 

sent to physiotherapist by email after the session. For 

patients, a lot of time and money is spent if the clinic is 

not nearby or if therapy is required over an extended 

period of time. For therapists, the system helps to reduce 

their workload and focus on data analysis to find more 

efficient ways to help patients. 

 

 CONCLUSIONS 

In this study, the program for rehabilitation of an upper 

limb based on Microsoft Kinect camera was developed. 

Virtual Reality rehabilitation techniques use Kinect 

technology for creating interactive healthcare exercise 

game thus easing the tiresome rehabilitation process for 

both patients and physiotherapists. The application 

provides opportunity for daily practice.  

 

 

 

 

Figure 3. Vector information obtained from Kinect Sensor 
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Figure 6. Game display process 

The test result has proven the functionality of this 

rehabilitation program useful in many aspects. Through 

the analysis of the historical exercise data and the 

statistical analysis of the task performance of the past 

therapeutic sessions, this system can provide valuable 

information to be used in the future for verifying 

medical care effectiveness and for developing new 

clinical assessment method. At the same time according 

to the measured psychological emotional data of 

subjective perception, it can be seen that this system can 

indeed urge the patient to continue getting involved in 

rehabilitation therapeutic session based on this training 

system and enjoy it. Meanwhile, it makes the patient 

more confident on the rehabilitation effect. 

In the future, the pilot test of this research is going to be 

used as the basis to perform the system improvement, 

and large scale clinical test is going to be conducted 

continuously so as to verify the medical care 

effectiveness of this system, in the mean time, clinical 

assessment method will be developed too. Overall, this 

system is feasibility to use in rehabilitation. The results 

of this study could be used to improve existing upper 

limb rehabilitation to meet the practical needs of 

practitioners providing treatment and quality care.  
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ABSTRACT 

Tremor detection plays a crucial role in precise 

diagnosis and treatment of Parkinson’s disease (PD). 

Currently, the clinical evaluation of parkinsonian tremor 

mainly relies on the Movement Disorder Society-

Sponsored Revision of the Unified Parkinson’s Disease 

Rating Scale (MDS-UPDRS), which is affected by the 

subjective judgment and clinical experience of the 

evaluators. The previous sensor-based quantification 

methods mainly focused on finding optimal features 

highly related to the tremor severity, which cannot 

directly score patients with different grades of UPDRS. 

Based on the evaluation method of MDS-UPDRS, the 

proposed quantification system calculated the tremor 

linear displacements by the double integration of linear 

acceleration signals in the frequency domain, and a peak 

detection method was employed to find the maximal 

amplitudes during the tremor examination tasks. 

Clinical experiments with 15 patients and 7 healthy 

controls demonstrated that the scoring results based on 

the linear displacement are consistent with clinical 

results using the evaluation criteria of MDS-UPDRS, 

which indicates that the tremor amplitude can use as a 

quantitative index to assess the parkinsonian tremor 

objectively. 

Keywords 

Parkinson’s disease, Tremor, Quantification, linear 

displacement 

 

1. INTRODUCTION 

Parkinson’s disease (PD) is an age-related 

neurodegenerative disorder, second in prevalence of 

Alzheimer’s disease [1]. The primary motor symptoms 

include tremor (oscillatory movement), bradykinesia 

(slowness of movement), rigidity (increment of muscle 

tone), and postural instability. Tremor, including rest 

tremor, postural tremor, and kinetic tremor, significantly 

affects the activities of PD patients in daily life and often 

causes social embarrassment [2]. 

In a traditional clinical diagnosis, the severity of 

parkinsonian tremor is scored by well-trained 

neurologists during a standardized clinical neurological 

examination, using the motor examination part of the 

Movement Disorder Society-Sponsored Revision of the 

Unified Parkinson’s Disease Rating Scale (MDS-

UPDRS), which is regarded as a “golden standard” and 

ranges from 0 to 4 (0=normal, 1=slight, 2=mild, 

3=moderate, 4=severe) [3]. However, the rating is a 

subjective assessment in nature, which may often vary 

between different evaluators and depends on the level of 

clinical experience of the evaluators. To adequately 

study the parkinsonian tremor including the fluctuations 

over a period of time, it is worthwhile to find an 

objective and quantified measure of parkinsonian tremor. 

Currently, objective quantification of parkinsonian 

tremor has been the subject of several studies. The 

objective measurement and analysis of tremor-related 

characteristics have been the goal of previous studies [4-

10]. There has recently been growing interest in the 

application of MEMS (Micro-Electro-Mechanical 

Systems) inertial sensors for continuous monitoring of 

PD symptoms. KinesiaTM system (Great Lakes 

NeuroTechnologies Inc., Cleveland, OH, USA) was the 

representative product, which embeds a three-axis 

gyroscope and a three-axis accelerometer in a single 

chip. In [7], Giuffrida et al. used the KinesiaTM system 

to capture the hand motion information and found that 

the logarithms of power spectrums of both 

accelerometer and gyroscope signals correlated well 

with the UPDRS tremor scores (determinant coefficient 

r2=0.89 and 0.90 for rest and postural tremor, 
respectively). In assessing the kinetic tremor by using 

KinesiaTM system, the summation of root-mean-square 
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(RMS) of gyroscope and accelerometer signals had a 

high correlation with the UPDRS scores (r2=0.69) [8]. 

In addition, the Parkinson’s Kineti Graph (PKG, Global 

Kinetics Australia) based on a triaxial accelerometer 

was worn on the wrist of patients to identify the presence 

of tremor [9]. Noort et al. [10] used a sensor-based 

system, called the Power Glove system, which is a 

combination of miniature inertial and magnetic sensors 

on each finger segment and the back of the hand, to 

obtain accurate finger kinematics in PD patients. The 

total power of the tremor band and RMS values of 

acceleration and angular velocity were calculated to 

assess tremor in off- and on- dopaminergic medication 

condition. Despite satisfactory quantitative results, most 

of the previous methods focused on finding optimal 

quantitative features highly related to the tremor 

severity, which are the indirect analysis based on the 

time domain and frequency domain of accelerometer 

and gyroscope signals. However, the MDS-UPDRS 

directly score the maximal linear amplitude that is seen 

at any time as the final score, in which the tremor scores 

also range from 0 to 4, corresponding to the maximal 

amplitude at the interval during 0, 1, 3, and 10 cm, 

respectively [3]. Therefore, tracking linear displacement 

of tremor is of significant concern for the tremor 

quantification. 

Motivated by the maximal amplitude evaluation method 

in MDS-UPDRS, the tremor linear amplitude 

calculation method based on a custom wearable device 

was proposed to quantify the severity of parkinsonian 

tremor. The Kalman-based sensor fusion algorithm was 

used to obtain the linear acceleration of hand tremor 

movement. Thus, the tremor linear displacement was 

obtained by the double integration of linear acceleration 

signals in frequency domain. The maximal amplitude, 

also defined as the tremor amplitude in this study, was 

calculated by the peak detection method. Therefore, the 

proposed quantification system can directly score the 

severity of parkinsonian tremor based on the calculated 

maximal amplitude values, corresponding to the 

evaluation criteria in MDS-UPDRS, which has the 

advantages of low-cost, portable, and scoring directly 

for PD patients. 

 

2. MATERIALS AND METHODS 

2.1 Participants and clinical tasks 

Fifteen PD patients with slight to severe PD (UPDRS 

tremor score: 1-4) and seven age-matched healthy 

controls participated in this study. Their demographics 

are listed in Table 1. The inclusion criteria for PD 

patients were: (1) idiopathic Parkinson’s disease with 

tremor; (2) from 45 to 80 years old; (3) reception of 

stable dose of anti-Parkinson medication; (4) ability to 

walk without any ambulatory assistance; (5) no 

dementia or psychiatric abnormalities. These enrolled as 

controls were healthy and age-matched participants who 

reported no movement disorder or any other 

neurological diseases. Patients were told to stop 

medication at least 12 hours before the experiments to 

make sure they were assessed in OFF-levodopa state. 

All clinical experiments were completed at the 

Affiliated Union Hospital of Fujian Medical University 

(Fuzhou, China). This study was approved by the Ethics 

Committee of Affiliated Union Hospital of Fujian 

Medical University. 

Table 1 Participants’ Demographics 

Statistics PD (n=15) Controls(n=7)  

Age (years) 65.2 ±10.1 63.4 ±12.3 

Males 

(Proportion) 

10 (66.7%) 5 (71.4%) 

PD duration (yrs) 4.5±2.1 - 

On the basis of the MDS-UPDRS [3], this study adopted 

two standard clinical examination tasks to assess the 

parkinsonian tremor. As shown in Figure 1, the tremor 

was assessed while the participants sat at rest (referred 

to as rest tremor) or performed a posture (referred to as 

postural tremor) for at least 10 seconds. It should be 

noted that the kinetic tremor assessment was not 

included in present results due to a small number of 

samples in the clinical experiment. 

For each assessment task, the wearable device recorded 

10-second motion data from the side with a severer 

tremor. To obtain a more stable assessment, the 

measurement of each task was repeated twice. After 

each experiment, the clinical tremor score was judged 

by an experienced neurologist according to the MDS-

UPDRS. The clinical assessment was blinded for the 

measurement by the proposed quantification system. 

The controls group had the same experimental process 

with the patients. 

   

           (a)                   (b) 
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Figure 1. Clinical assessment tasks. (a) rest tremor; (b) 

postural tremor. 

2.2 System for signal acquisition 

As Figure 2 shows, the custom wearable device was 

developed for tremor displacement signal acquisition. 

The wearable device involves a fingertip unit, which 

consists of a 9DoF orientation sensor (BNO055, Bosch 

Sensortec GmbH, Germany), a wrist-worn 

microcontroller unit board (MCU; ATmega1284P, 

Atmel Inc., USA) and a Wireless Fidelity (WiFi) 

module (ESP-8266, Espressif Systems Pte., Ltd., China). 

The 9DoF orientation sensor was worn on the fingertip 

of forefinger to capture the finger’s activity. Before each 

measurement, the 9DoF orientation sensor was 

calibrated by using the calibration algorithm (provided 

by the Bosch Sensortec GmbH) of all the three 

individual sensors (accelerometer, gyroscope, and 

magnetometer) in the background to remove the offsets. 

After fusing data from the three individual sensors, the 

9DoF orientation sensor can output fused sensor data, 

involving quaternion, Euler angles, rotation Vector, 

linear acceleration, gravity and Heading, and the fusion 

output data rate can reach 100Hz.  

 

(a)                   (b)            

Figure 2. The proposed tremor quantification system. (a) 

system diagram; (b) prototype implementation. 

All sensor signals were sampled at 100Hz and 

transmitted from the wearable device to the computer 

via WiFi in real-time. The sensor data were saved for 

offline analysis. The data transmission and storage were 

achieved with LabVIEW 2014 (National Instruments 

Inc., USA). After sensor data recording, the signal 

processing and analysis were completed by using 

MATLAB R2014a (Mathworks Inc., USA). 

 

2.3 Tremor amplitude calculation 

To acquire a more accurate estimation of tremor 

displacement, signals from the 9DoF orientation sensor 

were fused with the Kalman filter theory, which is 

regarded as the most popular probabilistic fusion 

algorithm applied in high-precision motion tracking 

[11].  

Figure 3 illustrates the diagram of the Kalman filter-

based sensor fusion, which is an iterative process. The 

Kalman gain, which depends on the covariance terms 

and varied in real-time, represents the weight factors of 

the K and K-1 parameters. The covariance values are 

determined by the models of each sensor’s total noise. 

In addition, other impact factors for long-term drift, such 

as temperature drift and vibration are used to optimize 

the covariance values. To calculate the tremor 

displacement, the linear acceleration was obtained by 

the kalman fusion algorithm, which fused data from the 

accelerometer, gyroscope, and magnetometer. 

 

Figure 3. Block diagram of the Kalman filter. a represents 

the raw acceleration vector, v represents the angular velocity 

vector. K-1 and K are the time series. 

Assuming the discrete data of the triaxial linear 

acceleration signals is ax(k), ay(k), and az(k), where k=0, 

1, 2, …, N and N represents the length of data. 

According to the frequency domain integration method 

[12], the triaxial tremor displacement signal sx(r), sy(r), 

and sz(r) are obtained by the double integration of linear 

acceleration signals in the frequency domain, which can 

be formulated as follows: 
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where fd and fu are the lower and upper cut-frequency 

respectively. Ax(k), Ay(k) and Az(k) are the Fourier 

transform of the triaxial linear acceleration respectively. 

∆f is the frequency resolution. To reduce the dimension 

of displacement signal for the better statistical analysis, 

the method of calculating the norm of vector was 

applied to obtain the combined tremor displacement 

signal s(r), which can be formulated as follows: 

 2 2 2( ) ( ) ( ) ( )x y zs r s r s r s r   .  (17) 

In MDS-UPDRS, the tremor score was determined 

based on the maximal amplitude during the tremor 

assessment task. Thus, a peak detection method was 

used to calculate the maximal amplitude of tremor 

displacement signal, and the maximal amplitude was 
defined as the tremor amplitude in this study. By 

proceeding through the tremor displacement signal 

Controller unit

Fingertip unit

Gyroscope

Magnetometer

Accelerometer

. td

Geometric combiner

Kalman gainCovariances

Geomagnetic

K-1
K

Linear 
acceleration

a

v



 

 133 

starting at zero, the peak detection algorithm tracks the 

minima and the maxima of the tremor cycles, and the 

tremor amplitude T was calculated as follows: 

 
max minmax

ii
T s s  ,  (18) 

where smax and smin represent the peak and valley values 

of the combined tremor displacement signal in the i-th 

cycle. 

3. RESULTS  

The proposed tremor quantification system successfully 

captured the hand displacement signals from all 

participants as they completed the standard clinical tasks 

to evaluate the rest and postural tremors. Figure 4 shows 

the tremor displacement signals from two representative 

PD patients. It is evident that the amplitudes of hand 

displacement signal increase as the severity of tremor is 

aggravated. Moreover, the maximal amplitude (tremor 

amplitude) values of the hand displacement signal are 

consistent with the evaluation criteria of MDS-UPDRS. 

This indicates that the tremor amplitude can use as a 

quantitative index to assess the parkinsonian tremor 

objectively. 

 

(a) 

 

(b) 

Figure 4. The 10s’ rest tremor displacement signals. (a) 68-

years-old patient with UPDRS tremor score is 3, the 

maximal amplitude is 6.341 cm; (b) 66-years-old patient with 

UPDRS tremor score is 1, the maximal amplitude is 0.984 

cm. The red and green asterisks represent the peak and 

valley values of the displacement signals. 

Figure 5 shows the average statistics for the tremor 

amplitudes and clinical UPDRS scores for rest and 

postural tremor respectively. As can be seen from Figure 

5, the tremor amplitudes obtained from the proposed 

quantification system are close to 0 cm, less than 

1cm, >1 cm but < 3 cm, 3-10 cm, and greater than 10 cm 

for all participants, which correspond to the MDS-

UPDRS tremor scores are 0, 1, 2, 3, and 4 respectively. 

For example, the tremor amplitude for a participant 

(clinical tremor score is 3) is 6.341cm, which is located 

between 3 cm and 10 cm, thus, scoring 3 according to 

the MDS-UPDRS evaluation criteria. This demonstrates 

that the tremor amplitude is effective in describing the 

severity of parkinsonian tremor, which provides an 

objective and accurate way in assist to assist with the 

quantitative assessment of parkinsonian tremor. 

 

(a) 

 

(b) 

Figure 5. Box plots summarizing the average statistics for 

the tremor amplitudes and clinical UPDRS scores. (a) rest 

tremor; (b) postural tremor. 
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4. CONCLUSIONS 

Motivated by the evaluation method in the MDS-

UPDRS, this study proposed a wearable tremor 

quantification system based on the linear amplitude 

calculation. The double integration of linear 

acceleration signals in frequency domain was used to 

obtain the tremor linear displacement, and a peak 

detection method was employed to find the maximal 

amplitudes during the tremor examination tasks. 

Experiment results demonstrated that the proposed 

quantification method can directly score the severity of 

parkinsonian tremor according to the maximal tremor 

amplitude, which is consistent with the evaluation 

criteria of MDS-UPDRS. Therefore, the proposed 

quantification system can not only offer physicians 

effective help in an accurate assessment of PD, but also 

serves as a self-monitor setting at home for the patients 

themselves. 

In the future research, the other motion tracking system, 

such as the electromagnetic (EM) motion tracking 

system, will be applied to verify and compare the 

accuracy of the proposed quantification system for 

calculating the tremor linear amplitude. 
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ABSTRACT 

The actual rehabilitation training is relatively boring, and the 
application of virtual reality is clinically used to improve the 
training interest. The rehabilitation engineering center of our 
hospital has been working on the research and invention of XY-
upper limb rehabilitation robots and other intelligent 

rehabilitation training equipment since 2012. This paper analyzes 
the advantages and disadvantages of the 1-4th generation YX-
upper limb rehabilitation robot researched and invented in our 
hospital.  summarizing the experiences and lessons of the 

research and invention process。   

Key word 

Upper limb rehabilitation robots ； Intelligent 

rehabilitation. 

 

1. BACKGROUND 

In most cases, the recovery of upper extremity function in stroke 
patients is difficult, and the improvement of upper extremity 
function, The improvement of upper limb function, especially 
hand function, is of decisive significance to the improvement of 
the independent living ability of patients[1]. For stroke patients 

whose upper limbs are not actively activities, they are currently 
dependent on therapists for passive activities. It is difficult to 
achieve continuous and stable coordinated sports training and 
systemic cognitive training. The patients are boring because of 
the single boring training method and have poor active 
participation, affecting the overall functional recovery process. 
Clinical medicine shows that because the brain has malleable, 
accurate and timely repeated rehabilitation training can promote 

the compensation or reorganization of nervous tissue function, 
make up for the missing function of damaged nerve cells, and 
enable patients to improve their ability to control movement and 
promote individual. The coordinated movement of the joint 
muscles eventually restores motor function[2,3]. In China, there are 
tens of millions of patients suffering from upper limb dysfunction. 
Their annual medical treatment and care costs have not only 
increased the burden on the family economy and care, but also 

caused huge economic burden and pressure on the state and 
society, especially the medical insurance management 
department. In order to solve this problem, this subject overcomes 
the key implementation technologies of medical upper limb 
rehabilitation robot system equipment, and develops medical 
upper limb rehabilitation robots with advanced intelligent 
decision-making, intelligent treatment, and highly efficient 

rehabilitation characteristics to solve the upper limbs motor 
dysfunction of the elderly and patients and help It resumes and 
enhances upper body movement capabilities, possesses relevant 
intellectual property rights, realizes the technological self-
sufficiency of domestic intelligent rehabilitation equipment, and 
establishes a new pattern of intelligent rehabilitation. The 

completion of this topic has a very important scientific 
significance and significant social and economic benefits for the 
new development of the rehabilitation robot industry in China. 

 

2. THE OVERVIEW  OF XY- UPPER 

LIMB REHABILITATION ROBOTS  

2.1 The contents of  XY- Upper Limb 

Rehabilitation Robots  

2.1.1  Structural design based on the bionic  

Establishment of human upper limb biomechanics 

model; Lightweight, integrated miniaturization, and 

energy optimization of the exoskeleton overall 

mechanism design; Flexible variable stiffness 

mechanism design.  

2.1.2  Database decision-making methods based on 
rehabilitation pathology and diagnostic expert 

knowledge base 

Clinical rehabilitation theoretical basic research of 

patient rehabilitation training and establishment of 

clinical case database; Upper extremity pathology 

assessment and rehabilitation control strategy; 

Ambiguity of rehabilitation robot system Decision-

making technology and intelligent rehabilitation process 

control methods. 

2.1.3  System security and reliability design 

Human-computer interaction security design; Strength 

and fatigue analysis, performance degradation modeling 

and life prediction of key components and components 

of the system; Optimization for system reliability 

Design method. 
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2.1.4  System performance evaluation theory and 

clinical application 

 Theoretical evaluation method of medical upper limb 

rehabilitation robot system performance; Clinical 

laboratory verification and application. 

 

2.2 The features of  XY- Upper Limb 

Rehabilitation Robots  

2.2.1  Arm weight 

or weight loss training. Provides gravity compensation for the 
injured upper limb, allowing the patient to move more easily and 
improve their residual neuromuscular dominance.  

2.2.2  Single or multiple joints 

can be targeted for training. Train specific joints or multiple joint 
trainings individually.  

2.2.3  Real-time feedback 

of visual and speech. The functional and interesting video game 
training generates real-time and targeted motion information 
feedback for the patient, so that the patient feels the joy of training 
during the upper limb training process, and encourages the patient 
to do more hard training according to the doctor's instructions. 

2.2.4  Information storage and inquiry  

Information storage and inquiry. The patient's treatment 

information is automatically stored to provide clinical 

data for the patient's personalized treatment plan and 

treatment progress. 

2.2.5  Multi-functional training 

Multi-functional training. During the training process, 

the patient can select suitable single or multiple game 

items for training. 

2.2.6 Subsubsections 

Evaluation function. In the evaluation mode, the system collects 
the training information generated during the training of the 
patient and compares it with the rehabilitation index that has been 
set in advance for rehabilitation. It is visually displayed and the 
patient's rehabilitation status is tracked in real time.  

2.2.7  system 

 The system is divided into shoulder, elbow and wrist for virtual 
interactive training. The training mode and difficulty can be set. 

 

3. The analysis of development process 

and advantages and disadvantages in 

YX-upper limb rehabilitation robot 

From 2012 to 2013, the research and invention of the first-
generation YX-upper limb rehabilitation robot and the second-
generation YX-upper limb rehabilitation robot were completed 
( Figures 1 and 2). The advantages of the 1st and 2nd generation 

upper limb rehabilitation robots are summarized as follows: The 
sensitivity and stability of the sensors are improved, and the 
interactive treatment projects are enriched and beautified, 
simplifying the form of data acquisition; the disadvantages are 

summarized as follows: the safety of the treatment cannot be 
guaranteed, and the interactive projects are also There are 
problems. The appearance of the machine is relatively large. The 
weight-reducing device is not considered. The arm affects the 
movement of the shoulder joint. The weight-reducing spring also 
has some problems. In 2014, the third-generation YX-upper limb 
rehabilitation robot was completed and clinical trials (Figure 3). 
The third-generation upper limb rehabilitation robot is an upper 

limb active rehabilitation training robot. The weight reduction 
device adopts air compression design, and the patient's shoulder 
joint can be Weight loss can also be passive forward flexion, and 
the left and right arms are designed separately, which reduces the 
loss caused by the frequent conversion of components. The 
preliminary analysis is cost-effective. The clinical use feedback 
is as follows: poor ergonomics design, delayed interaction 
between software and hardware, error in main engine startup, and 

unreasonable design of weight reduction device (outside of the 
airframe). At the end of 2016, the fourth-generation upper limb 
rehabilitation robot was completed. The fourth-generation upper 
limb rehabilitation robot was an active and passive rehabilitation 
robot for the upper limb (Figure 4). The advantages are as follows: 
1) The structure is simpler and the cost is lower. 2) This design 
switches the use of left and right arms without replacement of 
accessories. 3) Spring assist is used for similar products, and this 

design uses torque sensor feedback to achieve servo motor assist 
and achieve true and positive active and passive training. 4) Each 
joint can be automatically locked, and each joint can adjust the 
movement resistance. 5) Overall metal structure, short cycle time. 
The problems existing in the 4th generation upper limb 
rehabilitation robots are as follows: There are some obstacles in 
the interaction between hardware and software, the software 
interface design needs to be improved, and the software function 
design needs further optimization. 

 

Figure1   the first-generation YX-upper limb rehabilitation 
robot 
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Figure2   the first-generation YX-upper limb rehabilitation 
robot 

 

Figure3  the first-generation YX-upper limb rehabilitation 
robot 

 

Figure4  the first-generation YX-upper limb rehabilitation 
robot 

4. Discussion 

From The upper limb rehabilitation robot has become a new type 
of motor nerve rehabilitation method through the development of 
recent decades[4] The upper limb rehabilitation system needs to 
face different patients, especially the rehabilitation bench 
equipment and upper extremity exoskeleton robots, which need 
to face up to a dozen adjustments per day (using wear + training 
0.5 hours/patient/times calculation) Therefore, institutions on 
these devices must be able to quickly and easily adapt to different 

mechanical control characteristics for different ages, heights, and 
genders. Based on the bionic mechanism, the structural 
optimization design of the upper extremity exoskeleton robot 
capable of quickly adapting to different patient's different stature 
states will greatly improve the human adaptability of the wearable 
upper extremity exoskeleton intelligent rehabilitation assistive 
system, and thus can be used in various control strategies. With 
the help of the cooperation, it is possible to achieve good training 

for various patient physical conditions. Therefore, the structural 
design based on the bionic mechanism becomes an important 
foundation for the successful realization and application of the 
upper limb intelligent rehabilitation robot. 

5. Conclusion 

From the first generation of robots of the first generation to the 
original invention of the fourth generation of robots, we have 
continuously accumulated experience and lessons learned, 
constantly optimizing technologies, adding functions, 
transforming the appearance and optimizing software. Taking a 
weight reduction device as an example, a weight reduction device 
was added from the first generation to the second generation, and 
the second generation to third generation weight reduction 

devices changed from spring-type weight reduction to barometric 
weight loss, and from the third generation to the fourth generation. 
The unreasonable design of the weight reduction device becomes 
a reasonable integration of the fuselage ( Figures 3 and 4). 
Currently, the 4th-generation robots have active and passive 
training functions. The design of the whole machine is ergonomic. 
It can be used for active and passive training, and its appearance 
design meets the market demand. Its design does not use imitation 
thinking, and adopts innovative design and full autonomy. It has 

Intellectual property rights, and clinical trials and domestic and 
foreign comparisons are consistent. However, because software 
still has some problems, we need to continue to improve. 
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Figure5   YX-upper limb rehabilitation robot in show 
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ABSTRACT 

Stroke survivors often suffer disabilities of motor skills. 

Rehabilitation helps them relearn skills that were lost after parts of 
the brain were damaged, which can improve the quality of life. The 
interactive mode of traditional rehabilitation treatment is simple. 
Virtual reality (VR) used in rehabilitation can provide a unique 
platform to implement the complex interactions between patients’ 
movement and the environment. VR for rehabilitation is usually in 
the form of a game. Game training motivates patients to actively 
participate in rehabilitation training. In this paper, a VR training 
system based on exoskeleton rehabilitation robot was designed for 

patients with upper extremity motor dysfunction. Moreover, VR 
rehabilitation technology and principles of designing rehabilitation 
training game were briefly introduced.  

  

Categories and Subject Descriptors 

I.2.1 [Application and Expert Systems]: Games and 

Medicine and science – Rehabilitation, System structure, 

Application, Games. 

General Terms 

Measurement, Performance, Design 

Keywords 

Rehabilitation, Virtual Reality, Training Game, 

Interaction  

 

1. INTRODUCTION 

According to the World Health Organization, stroke is the 

second leading cause of death and the third leading cause 

of disability [1]. Stroke results from an interruption of the 

blood supply to the brain and causes permanent damage 

to the brain. Most stroke survivors have impairments in 

varying degrees of their motor and cognitive 

capabilities[2]. In 2013, 6.5 million people dead from 

stroke and 113 million people became disabled due to 

stroke globally[3]. Rehabilitation therapy can fully or 
partially recover their mobility and psycho-social health. 

Interventions incorporating multiple components are 

becoming increasingly prevalent for rehabilitation[4], 

which include biofeedback, repetitive task training and 

virtual reality (VR)[5] technology. Among these training 

methods, VR as a new treatment method has recently 

gained medical attention. 

Society participation and professional activities of stroke 

survivors are very important[6]. The human upper limbs 

are the important part to accomplish complex movement 

through the nervous system, such as various activities of 

daily living (ADLs). Upper limb dysfunctions such as 

muscle weakness, spasm and changes of muscular tension 

are the most frequent problems after stroke[7,8]. 

Therefore, regaining upper extremity functions are the 

major goal for stroke survivors. 

Traditionally, stroke patients are usually provided with 

therapies by therapists in the hospital. In clinical practice, 

the necessary resources are limited for implementing high 

intensity repetitive training. Moreover, patients often feel 

boring during traditional rehabilitation training and their 

attention is usually dispersed. The training often fails to 

achieve the desired effect. Integrating VR technology into 

rehabilitation training can solve the problems above.  

VR technology provides different tasks for patients in a 

safe and reliable treatment environment. The complex 

interactions between patients’ movement and the 

environment can attract patients. Beautiful pictures and 

positive feedback divert the patient's attention from the 

pain. In the process of completing the task, the patient can 

receive constant feedback, which leads to the continual 

adjustment of the movement mode. Studies have shown that 

using VR for rehabilitation can improve rehabilitation efficacy. 
Joon-Ho Shin and others studied the clinical effects of VR system. 
The results show that VR-based rehabilitation combined with 

standard occupational therapy might be more effective than 
amount-matched conventional rehabilitation for improving distal 
upper extremity function[9]. 
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2. VR REHABNILITATION 

TECHNOLUGY 

The two necessary components in a VR system are input 

device and output device. Angle sensors, acceleration 

transducer and force sensors are often used as input 

devices in rehabilitation, which usually installed on the 

rehabilitation robot's arm or directly worn on the patient's 

limb. The rehabilitation training system using VR 

technology give a variety of output feedback to 

continuously stimulate motor nerves in stroke patients. 

Patients constantly feel the correct motor pattern in 

training and feedback, and form the correct motor neural 

network, which promotes the recovery of motor function. 

VR technology is usually used in rehabilitation training 

systems in the form of game. VR rehabilitation training 

game is mainly divided into two categories depending on 

the source of the game, commercial game and custom-

designed game. Commercial game usually comes from 

commercial gaming devices such as Wii and Kinect. 

Commercial game has some limitations when used in a 

rehabilitation system. The difficulty level of the game is 

challenging for the patient. In contrast, custom-designed 

game can provide suitable difficulty levels and content 

according to the characteristics of the patients. 

The content of VR training game involves simulations of 

human activities, simulations of the natural environment, 

and improvements to the popular game. Imitating human 

skiing actions[10] is a good example of simulating human 

activities. In this way, the patient can perform 

rehabilitation training in familiar virtual daily activities. 

The dolphin game of Hocoma Company's Armeo power 

is a simulation of the natural environment[11]. Patients 

can control dolphin fishing, swimming by swinging their 

upper limbs. The improvement of popular game is to 

integrate rehabilitation elements such as rehabilitation 

technology and suitable training difficulty level. The 

purpose is to use familiar game rules to make it easier for 

patients to engage in training. 

 

3. SYSTEM DESIGN 

The VR training system is designed based on an upper 

limb exoskeleton rehabilitation robot(Figure 1). 

Rehabilitation robot is equipped with angle sensors to 

collect the patient's motion information. Training games 

are embedded in the desktop application. Motion 

information is processed in the desktop application and 

displayed on the output devices to provide visual 

feedback to patient. 

User
（Patient）

Rehabilitation 
Robot

Display DeviceVR training 
games

Database

 

Figure 1. Overall architecture of the system 

 

The main functions of the system conclude (1) 

rehabilitation assessment; (2) making rehabilitation 

training plan; (3) rehabilitation training for single-joint or 

multi-joint of upper limbs,  in playing VR training game 

and (4) data management and query. This system is a 

comprehensive information processing platform. The 

rehabilitation game can be carried out on the shoulder, 

elbow and other targeted training. Training process would 

be more motivating and interesting by adding VR gaming 

elements into rehabilitation. 

 

3.1 Desktop Application Design 

The desktop application is designed on the Visual Studio 

platform for upper limb rehabilitation training. The 

system includes the rehabilitation assessment module, the 

rehabilitation planning module, the rehabilitation training 

module and the data query module (Figure 2). 
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F u g l-M e y e r  
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C h a n g i n g  p l a n s

T r a i n i n g  p l a n

T r a i n i n g  R e s u l t

A c t i v e  A s s i s t a n t  
M o d e

R e s i s t i v e  M o d e

 

Figure 2.  Desktop application architecture 

In detail, assessment module includes joint motion 

assessment and Fugl-Mayer upper limb function. These 

assessment methods provide doctors with more visual and 

diverse assessment data. The patient is asked to imitate 

different motions performed by an avatar. The 

rehabilitation progress of patients can be tracked in this 

module.    

The rehabilitation plan module is to list the schedule of 

training tasks. The doctor needs to formulate an 

appropriate rehabilitation plan based on the assessment 

result. Rehabilitation plans should adjust the needs of 
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every rehabilitation process. 

Rehabilitation training module includes passive training 

mode, active training assistant mode, active training mode 

and resistive training mode. The joint motion training, 

muscle strength training, and ADLs training can be 

selected in every training mode. VR rehabilitation games 

are included in the application for training.  

The data query module is convenient for doctors to query 

information about each patient. Database technology is 

applied in this module. Data storage require the 

establishment of a list of doctors, a list of patients, an 

assessment result table, a training score table. The 

application should deal with the correlation between the 

tables  for data interaction. 

 

3.2  VR Rehabilitation Training Game Design 

VR rehabilitation training game is designed based on 

Unity3D engine. Integrating VR technology into 

rehabilitation treatment involving three key aspects of 

repetition, feedback and motivation[12]. VR training 

game can provide repeated stimulation to promote motor 

learning and maintain the skills learned. Real interactive 

experience makes patients unknowingly immerse in 

training and got positive feedback. 

   Principles of designing rehabilitation training games 

include  (1) task-oriented games can motivate patients; 

(2) positive feedback should be given so as to 

continuously encourage patients; (3) rehabilitation 

techniques should be integrated in training games to make 

the training process more scientific; (4) optional levels of 

difficulties should be designed to apply to different 

patients and different stages of rehabilitation. 

The rehabilitation of stroke patients mainly includes joint 

motion training, muscle strength training, stretching 

training, etc. Upper limb joint motion training game 

involves single joint training and multi-joint training. 

Two rehabilitation training  games are designed in this 

system mainly pay attention to the upper limb joint 

motion training. 

 Flying balloons game is designed for adduction and 

abduction of the shoulder(Figure 3). This game uses the 

walking animation and trigger condition of the animation 

system in Unity3D. The patient controls the direction of 

the avatar's movement by controlling the horizontal 

adduction of the shoulder joint. When the avatar arrive at 

the balloon, the balloon fly, and the score increases. The 

distribution range of the balloons decides the difficulty 

level of the game.  

 

 

Figure 3.  Flying balloons game 

 

Magic ball game is mainly designed for the training of 

multi-joint movement of the upper limb (Figure 4). The 

real physical properties such as ball inertia are simulated 

in the physical system of Uinty3D engine. The patient 

should control the movement of the upper limb indirectly 

to control the movement of the rolling ball. The square 

will disappear when the ball touches the rotating square. 

The game win until the square disappears completely. 

 

Figure 4.  Magic ball game 

 

In order to verify the feasibility of the system in the upper 

limb rehabilitation training equipment, an experimental 

test was carried out. The tests show that the system runs 

smoothly and the game content is designed reasonably 

(Figure 5). 

 

 

Figure 5. VR game training 

 

3.3 Data communication 

In this system, data communication mainly includes (1) 

communication between the desktop application program 

and the upper limb rehabilitation robot. The data is 
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collected by sensors mounted on the robot is transmitted 

to the desktop application in real time. The serial 

communication and the Modbus protocol are used in this 

system. The Modbus protocol adopts Master/Slave mode, 

which can achieve bi-directional reading and writing; (2) 

communication between the desktop application program 

and the training game. Games are published in Unity3D 

as executable programs and embedded in the desktop 

application. The Socket programming interface are used 

to interact the data between the game and the desktop 

application. In detail, the game acts as a Socket client and 

the desktop application acts as a Socket server, so that the 

system can load multiple game programs. The basic 

operations of the socket are encapsulated in the custom 

classes of Unity3D and the desktop application. 

 

4. CONCLUSION 

In this paper, a VR training system based on upper limb 

exoskeleton rehabilitation robot is designed for stroke 

patients. The system has the functions of rehabilitation 

assessment, rehabilitation training and data management. 

VR technology is integrated into rehabilitation training in 

the form of game, which provides real-time visual and 

auditory feedback information to improve the motivation 

and confidence of patients in recovery.  

In subsequent research, some improvements should be 

made. In terms of game content, more rehabilitation 

techniques should be integrated in the training game to 

make the training more scientific and more daily activity 

elements should be added to make the game content richer. 

Moreover, force feedback can be introduced in to enhance 

the interactive exchange of information.  
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ABSTRACT 

Objective: This paper describes a wearable elbow exoskeleton 
research on the control system, aimed at providing elbow joints of 
the active, passive rehabilitation training and assisting daily life 
activities for patients with varying degrees of upper limb 
hemiplegia in stroke patients with hemiplegia. Method: In this 
paper, the elbow joint exoskeleton control system integrates two 
triggering methods, one is by the patient muscle contraction and 

produce surface EMG signal as a signal source, and then by pattern 
recognition, trigger control instructions, and then drive the motor 
to drive elbow external bone Exercise, to achieve the patient's 
elbow joint active rehabilitation training and daily life activities to 
help; the other is through the mobile phone of the application 
program issued a control command to drive the motor control to 
achieve elbow joint passive training. Among them, in the active 
rehabilitation training, according to the collection of patients with 

different surface electromyography arm can be divided into 
ipsilateral active training (collecting ipsilateral surface EMG) and 
contralateral active training (collecting contralateral surface EMG), 
and finally, preliminary test validation. Results: The experimental 
results show that there is a significant decrease in the false 
triggering rate after the analysis of the EMG signal, and the 
accuracy of the identification of the action is improved. The 
exoskeleton has a training effect on the elbow joint. Conclusions: 

In this paper, the multi-control method of the mixed elbow external 
skeletal control system is feasible, not only can help patients to 
rehabilitation training but also to assist in daily activities.   

Keywords 

elbow exoskeleton, wearable, surface 

electromyography(sEMG) 

 

1. INTRODUCTION 

Stroke, commonly known as "stroke", is the leading cause of 
disability in clinical patients. Only 10% of patients recover 
completely after a stroke, and the remaining survivors often suffer 

physical motor impairment[1]. Current studies at home and abroad 
show that the nervous system of the brain is malleable and that the 
atrophy of the motor nerve function of the brain is due to long 

periods of inactivity[2]. However, it can restore the function of 
damaged motor nerves after treatment, and 90% of stroke patients 
can resume their walking ability and self-care ability in life, and 
some can restore the ability to work[3]. Arms are the most used and 
most easily injured limbs in daily life[4]. Usually, physical therapy 
is used to assist drug therapy. In traditional artificial physical 
therapy, therapists are hugely labor-intensive and highly skilled. 
Rehabilitation training and functional recovery of upper extremity 

function are the most difficult ones in the rehabilitation of stroke 
patients with hemiplegia[5]. In daily life, the elbow joints are the 
most frequent and are the "links" between the upper and lower arms. 
Rehabilitation exercises on the elbow joint can restore the biceps 
and triceps muscles of the patient and help improve the quality of 
life and self-care ability in patients with hemiplegia and 
incompetence caused by stroke. However, due to the high human 
cost of medical personnel and the lack of objective data on the 

evaluation of rehabilitation efficacy, it is difficult to continuously 
and effectively improve patient rehabilitation training. The 
wearable exoskeleton[6] is a kind of rehabilitation aid that can be 
worn on the patient's limbs and assist the patient to complete 
rehabilitation training by simulating the motion function of the 
patient's limb, thereby realizing the autonomy and intelligence of 
the rehabilitation treatment. The assistance of wearable exoskeleton 
for rehabilitation training can solve the problems of traditional 
rehabilitation training methods such as the high labor intensity of 

doctors, low awareness of patient participation, and poor training 
effect[7]. Therefore, the study of the elbow exoskeleton 
rehabilitation robot[8], [9] has very important significance for the 
rehabilitation of stroke patients and the assistance of daily life. 

Based on these premises, a brief overview of the proposed elbow 
exoskeleton is presented in Section 2. Section 3 describes the 
control system. Section 3 discusses the research work and direction. 
Finally, the paper ends with the conclusion and future works in 

Section 4. 
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2. MECHANICAL STRUCTURE 

The wearable elbow exoskeleton robot designed in this paper is 
mainly used to help the patients with hemiplegic and muscular 
dysfunction to carry out the rehabilitation training of the elbow 
joint. The exoskeleton is designed in 99% of the length of the 
Chinese human body arm. Through the analysis of the single degree 
of freedom of the elbow joint of the upper limb, the kinematics 
model of the elbow joint is established under the Solidworks2010 
software environment. The whole design is driven by a motor, and 

the whole structure was shown in Figure 1. Because the arm in the 
flexion and extension movement will have a phenomenon, that is, 
the rotation center will change in real time, if not solve this problem 
will lead to the movement of the elbow joint device stuck, causing 
a certain safety hidden danger. Therefore, the 5cm space is reserved 
between the two arms of the exoskeleton, which is used to 
compensate the moving distance caused by the rotation center 
offset and has a good bionic effect. On the basis of this design, the 

control method of the elbow joint robot is also discussed, and the 
control system integrating the main and passive training is 
established. 

 

Figure.1 The wearable elbow exoskeleton robot 

3. CONTROL SYSTEM 

 

3.1 Control Strategy 

The aim of this system is to provide elbow joint rehabilitation for 
patients with hemiplegia with different degrees. In order to improve 

the participation of the patients' rehabilitation training process and 
reshape the injured motor nerve, the exoskeleton used the EMG 
signal of the stroke hemiplegic patients (such as the weak 
contractile function of the residual muscles, the contralateral 

muscle contractile function, the healthy side movement function) 
as the signal source to control and operate the elbow joint 
rehabilitation training. The two triggering means, one is to drive the 
motor to drive the elbow joint movement by collecting the signal 

and pattern recognition of the surface electromyography of the 
patient, and to realize the active rehabilitation training of the elbow 
joint; one is to drive the motor through the control instruction of the 
mobile terminal to realize the passive rehabilitation training of the 
elbow joint. The control system block diagram of the elbow 
exoskeleton, as shown in Figure.2, can be divided into the same 
side active training and the contralateral active training according 
to the different arm of the patient's surface electromyography. For 

the weak muscle, the passive rehabilitation training can be carried 
out in the way of the mobile phone end application control, or the 
surface EMG can be used to collect the arm of the healthy side. 
After active training on the side, after the muscle strength has been 
greatly improved, the same side active training mode is used for 
rehabilitation training. Therefore, combining the two triggering 
methods, the exoskeleton can not only make the patients fully 
participate in the rehabilitation training, but also meet the patients' 

rehabilitation needs at different times. 
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Figure.2 The system block diagram of the elbow exoskeleton 

 

3.2 Control Flow 

The system uses the MSP430F149 chip as the main 

control microprocessor. The microprocessor captures the 

sEMG signal by two ADC channels, calculate the 

frequency domain information, for example, the 

integrated value, peak-to-peak value, median frequency 

and etc., by FFT transformation, simulate and compare 

different actions, finally determine the intention of user, 

and express it through the motor drive. After the patient 

wears the exoskeleton, each module is initialized. In the 

active training mode, the channel of ADC starts sampling 

the patient's sEMG signal. During this process, lead-off 

detection is performed to ensure the correctness of the 

sampled data. After the data acquisition is completed, the 

integrated value, peak-to-peak value, median frequency, 

and other information are obtained through FFT 

transformation to determine whether the muscle is 

fatigued. In the fatigue state, the operation of the motor 

will be limited. In the non-fatigue state, different actions 
will be simulated and compared to identify the mode of 

operation and select the corresponding working mode 
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according to the recognition result. The entire system 

communicates with App via Bluetooth, the serial port can 

also change the current working mode according to the 

incoming data from Bluetooth. At the same time, the 

system samples in real time through a three-axis sensor to 

ensure that the rotation angle of the mechanical structure 

moves within the safe motion range of the elbow joint. 

The control system flow chart is shown in Figure.3. 
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Figure.3 The control system flow chart 

 

3.3 Signal acquisition and processing 

The EMG signals, which are widely used as a measure of muscle 
activity, are highly nonlinear in nature. They vary from subject to 

subject and also depending on the subject’s physiological 
conditions such as fatigue, stress, placement of electrodes etc. The 
EMG signal contains a wide range of frequencies making it difficult 
to reduce noise by filtering. Therefore, raw EMG signals cannot be 
directly used by the controller. So, features have to be extracted 
from the noisy raw EMG signals[10]. 

The surface electromyography signals are collected as shown in 
Figure.4. The surface electrodes are placed on the biceps brachii 

and triceps muscles of the patient's arm. The sEMG captured by the 
surface electrode is first amplified by an instrumentation amplifier 
and then passed through a Butterworth type low pass filter, second-
order high-pass filter, and 50Hz trap filter. Finally, gain-adjusted 
amplifiers are used to amplify electromyography signals to 
appropriate multiples. 

 

Figure.4 The collection circuit diagram of sEMG signal 

After filtering and preprocessing the collected sEMG, it can be used 
as an input signal to identify the motion intention of patients. The 
recognition method of EMG signal is through the time domain and 

frequency domain analysis. Through the common analysis of time 
domain characteristics and frequency domain characteristics, the 
standard elbow joint flexion and extension characteristics are given, 
only the EMG signal of the patient is obtained. When the feature 
quantity is satisfied, the exoskeleton can drive the corresponding 
action. The system uses fast Fourier transform to transform the 
EMG signal in time domain to frequency domain. Because the 
calculation of FFT requires a lot of time, after many experiments, 

the final choice of 128 points FFT can be completed quickly, and 
the other parts of the program have little influence (the whole 
system is not obvious Caton). Based on the 2-time extraction of 
FFT algorithm, we get rid of some useless amount of computation, 
optimize the software structure and enhance the response time. In 
the butterfly algorithm of FFT transform, the timing of the output 
signal and the timing of the input signal are different. It is called 
the reverse sequence, and the optimization of the standard reed 

algorithm can complete the reverse sequence operation in a shorter 
time. 

 

3.4 Mobile Application 

The system has developed a set of mobile applications for elbow 

exoskeleton based on Android and other open source platforms to 
realize the interface display, real-time control, and data interaction. 
The patient only needs to install the application program on their 
own mobile phone and can complete the formulation, operation, 
and evaluation of the rehabilitation plan at the mobile terminal. At 
the same time, the mobile phone can store, analyze and compare 
the recovery data of the user, draw the corresponding rehabilitation 
curve, and provide the recovery data for the patient and the doctor 
more intuitively. It can provide important data support for doctors 

to make patient's next rehabilitation plan. With the powerful ability 
of Android display and operation, the development of other 
modules in the control system (interface display module, human-
computer interaction module, etc.) has been reduced, and the cost 
of research and application of medical equipment is reduced. At the 
same time, the PocketSphink technology is used to build the voice 
model to realize the off-line speech recognition. Speech input and 
training, implementation of voice broadcast by iFLYTEK offline 

speech synthesis technology, make the human-computer 
interaction more friendly. The mobile application is shown in 
Figure.5. 
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Figure.5 The mobile application 

 

4. DISCUSSION 

The wearable elbow rehabilitation training device 

developed in this work can provide rehabilitation training 

for patients with elbow joint disorders. This work 

proposes to use the patient's own EMG signals to capture 

the patient's intention to carry out rehabilitation training 

programs and expand the traditional elbow joint training. 

The model greatly enhances the patient's sense of 

participation, helps the remodeling of the patient's motor 

nerves, greatly improves the patient's rehabilitation effect, 

and provides useful experience for the development of 

other rehabilitative trainers. On the basis of the current 

work, the functional electrical stimulation of the elbow 

joint can be further studied to provide a richer formula for 

the patients. This study will help patients improve and 

promote the quality of life and better achieve the goal of 

home rehabilitation. 

 

5. SUMMARY AND PROSPECT 

This paper describes a control system of the elbow exoskeleton 
based on the surface EMG. The control system is designed with two 
control sources, (switch control and sEMG control), which can 
provide active/passive rehabilitation training. The mobile phone 

application developed for the wearable elbow exoskeleton can not 
only be used as an input control device but also provide a platform 
for the display of results of rehabilitation training and data 
collection. It can perfectly track and analyze the rehabilitation 
process and has a very good degree of intelligence. , can greatly 
reduce the complexity of the operation. Subsequent wearable elbow 
exoskeleton designs can also be optimized for mechanical 
structures and control protocols for clinical trials. 
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ABSTRACT 

Objective: This paper describes a wearable elbow exoskeleton 
research on the control system, aimed at providing elbow joints of 
the active, passive rehabilitation training and assisting daily life 
activities for patients with varying degrees of upper limb 
hemiplegia in stroke patients with hemiplegia. Method: In this 
paper, the elbow joint exoskeleton control system integrates two 

triggering methods, one is by the patient muscle contraction and 
produce surface EMG signal as a signal source, and then by pattern 
recognition, trigger control instructions, and then drive the motor 
to drive elbow external bone Exercise, to achieve the patient's 
elbow joint active rehabilitation training and daily life activities to 
help; the other is through the mobile phone of the application 
program issued a control command to drive the motor control to 
achieve elbow joint passive training. Among them, in the active 

rehabilitation training, according to the collection of patients with 
different surface electromyography arm can be divided into 
ipsilateral active training (collecting ipsilateral surface EMG) and 
contralateral active training (collecting contralateral surface EMG), 
and finally, preliminary test validation. Results: The experimental 
results show that there is a significant decrease in the false 
triggering rate after the analysis of the EMG signal, and the 
accuracy of the identification of the action is improved. The 

exoskeleton has a training effect on the elbow joint. Conclusions: 
In this paper, the multi-control method of the mixed elbow external 
skeletal control system is feasible, not only can help patients to 
rehabilitation training but also to assist in daily activities.   

Keywords 

elbow exoskeleton, wearable, surface 

electromyography(sEMG) 

1. INTRODUCTION 

Stroke, commonly known as "stroke", is the leading cause of 
disability in clinical patients. Only 10% of patients recover 
completely after a stroke, and the remaining survivors often suffer 
physical motor impairment[1]. Current studies at home and abroad 
show that the nervous system of the brain is malleable and that the 
atrophy of the motor nerve function of the brain is due to long 
periods of inactivity[2]. However, it can restore the function of 
damaged motor nerves after treatment, and 90% of stroke patients 

can resume their walking ability and self-care ability in life, and 
some can restore the ability to work[3]. Arms are the most used and 

most easily injured limbs in daily life[4]. Usually, physical therapy 

is used to assist drug therapy. In traditional artificial physical 
therapy, therapists are hugely labor-intensive and highly skilled. 
Rehabilitation training and functional recovery of upper extremity 
function are the most difficult ones in the rehabilitation of stroke 
patients with hemiplegia[5]. In daily life, the elbow joints are the 
most frequent and are the "links" between the upper and lower arms. 
Rehabilitation exercises on the elbow joint can restore the biceps 
and triceps muscles of the patient and help improve the quality of 
life and self-care ability in patients with hemiplegia and 

incompetence caused by stroke. However, due to the high human 
cost of medical personnel and the lack of objective data on the 
evaluation of rehabilitation efficacy, it is difficult to continuously 
and effectively improve patient rehabilitation training. The 
wearable exoskeleton[6] is a kind of rehabilitation aid that can be 
worn on the patient's limbs and assist the patient to complete 
rehabilitation training by simulating the motion function of the 
patient's limb, thereby realizing the autonomy and intelligence of 

the rehabilitation treatment. The assistance of wearable exoskeleton 
for rehabilitation training can solve the problems of traditional 
rehabilitation training methods such as the high labor intensity of 
doctors, low awareness of patient participation, and poor training 
effect[7]. Therefore, the study of the elbow exoskeleton 
rehabilitation robot[8], [9] has very important significance for the 
rehabilitation of stroke patients and the assistance of daily life. 

Based on these premises, a brief overview of the proposed elbow 

exoskeleton is presented in Section 2. Section 3 describes the 
control system. Section 3 discusses the research work and direction. 
Finally, the paper ends with the conclusion and future works in 
Section 4. 

2. MECHANICAL STRUCTURE 

The wearable elbow exoskeleton robot designed in this paper is 
mainly used to help the patients with hemiplegic and muscular 
dysfunction to carry out the rehabilitation training of the elbow 
joint. The exoskeleton is designed in 99% of the length of the 
Chinese human body arm. Through the analysis of the single degree 
of freedom of the elbow joint of the upper limb, the kinematics 
model of the elbow joint is established under the Solidworks2010 
software environment. The whole design is driven by a motor, and 
the whole structure was shown in Figure 1. Because the arm in the 

flexion and extension movement will have a phenomenon, that is, 
the rotation center will change in real time, if not solve this problem 
will lead to the movement of the elbow joint device stuck, causing 
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a certain safety hidden danger. Therefore, the 5cm space is reserved 
between the two arms of the exoskeleton, which is used to 
compensate the moving distance caused by the rotation center 
offset and has a good bionic effect. On the basis of this design, the 

control method of the elbow joint robot is also discussed, and the 
control system integrating the main and passive training is 
established. 

 

Figure.1 The wearable elbow exoskeleton robot 

3. CONTROL SYSTEM 

3.1 Control Strategy 

The aim of this system is to provide elbow joint rehabilitation for 
patients with hemiplegia with different degrees. In order to improve 

the participation of the patients' rehabilitation training process and 
reshape the injured motor nerve, the exoskeleton used the EMG 
signal of the stroke hemiplegic patients (such as the weak 
contractile function of the residual muscles, the contralateral 
muscle contractile function, the healthy side movement function) 
as the signal source to control and operate the elbow joint 
rehabilitation training. The two triggering means, one is to drive the 
motor to drive the elbow joint movement by collecting the signal 

and pattern recognition of the surface electromyography of the 
patient, and to realize the active rehabilitation training of the elbow 
joint; one is to drive the motor through the control instruction of the 
mobile terminal to realize the passive rehabilitation training of the 
elbow joint. The control system block diagram of the elbow 
exoskeleton, as shown in Figure.2, can be divided into the same 
side active training and the contralateral active training according 
to the different arm of the patient's surface electromyography. For 
the weak muscle, the passive rehabilitation training can be carried 

out in the way of the mobile phone end application control, or the 
surface EMG can be used to collect the arm of the healthy side. 
After active training on the side, after the muscle strength has been 

greatly improved, the same side active training mode is used for 
rehabilitation training. Therefore, combining the two triggering 
methods, the exoskeleton can not only make the patients fully 
participate in the rehabilitation training, but also meet the patients' 

rehabilitation needs at different times. 

sEMG

EMG of the affected 

side

EMG of the healthy 

side

Ipsilateral active 

training

Contralateral 

initiative training

APP

Button Control 

Command

Voice Control 

Command

Passive training

Motor 

Driver

Patient

MSP430

F149

MCU

 

Figure.2 The system block diagram of the elbow exoskeleton 

 

3.2 Control Flow 

The system uses the MSP430F149 chip as the main 

control microprocessor. The microprocessor captures the 

sEMG signal by two ADC channels, calculate the 

frequency domain information, for example, the 

integrated value, peak-to-peak value, median frequency 

and etc., by FFT transformation, simulate and compare 

different actions, finally determine the intention of user, 

and express it through the motor drive. After the patient 

wears the exoskeleton, each module is initialized. In the 

active training mode, the channel of ADC starts sampling 

the patient's sEMG signal. During this process, lead-off 

detection is performed to ensure the correctness of the 

sampled data. After the data acquisition is completed, the 

integrated value, peak-to-peak value, median frequency, 

and other information are obtained through FFT 

transformation to determine whether the muscle is 

fatigued. In the fatigue state, the operation of the motor 

will be limited. In the non-fatigue state, different actions 

will be simulated and compared to identify the mode of 

operation and select the corresponding working mode 

according to the recognition result. The entire system 

communicates with App via Bluetooth, the serial port can 

also change the current working mode according to the 

incoming data from Bluetooth. At the same time, the 

system samples in real time through a three-axis sensor to 

ensure that the rotation angle of the mechanical structure 

moves within the safe motion range of the elbow joint. 

The control system flow chart is shown in Figure.3. 
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Figure.3 The control system flow chart 

 

3.3 Signal acquisition and processing 

The EMG signals, which are widely used as a measure of muscle 
activity, are highly nonlinear in nature. They vary from subject to 
subject and also depending on the subject’s physiological 
conditions such as fatigue, stress, placement of electrodes etc. The 

EMG signal contains a wide range of frequencies making it difficult 
to reduce noise by filtering. Therefore, raw EMG signals cannot be 
directly used by the controller. So, features have to be extracted 
from the noisy raw EMG signals[10]. 

The surface electromyography signals are collected as shown in 
Figure.4. The surface electrodes are placed on the biceps brachii 
and triceps muscles of the patient's arm. The sEMG captured by the 
surface electrode is first amplified by an instrumentation amplifier 

and then passed through a Butterworth type low pass filter, second-
order high-pass filter, and 50Hz trap filter. Finally, gain-adjusted 
amplifiers are used to amplify electromyography signals to 
appropriate multiples. 

 

Figure.4 The collection circuit diagram of sEMG signal 

After filtering and preprocessing the collected sEMG, it can be used 
as an input signal to identify the motion intention of patients. The 
recognition method of EMG signal is through the time domain and 
frequency domain analysis. Through the common analysis of time 

domain characteristics and frequency domain characteristics, the 
standard elbow joint flexion and extension characteristics are given, 
only the EMG signal of the patient is obtained. When the feature 
quantity is satisfied, the exoskeleton can drive the corresponding 
action. The system uses fast Fourier transform to transform the 
EMG signal in time domain to frequency domain. Because the 
calculation of FFT requires a lot of time, after many experiments, 
the final choice of 128 points FFT can be completed quickly, and 

the other parts of the program have little influence (the whole 
system is not obvious Caton). Based on the 2-time extraction of 
FFT algorithm, we get rid of some useless amount of computation, 
optimize the software structure and enhance the response time. In 
the butterfly algorithm of FFT transform, the timing of the output 
signal and the timing of the input signal are different. It is called 
the reverse sequence, and the optimization of the standard reed 
algorithm can complete the reverse sequence operation in a shorter 

time. 

 

3.4 Mobile Application 

The system has developed a set of mobile applications for elbow 

exoskeleton based on Android and other open source platforms to 
realize the interface display, real-time control, and data interaction. 
The patient only needs to install the application program on their 
own mobile phone and can complete the formulation, operation, 
and evaluation of the rehabilitation plan at the mobile terminal. At 
the same time, the mobile phone can store, analyze and compare 
the recovery data of the user, draw the corresponding rehabilitation 
curve, and provide the recovery data for the patient and the doctor 

more intuitively. It can provide important data support for doctors 
to make patient's next rehabilitation plan. With the powerful ability 
of Android display and operation, the development of other 
modules in the control system (interface display module, human-
computer interaction module, etc.) has been reduced, and the cost 
of research and application of medical equipment is reduced. At the 
same time, the PocketSphink technology is used to build the voice 
model to realize the off-line speech recognition. Speech input and 

training, implementation of voice broadcast by iFLYTEK offline 
speech synthesis technology, make the human-computer 
interaction more friendly. The mobile application is shown in 
Figure.5. 
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Figure.5 The mobile application 

 

4. DISCUSSION 

The wearable elbow rehabilitation training device 

developed in this work can provide rehabilitation training 

for patients with elbow joint disorders. This work 

proposes to use the patient's own EMG signals to capture 

the patient's intention to carry out rehabilitation training 

programs and expand the traditional elbow joint training. 

The model greatly enhances the patient's sense of 

participation, helps the remodeling of the patient's motor 

nerves, greatly improves the patient's rehabilitation effect, 

and provides useful experience for the development of 

other rehabilitative trainers. On the basis of the current 

work, the functional electrical stimulation of the elbow 

joint can be further studied to provide a richer formula for 

the patients. This study will help patients improve and 

promote the quality of life and better achieve the goal of 

home rehabilitation. 

5. SUMMARY AND PROSPECT 

This paper describes a control system of the elbow exoskeleton 
based on the surface EMG. The control system is designed with two 
control sources, (switch control and sEMG control), which can 
provide active/passive rehabilitation training. The mobile phone 
application developed for the wearable elbow exoskeleton can not 
only be used as an input control device but also provide a platform 

for the display of results of rehabilitation training and data 
collection. It can perfectly track and analyze the rehabilitation 
process and has a very good degree of intelligence. , can greatly 
reduce the complexity of the operation. Subsequent wearable elbow 
exoskeleton designs can also be optimized for mechanical 
structures and control protocols for clinical trials. 
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ABSTRACT 

Objective: This article describes a novel lower limb 

exoskeleton robot based on hip joint actuated. It is 

designed for lower limb disorders to achieve 

rehabilitation and walking wishes. Methods: The overall 

system were comprised of embedded controller, motor 

drive system, sensors system and human-machine 

interface. Firstly, a highly efficient, safe and concise 

motor drive system was proposed to ensure the stable 

operation of the motor. Then, the main controller was 

designed based on STM32f767 and it communicate with 

other modules through CAN communication. Finally, to 

realize the real-time adjustment of speed and angle, 

closed-loop PID regulation was designed. Result: The 

motor drive system could control the exoskeleton very 

well, and the mechanical structure and control system 

were both stability and safety. Conclusion: The 

rehabilitation robot proposed in this paper were 

reasonable in mechanical design, safe in control and full-

featured, which will surely become a popular trend in 

rehabilitation. 

Categories and Subject Descriptors 

I.2.9: [Robotics]: Novel robot and Control system –

mechanical design, control strategy, sensors system 

Keywords 

Exoskeleton robot, Lower limb, Hip joint drive, Control 

system 

 

1. INTRODUCTION 

According to statistics, there are nearly 2 million new 

strokes each year in our country and about 1.5 million 

died of cerebrovascular diseases. And with the 

development of the world economy, the incidence of 

spinal cord injury (SCI) has emerged, and the incidence 

of SCI in developed countries was approximately 13.3-

45.9 person/million person/year. Research shown that 

patients with lower limb disorder may lead to many 

problems such as muscular atrophy, osteoporosis, 

pressure sores, and thrombosis, etc[1].Therefore, early and 

formally rehabilitation training  can not only maximize 

the recovery of the physical motor function but also 

improve the daily life of the patients and help them return 

to their family and society. Research shows that the adult 

brain has the ability to remodel and reconstruct the 

function during movement training[2, 3] ,so the motor 

dysfunction can be reconstructed by rehabilitation 

training. 

The traditional rehabilitation training is mainly 

completed by rehabilitation therapists, but a large number 

of patients and lack of rehabilitation therapists make it 

difficult to achieve the goals of rehabilitation.  Besides, 

the traditional treatment period was long and the effect is 

slow. The lower extremity exoskeleton robot is designed 

mechanically according to the principle of bionics, which 

can help patients with rehabilitation training. With the 

rapid development of robotics, bionics, artificial 

intelligence, communication technology, etc. the small, 

lightweight, versatile and intelligent lower exoskeleton 

robot has gradually become a research hotspot[4]. 

Domestic and foreign scholars have conducted extensive 

research on wearable lower extremity exoskeleton robots, 

such as HAL[5, 6],BLEEX[7, 8], Indego[9, 10], and so on. 

Those wearable lower limb exoskeletons were mainly 

driven by the external forces of the hip joint and the knee 

joint. Although sufficient exoskeleton freedom is 

guaranteed, they may be too large and heavy for the user, 

and the energy and power are difficult to meet their daily 

consumption. It is important to note that they are 

expensive at home, with only a small number of medical 

rehabilitation facilities available in some large hospitals. 

Therefore, a new exoskeleton robot is proposed in this 

paper. The motor only drives the hip joint and other joints 

without power, which overcomes the defects of the 

exoskeleton of the lower limb at home and abroad, which 

are heavy in volume and expensive in price. 

 

2.  MECHANICAL STRUCTURE  

Exoskeletons are anthropomorphic devices, so the 

number of degree of freedoms（DOFs） is required to be 

consistent with the number of human lower limbs. In this 
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paper, the lower extremity exoskeleton robot has 10 

DOFs per leg (3 DOFs at the Hip,1 DOF at the knee,3 

DOFs at the ankle) and the angle of each joint meet the 

CGA [11] data. The architecture of the lower extremity 

exoskeleton is shown in Fig. 1. 

 

Fig.1 Mechanical structure of the exoskeleton. 1: back 

module, 2: Torque sensor, 3: Hip motor and reducer, 4: 

Thighs, adjustable length, 5: Knee module, 6: Leg, 

adjustable length, 7: Feet, 8: Ankle joint and pressure 

sensor, 9: Knee joint linkage mechanism and four-bar 

linkage mechanism, 10: gas spring. 

As shown in the Fig.1, the power, motor drive system and 

master controller were placed on the back, which 

improves the structure’s portability. The battery powers to 

the entire control system and the master issued control 

instructions. In order to better simulate the changes in the 

instantaneous center of the human knee joints, the design 

was used a four-bar linkage to achieve multi axis rotation. 

Knee joints linkage mechanism helped keen joint lock at 

the support period and unlocked during the swing phase 

just like normal human. The air-spring-slide guide 

mechanism was designed to transfer power for the sit-to-

stand transfer. Especially, the length of the robot thigh and 

calf were adjustable and suitable for different people. 

Since the overall material was made of hard aluminum 

and steel, the weigh was only about 15.5 kg，which  is 

a lightweight exoskeleton robot. Due to the patients with 

SCI and stroke were difficult to maintain the balance of 

their body during the training, therefore they need two 

crutches to effectively increase the support area. 

 

3. CONTROL ARCHITECTURE OF THE 

EXOSKELETON  

3.1  Overall Control System 

The control system was mainly composed of power 

system, embedded control system, motor drive system, 
sensor system and human-machine interface (HMI), etc. 

The modularization control strategy is adopted in the 

whole system, which reduces the complexity of the 

central controller and realizes the high speed control. The 

overall design structure is shown in Fig.2. 

Active 
training

Teaching 
training

Human-machine 
interface

 Rehabilitation
 robot

User

Fixed track 
training

Training mode 
selection

 

Fig.2 The overall design structure  

The user selected the training mode through the HMI and 

then control instructions were transmitted to the master 

later. Soon the master triggered different rehabilitation 

exercises according to different instructions. 

1) Passive training: Patients can only rely on external force to 
complete the exercise. Due to the hemiplegic patients lost 
movement and perception function below the level of the SCI 
and the early stroke patients just had level 0 or 1 muscle 
strength, so the passive training was the more appropriate 
rehabilitation mode. Passive training was divided into 
teaching training and fixed track training. The first generated 
a set of gait data of patients[12], and the other was based on the 

relationship between time and angle[10]. The angle was 
transmitted to the master control by means of CAN 
communication whether teaching or fixed trajectory training. 

2) Active training. It is a time to implement active training when 

the patient's own strength could produce joint activity or could 
be exercised under some external force. This stage needs to 
identify the body's movement intention and then supplement 
force whenever the patient needs. In this section, sensor 
processing and integration is the key point. The threshold-
processed pressure sensor and the filtered attitude sensor 

together realized the gait and intention recognition[13]. 

3.2  Embedded Systems Design 

The master controller was designed based on 

STM32F767. It has two channels of CAN2.0 with 

communication protocol, as it could realize CANOPEN 

communication with the motor driver. It also has 24 ADC 

channels and two DMA controllers, which meet the 

requirements of processing multiple sensors at the same 

time. The master sent instructions to motor drive 

controller to realize position and speed control. The 

pressure and attitude sensors transmitted changed singles 

to master by PDO, and then the master accepted and 

processed those singles. The design of the human-

machine interface provided users a more concise platform 

and a better human-machine communion experience. Two 
Crutches were necessary and the most important interface. 

Not only could help wearers maintain balance but could 

file:///C:/Users/Echo/Documents/WeChat%20Files/isotopea/Files/i-CREATe%202018%20proceedings.docx%23_ENREF_11
file:///C:/Users/Echo/Documents/WeChat%20Files/isotopea/Files/i-CREATe%202018%20proceedings.docx%23_ENREF_12
file:///C:/Users/Echo/Documents/WeChat%20Files/isotopea/Files/i-CREATe%202018%20proceedings.docx%23_ENREF_10
file:///C:/Users/Echo/Documents/WeChat%20Files/isotopea/Files/i-CREATe%202018%20proceedings.docx%23_ENREF_13


 

 153 

trigger emergency stop when an accident occurs. 

Crutches and master communicated over wireless 

transmissions, the overall architecture of the embedded 

control system is illustrated in Fig.3. 

STM32F767 MortorDrive motor Sensor system
Human 

interface

Power

 

Fig.3 the architecture of the embedded control 

system 

 

3.3  Sensor System  

The sensor system mainly collected changed body 

information such as keen angle, hip angle, acceleration 

and changed gravity, etc. Five posture sensors were 

installed in the skeletal limbs and the back, and two axial 

pressure sensors were embedded in the ankle joint which 

can output voltage signals proportional to the external 

force. Those pressure singles were judged to decide when 

to provide assistance (for example, if the left pressure 

increase and the right decrease, we predict whether the 

right side motor should be driven). All these sensors' 

signals communicate with the main controller via CAN 

bus. The main controller issued different control 

commands to the drive system according to different 

received signals. 

 

4. Motor Drive System  

The drive control system adopted the IPM module of 

Mitsubishi's special driven circuit PSS20S92F6, which 

integrated the drive and protection circuits. The core 

controller used STM32F103rct6 to achieve BLDC control. 

This driven controller was adopted in whatever high or 

low voltage, DC or AC. The control frame is shown in 

Fig.4.  
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Fig.4 The control system of BLDC Motor-drive 

Due to the chip's advanced-control timers (TIM1&TIM8) 

can output two complementary signals and manage the 

switching-off and the switching-on instants of the outputs 

(this time is generally known as dead-time). So we used 

the TIM1 to complete the drive of motor. Then the MCU 

detected the pulse of the Hall and configure the advanced 

timer as HPWM-LON mode according to the motor 

internal rotation law. By updating the COM event, the 

MCU pin output changed can control signals in real time. 

Next the control signal was turned on and off through IPM 

electronic commutation, which changed the coils’ 

conductive sequence. And soon the changing coils 

produced a changing magnetic field to drive the motor 

rotation. Once the motor run, the MCU test continued. 

Isolation protection circuit must be set in this control to 

prevent the large inductive voltage generated 

instantaneously. 

1) The advanced timer channels complementary output was 

shown in the Fig.5. The motor could run steadily by this single 
only in the condition of low voltage and low speed. During the 
high-speed rotation of the motor, the upper and lower switches 
turn on at the same time might cause a short circuit, so it is 
necessary to set the dead-time to protect this situation. After 
multiple test results, we found that setting the dead-time of 
200ns could ensure the normal operation of the motor. 

 

Fig.5 The complementary output of the advanced timer 

2) Then, set the PWM frequency at 10KHZ and the duty cycle at 
85%, the advanced timer pins output changed high and low 
level following the rotation of the motor as Fig.6. 

 

Fig.6 the waveform generated by motor rotation 

3) Next, common methods to adjust the rotational speed were 
pulse width modulation and pulse frequency modulation. In 
experiments, the test data were shown in table.1.and table.2 

From the two tables can be summarized: if the motor 
is running in a constant speed, pulse frequency 

modulation can be adopted, but if we should change 
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speed or torque frequently, adjusting the duty cycle is 

a more appropriate method. 

Table.1 Pulse width modulation 

 

Table.2 Pulse frequency modulation 

 

4) Finally, detect the rotation speed through the change of the 
Hall signal and display in the digital pipe. Moreover, using 
PID to control adjusted the error between the target speed 

and the actual speed.  

 

5. RESULTS 

The motor drive system could control the exoskeleton 

very well, and people wear it could achieve normal 

rehabilitation training and walking. One subject (male) 

participated in the experiment, as shown in Fig. 7. 

 

 

Fig. 7 The experiment wearing the robotic 

exoskeleton walking 

Due to the wearer changes the center of gravity, the right 

mechanical knee was unlocked and then this side leg 

Swing forward with the drive of the right electrode. Under 

the influence of inertia, the knee Straightened and locked 

automatically. Similarly, the left knee joint unlocked 

during the swing phase and locked at the support period. 

The results of the experiment shows that the mechanical 

structure and control system were both stability and safety. 

 

6. DISCUSSION 

This paper came up with a new rehabilitation exoskeleton 

robot and the control system. In this research we designed 

a simple and efficient motor drive system, which we can 

set communication protocol according to our own 

demands. Moreover passive training and active training 

strategies still need to be continuously improved in 

clinical experiments. The next work will focus on the 

following two points: 1) Improve the accuracy of the 

control algorithm and perfect the active rehabilitation 

training mode; 2) Collecting the clinical gait data to make 

the lower limb rehabilitation robot in line with the patients. 
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ABSTRACT 

There are about 10 million strokes and 2 million new 

stroke cases each year in China, of which the rate of death 

or disability is higher than 75%. The upper limb 

rehabilitation robot can provide continuous, effective and 

multimodal rehabilitation training for strokes. Based on 

the investigation and research status of upper limb 

rehabilitation robots, this paper introduces the 

classification of the upper limbs rehabilitation robots and 

reviews end-effector-base and exoskeleton robots 

according to the structural characteristics classification.  

The existing problems of upper limb rehabilitation robots 

are presented in this paper. 

Keywords 

Upper limb rehabilitation robot, stroke, exoskeleton, joint 

self-aligning, rehabilitation. 

 

1. INTRODUCTION 

Cerebrovascular diseases are the third most reason of 

death and the first cause of physical disability[1]. There are 

about 10 million strokes and 2 million new stroke cases 

each year in China, of which the rate of death or disability 

is higher than 75%. Besides, 85% of survivor is suffered 

from varying degrees of hemiplegia because of the 

damage of motor nerve[2]. Hemiplegia is the most 

common symptom of stroke and causes paralysis of one 

side of body. Currently, there is no surgical treatment, but 

thanks to brain plasticity, patients may recover most of 

their abilities by doing proper rehabilitation exercises. 

Traditional treatment methods for strokes rely on 

laborious manual procedures carried out by therapists[1]. 

However, these treatments are time consuming and 

require constant supervision of a physiotherapist to prove 

effective, which increases their economic cost, and lead 

to the reduction of rehabilitation time[3]. 

In the last decade, rehabilitation robots have been 

proposed primarily for improving treatment outcomes, 

but also for diminishing therapists’ workload and 

healthcare cost[1]. Rehabilitation robots can provide 

effective, long-time, complicated and multimodal 

rehabilitation training for patients with hemiplegia. It can 

strengthen patients' active training consciousness and 

speed up the recovery process of motor function of 

affected limb. Besides, we can obtain some data by sensor 

system attached to the patients in the training and get real-

time measurement and visualization of the patient data. 

This paper briefly reviews the upper limb rehabilitation 

robots.  The review work was proceeding by searching 

the main databases such as Web of Science (SCI), the 

Institute of Electrical and Electronics Engineers (IEEE), 

Springer Link with the key words upper limb 

rehabilitation robot, stroke, exoskeleton, joint self-

aligning,  rehabilitation. The State of the art and existing 

problems are presented in these following sections. 

 

2. Classification of upper limb 

rehabilitation robots 

Rehabilitation robots started in the 1980s, and developed 

countries such as the United States and Britain are the 

world leaders in the field of rehabilitation robots. By the 

1990s, rehabilitation robots entered the new age of 

development and researched many excellent upper limb 

rehabilitation robots and put them into the market[4]. The 

level of development of the upper limb rehabilitation 

robots in China is quite different from that of the 

developed countries. With the government’s increasing 

attention to the elderly and the disabled’s rehabilitation 

industry, some upper limb rehabilitation robot products 

have also emerged in recent years[5].   

Current upper limb rehabilitation robots can be classified 

into end-effector-base robots and exoskeleton robots 
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according to the structural characteristics[6]. 

Rehabilitation robots can also be divided into electric, 

pneumatic, hydraulic and non-driven forms through the 

driving mode. According to the rehabilitation training 

control strategy, the robot adopts many control strategies 

such as PID, fuzzy , neural network, adaptive control, and 

sliding mode control [7]. 

 

3. Exoskeleton robots for the upper 

extremity 

In recent years, several kinds of upper-limb robotic 

rehabilitation systems have been developed to offer body 

weight supported training for the stroke patients and the 

effectiveness of the robot-assisted therapy on motor 

recovery has been analyzed and verified. Table 1 lists 

some classic exoskeleton upper limb rehabilitation robots. 

Table 1  Exoskeleton upper limb rehabilitation robots. 

Exoskeleto

ns 

D

O

F 

Supported 

movements 

Mechanical 

structural 

features 

Main control 

inputs 

Actuators 

RehabExos 
[1]/Japan/2009 

5 Shoulder, elbow Articulated 
exoskeleton 

Torque and force Brushless motor, 
harmonic drive 

UHP[3]/ 
Spain/2009 

 Elbow, wrist Four-bar linkage 
and series 

flexible actuator 

Torque and force Motor, series 
elastic drive 

RETRAINER
[7]/ 

Britain/2017 

4 Shoulder, elbow Multi-joint 
structure 

EMG and FES Electric motors 

IntelliArm[8]/ 
2017 

7 Shoulder, elbow, 
wrist 

Articulated 
exoskeleton 

Torque, position 
and speed 

Linear motor, 
servo motor 

HMIFCS[9]/ 
2012 

5 Shoulder, elbow, 
wrist 

Articulated 
exoskeleton 

Torque and force Harmonic 
drive,servo 

motor 

ULEL[10] 

France//2017 
3 Shoulder, elbow, 

wrist 
Articulated 
exoskeleton 

Torque, position 
and joint angular 

velocity  

Cable drive and 
motor 

                       
NREX[11]/ 

Korea/2017 

3 Shoulder, elbow, 
wrist 

Eraser with 
connecting rod 

structure 

Torque Motor and rubber 
band 

ASSISTON-

SE[12]/ 
Turkey/2012 

7 Shoulder, elbow, 

scapula 

3RRP parallel 

structure 

Torque and speed Brushless DC 

Motor 

ARMin[13]/ 

Switzerland/ 
2006 

6 Shoulder, elbow Adjustable 

length 

Torque, force, 

position and 
speed 

4 Brushless DC 

Motors 

HAMEXO-

I[14]/ Taiwan, 
China/2014 

2 Shoulder, elbow Articulated 

exoskeleton 

Torque and 

position 

Brushless Motor 

SRS[15]/ 
Iran/2013 

3 Shoulder Articulated 
exoskeleton 

Torque, position, 
and speed 

Electric motors 

ETS-

MARSE[16]/ 
2014 

7 Shoulder, elbow, 

wrist 

Articulated 

exoskeleton 

Torque and speed Brushless DC 

Motor 

NEUROExos 
[17]/2013 

4 Elbow Pulley rope 
structure 

Torque and force Cable drive and 
motor 

BONES[18]/ 

America/2008 

3 Shoulder, elbow Parallel 

pneumatic drive 
mechanism 

Torque and force DC moto 

Qingdao 

University[19]/ 
China/2016 

 Shoulder, elbow, 

wrist, scapula 

Articulated 

exoskeleton 

Force Steel wire rope, 

servo motor 

Zhejiang 
University[20]/ 
China/2014 

7 Shoulder, elbow, 
wrist 

Articulated 
exoskeleton 

Joint angle DC servo motor 
and gear reducer 

RehabExos is a 5-DOF exoskeleton rehabilitation robot 

with a modular design as shown in Fig. 3.1. It is divided 

into 5 modules according to the driving joints. Each joint 

is equipped with a sensor to detect the movement speed 

and torque to ensure the safety of rehabilitation training. 

The design of the forearm is a lockable and moved pair. 

The length of the forearm is adjusted according to 

different patients, and the left and right hands are easy to 

switch [1]. 

 

                         Fig.3.1  RehabExos  

Taiwan's shoulder joint trainer is a shoulder joint trainer 

that takes into account the  fitting of the center of the 

man-machine shoulder joint during exercise, as shown in 

Figure 3.2. The shoulder joints are two spherical 

structures, which can provide 2 active degrees of freedom 

and 4 passive degrees of freedom. The spherical 

structures can meet the fitting of the center of the man-

machine joint while the shoulder joint is moving. The two 

spherical structures are driven by a series of elastic 

actuators on the back, enabling precise force control. The 

upper arm is a gravity-balanced structure that provides 

gravity compensation and is adjustable in length. The 

shoulder joint trainer has a simple structure and is easy to 

carry [21]. 

 

Fig.3.2  Taiwan's shoulder joint trainer 

BONES is an upper extremity exoskeleton rehabilitation 

robot developed in the United States as shown in Fig. 3.3. 

It uses a parallel pneumatic drive mechanism to achieve 

rehabilitation training of the elbow and shoulder joints. 

The parallel pneumatic drive mechanism can provide 

sufficient torque and range of motion. A pressure sensor 

is installed in the driving air cylinder to detect the torque 

of each joint and an angular displacement sensor is 

installed at each joint to detect the movement posture of 

the exoskeleton. The rehabilitation robot uses an adaptive 

control algorithm to assist the patient in performing 

rehabilitation exercises according to the set trajectory 

route [18]. 
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Fig.3.3  BONES 

ASSISTON-SE is a 7-DOF upper limb rehabilitation 

robot that can train shoulder, elbow, wrist and scapula as 

shown in Fig.3.4. The shoulder joint adopts 3RRP parallel 

structure, which can not only realize the training of the 

glenohumeral joint but also allow the scapula to move. 

The structure effectively solves the problem that the joint 

center of the man-machine joint does not fit during 

exercise [12]. 

 

Fig.3.4  ASSISTON-SE 

 

4. End-effector-base robots for the upper 

extremity 

The end-effector-base upper limb rehabilitation robot is 

mainly composed of a tandem robot or a linkage 

mechanism. The traction force is connected to the end of 

the limb of the patient and the   robot. The movement of 

the upper limb of the patient is assisted by the robot to 

achieve the purpose of rehabilitation training. The 

advantage of the end-effector-base robot is that the 

structure is simple and portable, the control method is 

simple and the trajectory planning is easy[6]. Table 2 lists 

some classic end-effector-base upper limb rehabilitation 

robots. 

Table 2 End-effector-based  upper limb rehabilitation 

robots 

End-effector DOF Supported 

movement

s 

Mechanical 

structural 

features 

Main 

control 

inputs 

Actuator

s 

MIT-

MANUS[22]/ 

America/1994 

5 Elbow, 

wrist 

Crank Slider 

Mechanism 

Torque, 

force 

Servo 

motor 

MIME[23]/ 

America/2000 

3 Elbow, 

forearm 

Mirror  therapy Force, 

position 

Servo 

motor 

iPAM 

system[24]/ 
Britain/2007 

6 Shoulder, 

elbow, 

wrist 

2 parallel arms Joint 

angle, 

force 

Linear 

motor, 

servo 

motor 

Reha-Maus[25] 

/China/2012 

3 Shoulder, 

elbow, 

wrist 

Universal wheel 

tabletop trainer 

Torque, 

force, 

position 

DC brush 

motor 

LIGHTarm[26] 

/2015 

 Shoulder, 

elbow 

Wrist rope drive 

structure 

Torque, 

force 

Rope 

drive, 

motor 

WAM[27] 

/Korea/2015 

7 Shoulder, 

elbow, 

wrist 

Industrial robot 

arm 

Speed  

Harbin Institute 

of Technology 

/China/2009[28] 

5 Shoulder, 

elbow, 

wrist 

Link structure Torque, 

position 

Servo 

motor 

Tsinghua 

University 

/China/2004[29] 

 Shoulder, 

elbow, 

wrist 

Rope suspension 

training system 

Speed, 

torque, 

position 

AC servo 

motor 

In 1991, MIT developed an upper limb rehabilitation 

robot MIT-MANUS to assist patients with hemiplegia in 

rehabilitation training as shown in Fig. 4.1. MIT-MANUS 

has 6 degrees of freedom and 3 training modules 

including plane module, wrist module and hand module, 

which can achieve active-passive training. The planar 

module pulls the elbow joint and forearm to exercise in 

the table, the wrist module provides 3 degrees of freedom 

for impedance training and can assist the patient's forearm 

and wrist joints to exercise and the hand module has 1 

degree of freedom for assisting patients with hand-grip 

training. MIT-MANUS can collect informations such as 

position, velocity and force to analyze the training effect. 

At the same time, it can display exercise informations on 

a computer screen to provide visual feedback to patients 

[22]. 

  

Fig.4.1 MIT-MANUS           Fig.4.2 MIME       Fig.4.3 

Armeo Boom 

Stanford University developed the MIME (Mirror Image 

Motion Enabler) series upper limb rehabilitation robot 

system, which is a mirror movement system as shown in 

Fig. 4.2. The system includes two supporting robotic arms 

that assist in helping patients complete the mirroring 

exercise. When the contralateral hand is placed on the 

support bracket to exercise, the sensor records the 

movement of the hand and transmits the data to the robot. 

The robot arm carries the same motion with the affected 

hand[23]. 

Armeo Boom is an upper limb rehabilitation training 

system developed by Hocoma of Switzerlandas shown in 

Fig. 4.4. It is a non-dynamic damping adjustable 

suspension upper limb rehabilitation training system. The 

training damping is adjusted with the screw nut 
adjustment spring preload force [31]. 
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5. EXISTING PROBLEMS 

The end-effector-based upper limb rehabilitation robots 

(such as MIT-Manus, MIME) have the advantages of 

simple structure, easy carrying, simple control method, 

easy trajectory planning, etc., applying force to the 

patient's hand to pull upper limbs. The disadvantage is 

that it is limited to two-dimensional space and it can not 

provide more training assistance to the upper limbs. 

What's more, it is suitable for training the entire arm and 

can not train a specific part of the upper limb, such as 

shoulder joints, elbow joints, etc., which may introduce 

unnecessary degrees of freedom leading to inability 

achieve better recovery. The exoskeleton (CADEN-7, 

Armeo Power) simulates the movement of the upper 

limbs and can provide three-dimensional training for the 

patients and can train on specific parts. However, the 

exoskeleton style requires that the mechanical joint axis 

and the human body joint axis must coincide. Otherwise, 

it may cause secondary injury. The joint axis of the human 

body changes during exercise so the alignment of the 

axial center is difficult and the exoskeleton with many 

degrees of freedom that it is difficult to control  and 

carry [32]. 

In summary, from the view of structural design, the upper 

limb rehabilitation robots are mainly focused on solving 

problems: 

1) Robot mechanical structure designs have some 

deficiencies. The end-effector-based robot has less 

freedoms and simple structure. The exoskeleton type 

simulates human upper limb movement and realizes 

three-dimensional space training but its structure is 

complex, bulky and difficult to carry. A portable 

multifunctional rehabilitation robot should be 

designed in combination with end-effector-based 

and exoskeleton. 

2)  Man-machine joint axis is not fitted. The axis of the 

joint changes during upper extremity movement, 

especially the shoulder. If the joint axis of the upper 

limbs does not coincide with the axial axis of the 

mechanical joints, it may cause secondary injury to 

the patient during training and bring discomfort to 

the patient. Therefore, the fitting of the axis of the 

joints of the human and machine is extremely 

important [33]. 

3) Meet the gravity assisted support requirements. In 

the early stage of stroke, the patient's muscle 

strength is 0 that requires complete gravity support. 

However, as the patient enters the recovery period 

and the strength of the muscle gradually strengthens, 

the gravity support of rehabilitation robot should 

gradually to improve the patient's initiative and the 

recovery effect.  

4) Improve the safety, comfort and suppleness of upper 

limb rehabilitation robots. Safety can be controlled 

in various ways. In hardware, mechanical limit 

devices are installed on each joint and emergency 

switches are set. In software, it can set joint extreme 

positions and the motor's torque limit [34]. Most 

exoskeleton robots have a large overall weight and 

high stiffness. They use a gear transmission 

mechanism is bulky and uncomfortable to wear. If 

the exoskeleton uses flexible and elastic materials at 

the joints, it will greatly increase the comfort 0of the 

wearer. 

 

6. CONCLUSIONS 

Stroke is one of the major diseases that threaten human health. In 
recent years, the population of patients with stroke in China has 
increased dramatically. Its morbidity rate is as high as 70-80% and 
the upper limb function is impaired or lost, which greatly affects 
the daily life of patients. With the development of robot technology, 
upper limb rehabilitation robot has become a hot research direction 
in various countries. With the assistance of upper limb 
rehabilitation robots, patients can be provided with continuous and 

effective rehabilitation training without the full care of medical 
staff and to enhance the active training of patients. This paper 
analyzes some the upper limb rehabilitation robots and summarizes 
the problems in the structural design of these rehabilitation robots. 
It aims to provide reference for future research, bring more hope 
for the rehabilitation of stroke, reduce the cost of rehabilitation 
treatment and social and family economic burden. 

The future upper limb rehabilitation robot is not only used in 

hospitals, but also more in the home. The upper limb rehabilitation 
robot needs a more lightweight structure design to improve safety 
and comfort of the robot, so that the patient does not need the doctor 
to take care during training. The upper limb rehabilitation robot 
system is a multidisciplinary and complex system, the study of 
upper limb rehabilitation robots will further promote the 
development of robots and virtual reality technologies. 

 

7. REFERENCES 

[1] Vertechy R, Frisoli A, Dettori A, et al. Development of a new exoskeleton for upper 

limb rehabilitation[C]// IEEE International Conference on Rehabilitation Robotics. 

IEEE, 2009:188-193.  

[2] Gao B, Ma H, Guo S, et al. Design and evaluation of a 3-degree-of-freedom upper 

limb rehabilitation exoskeleton robot[C]// IEEE International Conference on 

Mechatronics and Automation. IEEE, 2017:938-942.  

[3] Mancisidor A, Zubizarreta A, Cabanes I, et al. Kinematic and Dynamic Modeling of 

a Multifunctional Rehabilitation Robot UHP[J]. 2016. 

[4] Mao Limin, Lu Zhenli, An Sheng, et al. Research on Upper Limb Rehabilitation 

Training Robots[J]. Manufacturing Automation, 2017, 39(2):65-69. 

[5] Hu Xin,Wang Zhenping,Wang Jinchao et al.Research progress and prospects of stroke 

upper arm rehabilitation training robot[J].Chinese Journal of Rehabilitation Theory 

and Practice,2014:20(10)901. 

[6] Wang Lulu. Comprehensive rehabilitation training based on wheelchair platform[D]. 

Shanghai:University of Shanghai for Science and Technology, 2016:2-6. 



 

 160 

[7] Ambrosini E, Ferrante S, Zajc J, et al. The combined action of a passive exoskeleton 

and an EMG-controlled neuroprosthesis for upper limb stroke rehabilitation: First 

results of the RETRAINER project[C]// IEEE Int Conf Rehabil Robot, 2017:56. 

[8] Zhang L Q, Park H S, Ren Y. Developing an Intelligent Robotic Arm for Stroke 

Rehabilitation[C]// IEEE, International Conference on Rehabilitation Robotics. IEEE, 

2007:984-993. 

[9] Embs I. Design and development of a human-machine interactive-force controlled 

powered upper-limb exoskeleton for human augmentation and physical 

rehabilitation[C]// Biomedical Engineering and Sciences. IEEE, 2012:465-470. 

[10] Riani A, Madani T, Hadri A E, et al. Adaptive integral terminal sliding mode control 

of an upper limb exoskeleton[C]// International Conference on Advanced Robotics. 

IEEE, 2017:131-136. 

[11] Song W K, Song J Y. Improvement of upper extremity rehabilitation Robotic 

Exoskeleton, NREX[C]// International Conference on Ubiquitous Robots and 

Ambient Intelligence. IEEE, 2017:580-582. 

[12] Ergin M A, Patoglu V. ASSISTON-SE: A self-aligning shoulder-elbow 

exoskeleton[C]// IEEE International Conference on Robotics and Automation. IEEE, 

2012:2479-2485. 

[13] Nef T, Mihelj M, Colombo G, et al. ARMin - robot for rehabilitation of the upper 

extremities[C]// IEEE International Conference on Robotics and Automation. IEEE, 

2006:3152-3157. 

[14] Huang J B, Hong J C, Young K Y, et al. Development of upper-limb exoskeleton 

simulator for passive rehabilitation[C]// Automatic Control Conference. IEEE, 

2014:335-339. 

[15] Babaiasl M, Ghanbari A, Noorani S M R. Mechanical design, simulation and nonlinear 

control of a new exoskeleton robot for use in upper-limb rehabilitation after stroke[C]// 

Biomedical Engineering. IEEE, 2014:5-10. 

[16] Rahman M H, Rahman M J, Cristobal O L, et al. Development of a whole arm 

wearable robotic exoskeleton for rehabilitation and to assist upper limb movements[J]. 

Robotica, 2015, 33(1):19-39. 

[17] Vitiello N, Lenzi T, Roccella S, et al. NEUROExos: A Powered Elbow Exoskeleton 

for Physical Rehabilitation[J]. IEEE Transactions on Robotics, 2013, 29(1):220-235. 

[18] Klein J, Spencer S, Allington J, et al. Optimization of a Parallel Shoulder Mechanism 

to Achieve a High-Force, Low-Mass, Robotic-Arm Exoskeleton[J]. IEEE 

Transactions on Robotics, 2010, 26(4):710-715. 

[19] Li Haitao. Research on bionic structure of exoskeleton upper limb manipulator for 

rehabilitation[D]. Qingdao University, 2016. 

[20] Yan Hua, Yang Canjun, Chen Jie. Optimization design and system application of 

upper extremity motor rehabilitation exoskeleton shoulder joint[J]. Journal of 

Zhejiang University(Engineering Science), 2014(6):1086-1094. 

[21] Wu Q, Wang X, Du F, et al. Development and control of a Bowden-cable actuated 

exoskeleton for upper-limb rehabilitation[C]// IEEE International Symposium on 

Robotic and Sensors Environments. IEEE, 2014:7-12. 

[22] Krebs H I, Ferraro M, Buerger S P, et al. Rehabilitation robotics: Pilot trial of a spatial 

extension for MIT-Manus[J]. Journal of Neuroengineering & Rehabilitation, 2004, 

1(1):1-15. 

[23] Krebs H I, Ferraro M, Buerger S P, et al. Rehabilitation robotics: Pilot trial of a spatial 

extension for MIT-Manus[J]. Journal of Neuroengineering & Rehabilitation, 2004, 

1(1):1-15. 

[24] Burgar C G, Lum P S, Shor P C, et al. Development of robots for rehabilitation therapy: 

the Palo Alto VA/Stanford experience[J]. Journal of Rehabilitation Research & 

Development, 2000, 37(6):663. 

[25] Jackson A, Culmer P, Makower S, et al. Initial patient testing of iPAM - a robotic 

system for Stroke rehabilitation[C]// IEEE, International Conference on Rehabilitation 

Robotics. IEEE,2008:250-256. 

[26] Luo Dongfeng. Research on control of desktop upper limb rehabilitation robot[D]. 

Graduate University of Chinese Academy of Sciences (Xi'an Institute of Optics and 

Fine Mechanics),2012. 

[27] Spagnuolo G, Malosio M, Scano A, et al. Passive and active gravity-compensation of 

LIGHTarm, an exoskeleton for the upper-limb rehabilitation[C]// IEEE International 

Conference on Rehabilitation Robotics. IEEE, 2015:440-445. 

[28] Cho K H, Song W K. Robot-Assisted Reach Training for Improving Upper Extremity 

Function of Chronic Stroke.[J]. Tohoku Journal of Experimental Medicine, 2015, 

237(2):149-155. 

[29] Yang Yong. Research on arm rehabilitation robot system [D]. Harbin Engineering 

University, 2009. 

[30] Hu Yuchuan. Development of Hemiplegia Upper-limb Compound Sports 

Rehabilitation Training Robot[D]. Tsinghua University, 2004. 

[31] Gijbels D, Lamers I, Kerkhofs L, et al. The Armeo Spring as training tool to improve 

upper limb functionality in multiple sclerosis: a pilot study.[J]. Journal of 

Neuroengineering & Rehabilitation, 2011, 8(1):5. 

[32] Wang Qun, Huang Zhen. Biomechanical mechanism of upper extremity function in 

stroke patients with hemiplegia[J]. Chinese Journal of Physical Medicine and 

Rehabilitation, 2016, 38(12):951-954. 

[33] Chen Wenbin. Kinematic Analysis of Human Upper Limbs and Human Body Design 

and Motion Planning [D]. Huazhong University of Science and Technology, 2012. 

[34] Yan Hua, Yang Canjun, Chen Jie. Optimization Design and Systematic Application 

of Exoskeleton Shoulder Joint for Upper Limb Sports Rehabilitation [J]. Journal of 

Zhejiang University (Engineering Science), 2014(6):1086-1094. 

  

  



 

 161 

Rehabilitation Effect of Pain and Function in Patients with Rotator Cuff 

Lesions by TENS Based on the Theory of Wrist-ankle Acupuncture: A 

Randomized Controlled Clinical Trial of a Wearable Electrical 

Stimulation Device. 
Wenjuan Song 

Rehabilitation Dep
artment of Changh
ai Hospital Affiliate
d to The Second 
Military Medical 

University 

168 Changhai 
Road, Shanghai 

+86 15869132934 

825114235@qq.c
om 

 

Jishen Zhou 

Rehabilitation Dep
artment of Changh
ai Hospital Affiliate
d to The Second 
Military Medical 

University 

168 Changhai 
Road, 

Shanghai 

+86 15801818908 
912508808@qq.c

om 

Ping Shi   

Institute of 
Rehabilitation 

Engineering and 
Technology 
University of 
Shanghai for 
Science and 
Technology 

516 Jungong 
Road, Shanghai   

+86 13918907207 

pshi@usst.edu.cn 

Wei Gu1 

Department of 
Traditional 

Chinese Medicine, 
TheSecond 

Military Medical 
University 

800 Xiangyin 
Road, Shanghai 

+86 13761090755 

sam6116@163.co
m 

 

Fanfu Fang1  
Rehabilitation Dep
artment of Changh
ai Hospital Affiliate
d to The Second 
Military Medical 

University 

168 Changhai 
Road, Shanghai 

+86 15800719913 

fangfanfu@126.co
m

ABSTRACT 

Previous studies have shown that traditional Chinese medicine 

technique wrist-ankle acupuncture and Transcuataneous Electrical 
Nerve Stimulation(TENS) all have good analgesic effects. This 
study attempts to combine the two methods using a wearable 
electrical stimulation device. 60patients whit rotator cuff lesions 
were randomly divided into control group and test group,they all 
received routine rehabilitation treatment including interference 
current, exercise therapy, joint mobilization and family 
rehabilitation training. On the basis of this, the test group received 

TENS on the wrist area. Endpoints were VAS, the range of shoulder 
motion and Constant-Murley scale. We try to explore the analgesic 
effects of Conventional TENS works on the wrist area. The 
outcome showed that VAS in test group was superior to the control 

group（P＜0.05）, and the range of shoulder motion、Pain and 

ROM in the Constant-Murley scale of the test group had a more 
positive trend than the control group, even though there was no 

significant difference between the groups（P＞0.05）. (This study 

was reviewed by the China Clinical Trial Ethics Review Board, 
Ethics Review No.: ChiECRCT-2017051. Registered in China 
Clinical Trial Register, No.: ChiCTR-IIR-17012275. Funding: 
three-year action plan for the development of traditional Chinese 
medicine in Shanghai, NO. ZY3-CCCX-3-7002) 

Categories and Subject Descriptors 

L.0.0 [Assesmennt/evaluation/meaurement]: Assessment and 

Evaluation–measurement, Statistical analysis 

General Terms 

Experimentation 

Keywords 

                                                        

1 Corresponding author. 

electrical stimulation; pain; rotator cuff lesions; wrist-ankle 
acupuncture 

1. INTRODUCTION 

Rotator cuff lesions is a common sports injury, also a common 
degenerative injury of manual workers and middle-aged and elderly 
people, prevalence increases with age. The clinical manifestations 
are neck and shoulder pain, shoulder weakness, limited range of 
shoulder joint activity. It affects daily life1.At present, patients with 
shoulder tendinitis and rotator cuff incomplete tears are 
recommended for comprehensive rehabilitation. Clinically, 

Acupuncture treatment is one of the routine analgesic options. 
Wrist-ankle acupuncture2 was first created by Shanghai Changhai 
Hospital, in the 1970s. It is a kind of acupuncture therapy, 
subcutaneous shallow needling only in the specific acupuncture 
point of wrist and ankle, which can effectively control pain and 
relieve tension.  

TENS is a kind of low-frequency pulse current delivered to the 
human body through the skin to produce pain relief effect. The 

analgesia effect is particularly significant in various system 
diseases.  

In this study, TENS was combined with wrist-ankle acupuncture 
theory. Electrical stimulation on the wrist was used on patients with 
rotator cuff lesions. To explore the rehabilitation effect of local 
TENS for pain and function in the distance shoulder under the 
guidance of chinese medicine and holographic theory.   

2. MATERIALS AND METHODS 

2.1 Normal information 

Sixty patients with rotator cuff lesions were selected from the 
department of rehabilitation medicine of Shanghai Changhai 
Hospital between June 2017 and December 2017. According to 

mailto:15800719913,fangfanfu@126.com
mailto:15800719913,fangfanfu@126.com
mailto:15800719913,fangfanfu@126.com
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clinical symptoms, physical examination and MRI examination to 
confirm the diagnosis. We have a inclusion criteria and exclusion 
criteria, which can be checked by the registration number. 

All participants completed 5 times treatments. 19 subjects in the 

test group who completed 10 treatments and only 11 in the control 
group. Differences of general information between two groups 
were not statistically significant (P>0.05)(Table1). 

Table 1 .general information of two groups 

 Test group Control group P 

age  49.77±10.96 53.33±12.98 0.25 

sex    

   Male 12(40%) 16(53.33%) 0.30 

   female 18(60%) 14(46.67%)  

smoke    

   yes 3(10%) 3(10%) 1.00 

   no 27(90%) 27(90%)  

Shoulder surgery    

   yes 4(%) 6(20%) 0.49 

   no 26(%) 24(80%)  

Dominant hand    

   left 4(13.33%) 1(3.33%) 0.35 

   right 26(86.67%) 29(96.67%)  

lesions location    

left 17(56.67%) 15(50%) 0.80 

right 13(43.33%) 15(50%)  

MRI classification    

   0 1(3.33%) 0(0%) 0.05 

   1 23(76.67%) 18(60%)  

   2 6(20%) 11(36.67%)  

   3 0(0%) 1(3.33%)  

nature of onset    

   Occult 21(70%) 20(66.67%) 0.78 

   Traumatic 9(30%) 10(33.33%)  

Duration    

   0-3 month  11(36.67%) 9(30%) 0.18 

   3-6 month   10(33.33%) 7(23.33%)  

   6-9 month  7(23.33%) 8(26.67%)  

   9-12 month  0(0%) 2(6.67%)  

   ≥12 month    2(6.67%) 4(13.33%)  

2.2 Method 

The two groups of patients were treated according to the routine 
rehabilitation program of rotator cuff lesions, The test group 
increased the local TENS treatment. 

2.2.1 General rehabilitation training methods 

①exercise therapy and joint mobilization. ②interference electric 

therapy. Both Treatment: 2-3 times a week, a total of 10 times, 3-5 

weeks. ③Family training: Pendulum、Crossover Arm Stretch、

Passive Internal Rotation、Passive Internal Rotation、Sleeper 

Stretch、Scapula Setting. Reference to “American Academy of 

Orthopaedic Surgeons, Rotator Cuff and Shoulder Conditioning 
Program ”3. 

2.2.2 Local TENS Treatment 

Patients in the test group wore the wearable electrical stimulation 
device assisted by rehabilitation therapists. Location: upper 5 
(central dorsal wrist, between the two edges of radius and ulna) or 

4（thumb side of the radius between the outer edge）block of the 

wrist, ipsilateral pain region. Equipment: a wearable electrical 
stimulation device4  made by Shanghai Changhai Hospital and 
University of Shanghai for Science and Technology(Sig.1-2) 
(national invention patent .201610928117.5 review),which won the 

Merit Award at 10th i-CREATe 2016. Method of operation: wearing 
wrist bracelet during rehabilitation treatment, exposing treatment 
area skin, placed the two low-frequency electrical stimulation 
probe of the wrist and ankle girdle on the upper 5 or 4 area, take the 
upper and lower juxtaposition method, the electrode is close to the 
skin. Selected the appropriate pulse parameters for patients, 
symmetrical two-way wave, voltage of 30-50V, pulse duration of 
200μs and 30 minutes duration of treatment,hut down. Treatment: 

2-3 times a week, a total of 10 times, 3-5 weeks. 

        

 

2.3 Evaluation Standards 

2.3.1 Evaluation indicators 

①VAS (Visual Analog Scale) ②the range of shoulder motion ③

Constant-Murley scale (CMs) ④safety record 

2.3.2 Evaluation content 

① Immediate Effect evaluation: VAS and range of motion. 

Evaluation time points: before the first treatment, after the first 

treatment. ②Long-Term Effect evaluation: VAS, range of motion, 

Constant-Murley score. Evaluation point: before the first treatment, 

after the fifth treatment, after the tenth treatment. ③ safety 

evaluation: accident occurred during treatment. Evaluation time: 
the whole test process. 

2.4 Statistical method 

SAS 9.4 was used to do statistical analysis. Measurement data were 
expressed by Median(Q1,Q3)and were tested by using Sign test or 
Wilcoxon ranks test, while the enumeration data were processed by 
Chi-square test or fisher exact tests. If P<0.05, difference was 
considered to be statistically significant. 

3. RESULTS 

①VAS of the two groups after the 10th treatment, the 5th treatment 

and the 1st treatment were all better than the baseline. There was 
significant difference between two groups at the 1st and the 5th 

time(P＜0.05), the test group was better than the control group. 

Difference between two groups at the 10th time was not statistically 

significant(P＞0.05)(Table 2)(Sig.3). ②After the 10th time, the 

5th time, and the 1st time, the ROM of flexion, extension, abduction, 
adduction, internal rotation and external rotation of two groups 

Sig.1-2 wearable electrical stimulation device 
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were all improved compared with the baseline(Table 3), The 
comparison between groups showed a more positive upward trend 
of the test group than the control group, but differences were not 

statistically significant(P>0.05) (Sig.4-9). ③Pain and ROM in the 

CMs of the test group had a more positive upward trend than the 
control group(Sig.10-11), differences were not statistically 

significant(P>0.05)(Table 4). ④ No adverse events occurred 

during the treatment.  

Table 2. Comparison of VAS between two groups 

 Test group Control 

group 

Z P 

VAS     

Basline 5.00(3.00,6.00) 5.00(4.00,7.00) 1.01 0.315 

The 1st  4.00(2.00,5.00)# 5.00(3.00,6.00)* 2.81 0.001 

The 5th  3.00(1.00,4.00)# 3.50(2.00,6.00)# 2.00 0.045 

The 10th 3.00(1.00,4.00)# 3.50(2.00,6.00)# 1.60 0.109 

Table 3. Comparison of shoulder mobility between two groups 

 Test group Control group Z P 

Flexion     

Baseline 99.50(84.00,118.00) 106.00(90.00,137.00) 0.90 0.366 

The 1st  107.50(90.00,120.00)# 110.50(92.00,140.00)# 0.99 0.320 

The 5th  120.00(95.00,135.00)# 123.00(100.00,146.00)# 1.67 0.096 

The 10th  120.00(110.00,150.00)# 135.00(122.00,170.00)# 1.47 0.143 

Extensio

n 
    

Baseline 35.00(30.00,43.00) 39.00(30.00,45.00) 1.16 0.248 

The 1st  40.00(32.00,45.00)* 44.00(36.00,45.00)# 0.57 0.570 

The 5th  45.00(40.00,48.00)# 45.50(40.00,50.00)# 0.25 0.800 

The 10th  45.00(40.00,48.00)# 45.00(43.00,50.00)# 0.04 0.966 

Abducti

on 
    

Baseline 80.00(70.00,90.00) 78.50(70.00,90.00) 0.24 0.812 

The 1st  80.00(75.00,100.00)# 83.00(77.00,95.00)# 0.16 0.870 

The 5th  99.00(88.00,118.00)# 95.50(88.00,118.00)# 1.06 0.290 

The 10th  110.00(100.00,135.00)# 120.00(95.00,138.00)# 0.82 0.413 

Adducti

on 
    

Baseline 30.00(26.00,40.00) 32.00(20.00,41.00) 0.33 0.744 

The 1st  33.00(30.00.40.00)# 35.50(25.00,43.00)# 0.09 0.928 

The 5th  39.00(30.00,44.00)# 40.00(32.00,45.00)# 0.03 0.976 

The 10th  40.00(38.00,45.00)# 40.00(34.00,42.00)# 0.17 0.863 

Internal 

rotation 
    

Baseline 59.00(38.00,70.00) 59.50(45.00,70.00) 0.44 0.657 

The 1st  60.00(45.00,75.00)# 61.00(45.00,71.00)# 0.50 0.567 

The 5th  69.00(50.00,80.00)# 67.50(55.00,78.00)# 0.46 0.645 

The 10th  76.00(56.00,88.00)# 75.00(60.00,90.00)# 0.19 0.846 

External 

rotation 
    

Baseline 25.50(15.00,40.00) 28.00(18.00,45.00) 1.16 0.244 

The 1st  36.50(20.00,45.00)# 36.00(20.00,50.00)# 1.30 0.194 

The 5th  42.00(28.00,50.00)# 42.50(32.00,50.00)# 0.94 0.347 

The 10th  45.00(40.00,50.00)# 50.00(40.00,50.00)# 0.48 0.633 

Table 4. Comparison of CMs between two groups 

 Test group Control group Z P 

Pain     

Baseline 5.00(5.00,10.00) 5.00(0.00,5.00) 1.66 0.097 

The 5th  10.00(5.00,10.00)# 7.50(5.00,10.00)# 0.12 0.906 

The 10th  10.00(10.00,10.00)# 10.00(5.00,10.00)# 1.55 0.122 

ADL     

Baseline 10.00(10.00,12.00) 10.00(6.00,12.00) 1.50 0.133 

The 5th  12.00(12.00,14.00)# 12.00(10.00,12.00)# 0.00 1.000 

The 10th  14.00(12.00,14.00)# 12.00(10.00,14.00)# 1.28 0.201 

ROM     

Baseline 20.00(14.00,24.00) 22.00(14.00,24.00) 0.50 0.688 

The 5th  26.00(18.00,28.00)# 26.00(20.00,28.00)# 0.97 0.331 

The 10th  28.00(22.00,34.00)# 28.00(26.00,32.00)# 1.80 0.072 

Muscle 

strength 
    

Baseline 20.00(15.00,20.00) 20.00(15.00,20.00) 0.48 0.631 

The 5th  20.00(20.00,20.00)# 20.00(15.00,20.00)# 0.00 1.000 

The 10th  20.00(20.00,20.00)# 20.00(20.00,20.00)* 0.47 0.641 

The total 

score 
    

Baseline 52.00(45.00,64.00) 50.00(47.00,59.00) 0.61 0.539 

The 5th  64.00(56.00,72.00)# 62.50(55.00,70.00)# 0.25 0.801 

The 10th  72.00(62.00,80.00)# 72.00(63.00,78.00)# 0.15 0.880 

Compare with the baseline: *P＜0.05 #P＜0.01 

  
 

  
 

  
 

   

Fig 3.Comparison of VAS 
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4. DISCUSSION 

Rotator cuff lesions is the degeneration and tear of a group of 
muscles constituting the rotating sleeve of the shoulder joint at the 
point of humerus. Most scholars believe that: shorter duration of 
disease (<3 months), small tear, Post classification is type I, or older 
patients, less demanding on shoulder function, are suitable for non-
surgical treatment5. The commonly used rehabilitation methods 
include physical therapy, block therapy, etc., Simultaneously taking 

joint training and strength training. 

The analgesic effect of acupuncture is recognized and widely used 
in the world6-7, and it has long been used in cancer pain even in MD 
Anderson Cancer Center which is the top Cancer Center in the 
United States. Western medical community generally believe that: 
acupuncture is gradually replacing the role of opioids. Similar to 
acupuncture, modern medicine TENS has a clear analgesic effect, 
and is a pure physical therapy, its analgesic mechanism is currently 
considered of gate control theory, pain descending inhibition theory, 

Endogenous opioid analgesia theory, the conventional high-
frequency TENS enhances the inhibitory effect of SG cells 
primarily by activating noninvasive afferent nerves (Aβ fibers) with 
lower threshold and not activating nociceptive afferent nerves (Aδ 
and C fibers), thus inhibiting the spinal cord and brain stem in the 
pain-related upward transmission of information to achieve the 
effect of analgesia8. 

In this clinical trials, the study group patients wore a electrical 

stimulation bracelet, and used electrical stimulation on wrist. The 
results show that the immediate pain and long-term pain in the test 
group are better than those in the control group, and there is 
statistical significance. It is concluded that conventional-TENS on 
the wrist can effectively reduce the pain intensity of patients with 
rotator cuff lesions, even if the stimulation site is not in the same or 
adjacent ganglia area, and its effect may close to the traditional 
"wrist-ankle acupuncture", it verifies the theory of traditional 

Chinese medicine meridian, also reflects the clinical diagnosis and 
treatment ideas that the human body is a unified whole.  

A comparison of the range of shoulder motion and two subscales in 
CMs showed that the test group have a positive trend than the 
control group, it greatly encouraging our confidence in continuing 
studies of this devices. Althougt there is no statistical significance, 
it may be due to the short wearing time and short observation time, 
2-3 times a week of low frequency therapy has less effect on 

improving activity. Limitation of activity is due to inflammatory 
pain on the one hand, and muscle weakness on the other hand, and 

strength training itself requires a long training cycle, which is an 
important reason for the negative result of this test. 

In our study, we also found that TENS itself can not improve 
shoulder mobility, but can increase the pain threshold to increase 

the range of shoulder motion during treatment, contributing to 
rehabilitation thereby. The short-term effect of TENS is affirmed, 
but for long-term use of chronic pain patients, the effect may be 
gradually reduced9, it may be related to opioid tolerance 
mechanism10. However, for patients with long-term chronic pain, 
low-frequency, high-intensity acupuncture-like stimulation does 
not involve analgesic tolerance, and patients with chronic pain may 
consider adjusting the pattern of parameters to exert a long-lasting 

analgesic effect11. 

In this study, wearable electrical stimulation device can effectively 
improve the immediate pain in patients with rotator cuff lesions, it 
is simple and easy to operate, and it is suitable for clinical and 
family use to exert its long-term analgesic effect. As a new type of 
portable medical instruments, not only demonstrates "Integrative 
Medicine", but also reflects the "combination of medical", smart 
wrist ankle belt will usher in a broader development prospects. 

5. CONCLUSION 

Transcutaneous electrical nerve stimulation on the wrist combined 
with basic rehabilitation treatment can improve immediate pain and 
long-term pain for patients with rotator cuff lesions compared with 
simple basic rehabilitation treatment. The immediate shoulder 

activity, long-term shoulder mobility and shoulder function were 
more positive and helpful than the control group. 
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ABSTRACT 

Objective: Considering the bulky and inconvenience of 

desktop upper limb rehabilitation robots, which will make 

patients miss the best operation time of treatment. 

Therefore, a novel wearable rehabilitation robot base on 

wheelchair platform was developed, which can provide a 

new portable control solution for the patient. Methods:  

Firstly, the accomplishment of the overall mechanism 

with appropriate parameters based on the kinematics and 

dynamics of human body. Then, designing and debugging 

of the robot’s control system was developed based on 

embedded platform. Finally, the verification of design 

index was by using drawing the motion trajectory and 

curve of the angle ranges on upper computer software. 

Result: The test results confirmed the rationality of the 

mechanical design and the stability of the control system. 

Conclusion: The verification showed the advantages of 

reasonable design, simple operation, convenient 

movement, and can be further popularized and studied in 

clinical trials.  

Categories and Subject Descriptors 

I.2.9 [Rehabilitation Robots]: Rehabilitation Medicine 

Theory, Mechanical Design, Control Systems, 

Experimental Analysis. 

General Terms 

Algorithms, Measurement, Performance, Design, 

Reliability, Experimentation, Security, Standardization, 

Verification. 

Keywords 

Rehabilitation robot for upper limbs, Embedded platform, 

Wheelchair platform. 

1. INTRODUCTION 

Upper extremity function damage is one of the most common and 

challenge sequelae of cerebrovascular disease. A study on 515 
stroke patients in Copenhagen showed that 71% of the patients 
received occupational and physical therapy, and 69% had upper 
extremity dysfunction with mild to severe on admission [1]. All 
treatment plans were focusing on the rehabilitation of upper 
extremity function and it plays an extremely important role in the 
treatment of patients with stroke. In addition, according to surveys, 

90% of the stroke patients are extremely eager to use their hands 
like normal people. This is also demonstrating the importance of 
rehabilitation of upper extremity function in patients with stroke [2, 
3].     

Current control models encompass many aspects, 

including behavior, biomechanics, cognition, 

environment, and learning processes. Research suggests 

that the use of function-based tasks or task-related 

training is the most basic treatment for rehabilitation of 

the upper limb function [4]. Traditional treatment mainly 

depends on one-on-one training, which is not only 

inefficient, but also lacks objective evaluation and 

accurate quantification for rehabilitation doctors and 

patients[5]. With the rapid development of robot 

technology and the combination of medical theory, this 

has lays a foundation for the generation of rehabilitation 

robot, and provides a new way of treatment for 

rehabilitation therapy. At present, most of the 

rehabilitation robots for upper limb are generally 

designed as a bulky desktop structure. This design makes 

the rehabilitation robots difficult to move and takes up too 

much space and only can be used in large rehabilitation 

hospitals. In addition, according to clinical requirements 

for rehabilitation,  

the best recovery time for Patients with upper limb dysfunction 
caused by stroke is the recovery period 

However, most hospitals in our country do not have rehabilitation 
departments, which results in many patients unable to get 
treatment in the best rehabilitation period, and even directly 
affects the rehabilitation of upper limb function. 

This paper mainly focuses on the problems of upper limb 
rehabilitation robots, proposes a new rehabilitation training concept 
based on wheelchair movable platform and designs an upper limb 
exoskeleton rehabilitation robot base on wheelchair. Including 
feasibility analysis, mechanical design, control system design and 

test verification. 

2. Analysis of human upper limb structure  

The upper limb rehabilitation robot acts directly on the 

upper limb of the human body.  Whether from the 

perspective of rehabilitation function or safety, the 

structure of the upper limb and the motion characteristics 
of the joint need to be studied deeply. The normal range 

of movement of human upper limb was shown in Figure.1. 

http://www.acm.org/about/class/ccs98-html#I.2.9
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Figure.1 The normal range of human upper limb 

movement 

The human upper limbs have the following characteristics: 

including shoulder joint (SJ), elbow joint (EJ), wrist joint 

(WJ), and phalangeal joint (PJ). The degrees of freedom 

and movement characteristics of each joint are: SJ have 

three degrees of freedom and allow shoulder flexion / 

extension, abduction / adduction, external rotation / 

internal rotation operation[6]. Two degrees of freedom at 

the EJ to allow elbow flexion / extension, external 

rotation / internal rotation operation, WJ have two degrees 

of freedom, act on the closing wrist abduction / flexion / 

extension[4, 7]. There are 7 degrees of freedom in the 

upper limb of human body besides the degree of freedom 

of the finger joint. Range of motion(ROM) of each joint 

was shown in Table.1. 

Table.1 Maximum ROM of human upper limb joints 

Joint Shoulder elbow wrist 

Ante 

flexion 
170° 150° 60° 

Extension 45° * 60° 

Outreach 180° * * 

Adduction 40° * * 

Pronation 90° 90° * 

External 

rotation 
80° 90° * 

According to the analyses above, it can be seen that the 

human upper limb has more degrees of freedom of joint, 

and the ROM of the joints has certain limitations. 

Therefore, it is necessary to choose the degree of freedom 

of joint reasonably in the mechanical design. SJ 

flexion/extension, SJ abduction/adduction and EJ 

flexion/extension are selected as the active degrees of 

freedom (motor drive). The other degrees of freedom are 

designed as passive degrees of freedom. 

Moreover, the central axis of the joint of the robot arm 

needs to be kept coincide with the central axis of the joint 
of the patient when training the patient. And the size and 

length of the arm vary from patient to patient [8]. 

Therefore, it is necessary to consider the length of the 

rehabilitation robot arm, shoulder width, and height of the 

arm in the mechanical design, so as to improve the 

adaptability of this design to different patient sizes. 

According to the results of the survey, the probability of 

stroke in people over 40 years of age is higher, and the 

incidence rate of males is greater than that of females. 

Therefore, the GB/T10000-88 Chinese Adult Human 

Body Size is used to statistically analyze the human 

dimensions of Chinese males aged 36-60 years. The 

results were shown in Table. 2. 

Table.2 Major sizes of adults in China (male) 

Height 

/㎜ 

arm 

length/

㎜ 

Forearm 

length/

㎜ 

Shoulder 

width/㎜ 

Perce

ntile 

1533 278 206 328 1 

1576 289 215 343 5 

1596 294 220 350 10 

1667 313 235 373 50 

1739 331 252 395 90 

1761 337 257 401 95 

From the data analysis in the table above, it can be 

indicated that the forearm length of the human upper limb 

is in the range of 206-267mm, the length of the upper arm 

is in the range of 278-348mm, and the width of the 

shoulder is in the range of 328-489mm. Hence, the length 

of the robot arm and the width of the shoulder in this 

design can be adjusted within these corresponding ranges. 

From the perspective of dynamics, when the upper limb 

rehabilitation robot assists the patient in rehabilitation 

training, the output torque should be accord with the 

human motor mechanics characteristics. Meanwhile, the 

gravity of the human upper limb and the gravity of the 

robot arm also should be taken into account to calculate 

the torque accurately required by the motor. In view of 

the difference of mass distribution in different parts of 

upper limb in different population groups, the mass 

distribution of human upper limb and the relative position 

of center of mass of human upper limb are determined by 

referring to GB/T17245 Inertia Parameters of Adult 

Human Body. The Table.3 shows the statistical results. 

Table.3 Human upper limb dynamics analysis  

Upper 

limb 

Sex Relative 

mass/% 

 𝑐𝑠  𝑐𝑥 

hand M 0.64 36.6 63.4 

 W 0.42 34.9 65.1 

forearm M 1.25 42.4 57.6 

 W 1.14 45.5 54.5 

Upper M 2.43 47.8 52.2 
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arm 

 W 2.66 46.7 53.3 

Note: M represents male; W represents female;  𝑐𝑠  

represents the percentage of the centroid of a body to the 

whole length of the body segment;  𝑐𝑥 represents  The 

percentage of the size of the lower center of the segment 

centroid of individual to the total length of the segment[9]. 

The following formula can be derived from the 
analysis  above:I = ∑ ∆𝑚𝑖

𝑛
𝑖−1 𝑟𝑖

2  (1) 

By calculation, the position of the centroid of the 

hand L1cs is 73.932mm, the position of the centroid of the 

forearm L2cs  is 113.208mm, and the position of the 

centroid of the upper arm L3cs  is 166.344mm. After 

analyzing the structural characteristics and movement 

characteristics of the upper limbs of the human body, the 

articulated parameters, such as the adjustable joint length, 

the degree of freedom, and the motor selection, can be 

confirmed.  

3. Mechanical Design 

The key design parameters and indicators obtained from 

the analysis of III upper limb structure and mechanical 

design[10], the design of the upper extremity exoskeleton 

rehabilitation robot based on the wheelchair platform was 

completed. 

 

Figure.2 The overall structure of the upper extremity 

exoskeleton rehabilitation robot 

Wheelchair-based upper limb rehabilitation robot 

contains 3 parts: Back support and lifting platform, The 

support structure of the elbow, wrist movements and 

forearm movement. To be more specific, the back support 

can be fixed on the wheelchair through a bracket and the 

lifting platform adopts a worm gear rack secondary 

transmission to form an elevator mechanism. In order to 

make the training of the upper extremity exoskeleton 

rehabilitation robot compatible with patient’s training of 

left and right hand, the design A and B are designed as 

two rotatable joints, which are fixed by bolts. When the 
training need to be change, it is only necessary to rotate 

the A or B by 180 ° . M1 is the shoulder 

adduction/abduction drive motor, M2 is the shoulder 

flexion and rear extension drive motor, and M3 is the 

elbow flexion/extension drive motor. 

4. Control system design 

The upper limb rehabilitation robot control system mainly 

includes the following parts: data acquisition unit, data 

processing and control unit, voice control unit, data 

transmission unit, upper computer control unit and power 

unit. The overall structure of the control system is shown 

in Figure 3. 

 

Figure 3 Overall block diagram of the control system 

The data acquisition unit includes: joint angle acquisition, 

grip force acquisition, forearm and upper arm muscle 

electrical signal acquisition, and battery power 

acquisition. The data processing and control unit applies 

Cortex-M7 micro-controller core responsible for data 

processing, motor control, and a peripheral driving 

section of the entire system. The DMA controller with 

two channels to meet the demand for multi-channel data 

acquisition. Besides the comes with the motor drive unit 

CAN communication protocol and the processing 

frequency is set to 216MHz to meet the requirements of 

data processing and control system[4, 6].  

The voice control unit adopts non-specific human voice 

recognition and broadcasting chips, and can store up to 

512 control commands[11]. The recognition sensitivity 

and microphone gain can be adjusted to complete far and 

nearfield recognition, so that the voice control 

requirements of the upper limb rehabilitation robot can be 

met. 

The data transmission unit can support serial port, 

wireless network, and CAN OPEN communicating 

protocol.   Specifically, serial port communication and 

wireless network communication are mainly responsible 

for completing the data transmission between the upper 

computer and the lower computer. 

CANOPEN communication protocol is responsible for 

communication with each motor of the upper limb 

rehabilitation robot. PC control unit based on the platform 

of Visual studio clients can complete remote control of 
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the robot's upper limb rehabilitation and rehabilitation 

data acquisition. Based on the analysis of the mechanical 

structure of the upper exoskeleton in the second section, 

Maxon disc motor and associated drivers to provide 

power on shoulder and elbow joints of the upper 

extremity exoskeleton rehabilitation robot. 

5. Analysis of test results 

During training, the arm of the upper limb rehabilitation 

robot is adjusted to the corresponding side according to 

the affected side of the user. Next, the affected side is 

worn on the upper limb exoskeleton rehabilitation robot 

robotic arm and the length of each joint of the arm is 

adjusted to complete fit the patient's arm according to 

each joint arm of the users. 

Then, the forearm and upper arm were fixed to the 

patient's forearm and upper arm respectively, and the 

patient held the bar with the mechanical arm. 

Finally, the height of the back lift platform of the upper 

limb rehabilitation robot is adjusted to suit the height of 

the patient's sitting posture. The test results are shown in 

Fig. 4. 

 

Figure 4 Upper limb exoskeleton rehabilitation robot 

prototype 

The users were asked t to perform shoulder joint flexion 

and extension, shoulder joint adduction and abduction, 

and flexion and extension training of the elbow joint. 

After measurement, the range of angular movement of a 

single joint of the upper limb rehabilitation robot in 

training was shown in Table.4. 

Table 4 The maximum ROM of the drive joint of the 

robot 

Joint Shoulder elbow wrist 

ante flexion 150° 105° 50° 

Extension 30° * 50° 

Outreach 130° * * 

Adduction 30° * * 

Pronation * * * 

External 

rotation 

* * * 

 

Comparing this data with the orientation of normal upper 

body joints, it can be seen that the ROM of each joint of 

the upper limb rehabilitation robot is within the normal 

range of the human body. In addition, in order to prevent 

the injury and other accidents caused by excessive stretch 

of the upper limb of the user, the angle motion orientation 

of each joint of the upper limb rehabilitation robot is 

designed to be 60.67 to 81.1 percent of the ROM of the 

upper limb of the normal person. 

 

Figure. 5 Curves of the adduction advancing range of 

the robot 

 

Figure.6 Curves of range of flexion and extension of 

shoulder joints of the robot 

 

Figure.7 Curves of the abduction of the elbow joint of 

the robot 

The curve of the angular displacement of the upper limb 

during the rehabilitation training process is shown in Figs. 

5, 6 and 7. This curve intuitively reflects the state of the 

user's upper limb joints in actual operation. It is proved 

that the upper limb exoskeleton rehabilitation robot has 

good biomimetic performance and ensure the safety of the 

patient during training. 

6. Conclusion 

Based on the analysis of human upper limb movement 

characteristics and upper limb rehabilitation medical 
theory, this paper proposes a wheelchair-based portable 

upper extremity exoskeleton rehabilitation robot. A 
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complete mechanical design and control scheme is 

proposed.  

The upper extremity exoskeleton rehabilitation robot can 

be installed with an ordinary wheelchair and support 

training for the patient's left hand or right hand. Moreover, 

the arm length, shoulder width and back height can be 

adjusted through control system. The robot has a variety 

of training modes, such as training, assist training, and 

teaching, and can provide passive training and active for 

the upper limb dysfunction. The control mode of the robot 

supports voice control, computer control and other 

control methods. 

Through theoretical analysis and experimental 

verification, the results show that the exoskeleton 

rehabilitation robot is in line with the characteristics of 

human movements and the control system is stable and 

efficient, and it has good effect on the rehabilitation of 

patients with upper limb dysfunction. It can help patients 

with upper limb dysfunction after stroke or trauma for 

daily rehabilitation training and life support. 
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ABSTRACT 

Objective The paper designed a cable-driven robot for 

upper-limb rehabilitation to realize the miniaturization 

and household application of the upper-limb 

rehabilitation robot. Methods The transmission system 

consisting of cable and synchronous belt is used for power 

transmission, and the hardware part of the control system 

and the feedback control system part of the robot are 

designed. Conclusion The continuity of trajectory is 

improved by using the three spline interpolation 

algorithm, and the teaching training track has good 

reproducibility. 

Keywords 

Cable-driven; upper limb rehabilitation; robot; control 

system; teaching training experiment 

 

1. INTRODUCTION 

Hemiplegia is a kind of central nervous dyskinesia. Limb muscle 
strength in hemiplegic patients will decrease, and severe patients 
will lose their motor function completely [1-2], which has a serious 
effect on the patients and brings a heavy burden to the family and 
the society. The traditional way of rehabilitation training is mainly 
with the help of the physiotherapist to make the patient carry on a 
lot of repetitive movements. This treatment is time-consuming, 
laborious, inefficient, and inconvenient to operate at home. 

Therefore, the research of household upper-limb rehabilitation 
robot is of great significance for improving the level of holistic 
rehabilitation in China. 

At present, most of the joints of rehabilitation robots at home and 
abroad are connected by series mechanisms, that is, the motor and 
gear mechanisms are installed at each joint of the robot. This makes 
the motor of each joint not only need to provide the torque that 
supports the motion of this joint, but also to overcome the weight 

of the motor and gear of the upper joint, which causes the joint to 
use a motor with a larger drive torque and power and a stronger 
transmission gear, which inevitably greatly increases the volume 
and weight of the robot arm and reduces the payload of the robot. 
The CADEN-7 upper-limb rehabilitative robot system developed 

by University of Washington [3-4] uses cables and pulleys to 
achieve 7-DOF comprehensive assistance training, which enables 
complex upper limb rehabilitation exercises However, because of 
the use of large number of pulleys and synchronous belts, the 
overall quality, volume and inertia of the robot are larger. Queen 
University in Canada has designed a cable-driven 6-DOF upper-

limb rehabilitation robot, MEDARM, which can complete the 
compound movement of shoulder and elbow. Like CADEN-7, its 
cable drive and transmission system are relatively complex. The 
ARMin new upper-limb rehabilitative robot, developed by the 
University of Zurich, Switzerland [5-7], has 6-DOF. The robot is 
equipped with a position sensor and a 6- dimensional torque sensor 
on each degree of freedom, which can make the robot easy to 
control but increases the volume and weight of the entire 
manipulator. The Harbin Institute of Technology has developed a 

5-DOF exoskeleton type upper-limb rehabilitation robot. Because 
3 Panasonic AC servo motors are installed directly at the shoulder 
and elbow, and 2 Maxon DC servo motors are installed directly in 
the wrist [8], which makes the whole arm too large. And the motor 
is directly installed at the joints, resulting in a certain noise, which 
seriously affects the training effect of patients. 

 

2. MECHANICAL STRUCTURE 

In this paper, the design of the overall power transferring 

for the upper-limb rehabilitation robot is the combination 

use of cable and synchronous belt, which is different from 

the traditional transmission that has the characteristic of 

heavy weight and   complicated structure. The driving 

motor with high precision and fast response is used as the 

power output, and the dynamic transmission of the 

synchronous belt and cable will eventually transfer the 

power to the joint of the manipulator, which will drive the 

patient's passive training with three degrees of freedom 

(flexion/extension of shoulder joint, adduction/abduction 

of shoulder joint, flexion/extension of elbow joint). The 

figure 1 below shows the overall structure of the device. 

The forearm in the figure is a retractable mechanism that 

can be used by patients with different arms. The front end 

mailto:821800699@qq.com
mailto:821800699@qq.com
mailto:yhl98@hotmail.com
mailto:yhl98@hotmail.com
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is equipped with a hand holder and a hall lever.  

Figure 1. Overall structure of the upper-limb 

rehabilitation robot 

3. DESIGN OF HARDWARE PART OF 

CONTROL SYSTEM 

Based on the above mentioned upper-limb rehabilitation 

robot, the study and design of the lower computer system 

of the upper limb rehabilitation robot were completed. In 

order to ensure the accuracy, real-time and comfort of the 

control process [9], the DC motor is adopted for the power 

drive of 3 driving degrees of freedom. And all three 

degrees of freedom have the reverse drive capability. The 

control system structure of the lower computer is shown 

in the figure 2. 

Figure 2  The structure of control system for lower 

computer 

3.1 Design of system power supply module 

The function of the power supply module is to transform 

the 220V alternating current (AC) into the working 

voltage needed by each part of the lower computer. The 

power supply of the whole system is introduced from 

220V AC, and the single-phase three -wire transmission 

mode is adopted. After 220V AC connection, the main 

function of the two pole air switches is to connect and 

disconnect the front and back stage circuits, and it can 

protect the circuit when a short circuit, serious overload 

or undervoltage occurs in the circuit system. There are 
FU1 and FU2 fuses for short-circuit protection in the 

subsequent circuit. AC contactor KM controls the power 

input of switching power supply.  

Considering the convenience of operation and the safety 

of upper limb rehabilitation robot, multi-point control is 

applied to input control of switching power supply. The 

start button SB2, the stop button SB1 and the emergency 

stop button SB3 on the pushbutton box and the contactor 

KM form a jog control circuit. The system is equipped 

with two switching power supplies, the output voltage 

24V switch power supply for three motor controllers, the 

output voltage 5V switching power supply for three 

encoders, three slave control boards and the mainboard. 

 

Figure 3  The structure of power supply for the 

whole system 

3.2 Design of system control module 

The main works of the control module include issuing 

instructions to motor drivers, collecting and recording 

three degrees of freedom motion information and 

calculating the next output angle. The main control board 

is the core of the whole lower computer control system, 

including many components, including the control chip 

STM32F103 ZET6 and its minimum system, the CAN 

communication circuit for the main control board and the 

driver communication, the serial communication circuit 

combining the rehabilitation training with the virtual 

reality game of the host computer, the EEPROM storage 

circuit for storing the motion parameters and the 

acquisition circuit of the encoder to collect three degrees 

of freedom motion information. 

In this design, there are two rehabilitation training modes: 

teaching passive training and fixed track passive training. 

In the teaching passive training, the main control chip 

STM32F103 ZET6 controls the upper-limb rehabilitation 

robot to enter the teaching passive training mode after 

receiving the teaching passive training mode instruction 

from the host computer. The rehabilitative trajectory 

designed according to the patient's own special condition 

is collected by the angle encoder at each degree of 
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freedom and entered into STM32F103 ZET6 through the 

angle encoder acquisition circuit of the main control 

board. At this time, the motors at three degrees of freedom 

are in anti-drive state. The main control chip receives the 

motion information at each degree of freedom through the 

acquisition circuit of the angle encoder and stores the 

motion information into the EEPROM memory chip. 

After completing the demonstration track entry, the 

rehabilitation trajectory of the upper limb rehabilitation 

robot is restored. The main control chip reads the track 

information from the EEPROM according to the storage 

order and sends the trajectory information to three motor 

controllers through the CAN bus, which drives the motor 

to follow the demonstration trajectory. In the fixed track 

passive training, the main control chip STM32F103 ZET6 

controls the upper-limb rehabilitation robot into the fixed 

track passive training mode after receiving the fixed track 

passive training mode instruction from the host computer. 

The main control chip calculates the trajectory target 

angle through the corresponding trajectory equation 

according to the rehabilitation trajectory selected by the 

upper computer and sends it to the motor controller 

through the CAN bus, which drives the motor to drive the 

patient's limb movement in accordance with the selected 

trajectory. 

3.3 Design of system motion module 

The main function of motion module is to drive three 

degrees of freedom to move according to functional needs. 

The training function of the upper-limb rehabilitation 

robot designed in this paper is mainly achieved by 

controlling the motor to drive three degrees of freedom 

motion. The control motor is an electromechanical 

component, and its functions in the system are execution, 

detection and calculation. 

4. DESIGN OF FEEDBACK CONTROL 

SYSTEM 

In the course of rehabilitation training, in order to ensure 

the stability, rapidity and accuracy of the rehabilitation 

training control system, the system control flow chart 

showed in Figure 4 was used in this study. The robot's 

three degrees of freedom motion angle is regarded as the 

controlled quantity. 

 

Figure 4. Flow chart of system control 

This study combines feedforward control and feedback 

control to control the robot. Feedforward control is 

applicable to disturbance predictability. The computable 

deviation in the system is corrected by feedforward 

control. Feedforward control directly calculates the 

rectifying deviation according to the preset setting. The 

control principle of feedback control is controlled 

according to the deviation. It is used to correct some 

unpredictable disturbances and calculate a feedback 

control according to the error value of feedback.  The 

two control outputs are combined into one output and 

transmitted to the motor controller. 

5. TEACHING TRAINING 

EXPERIMENT  

In teaching training, the accuracy and fluency of robot 

upper limbs are related to the angle sampling time in 

teaching stage. But too fast sampling frequency greatly 

increases the burden of CAN bus. This study uses the 

three-spline interpolation algorithm to solve the problem 

of how to track the accuracy under the low CAN bus 

overhead. In this experiment, shoulder joint adduction / 

abduction is taken as an example. In the teaching phase, 

the main control board sampling angle information every 

one second through the CAN bus. A total of 20 data is 

collected, as shown in Table 1. 

Table 1 Teaching training data 

Sampling 

time(s) 

Angle 

value(°) 

Sampling 

time(s) 

Angle 

value(°) 

0 0.00 10 -16.596 

1 -0.45 11 -4.500 

2 -6.714 12 4.716 

3 -12.834 13 11.664 

4 -29.934 14 24.012 

5 -38.52 15 26.676 

6 -48.744 16 26.280 

7 -48.690 17 21.204 

8 -31.482 18 15.48 

9 -23.022 19 0 

According to the collected data, the angle-time trajectory 

is shown in Figure 5 (red line). It can be clearly observed 

from the graph that trajectories are obviously turning at 

every sampling point. If we reduce the sampling 

frequency again, the trajectory will be more tortuous. In 

this study, the three-spline interpolation algorithm is used 

to make the trajectories smooth and continuous. A three-

function function is constructed between every two 

sampling points. The four coefficients of the three 

functions can be obtained by solving the matrix. The 

piecewise function obtained is plotted in MATLAB, and 

the curve (black curve) shown in Figure 5 is obtained. 

Comparing the red fold line with the black curve, the 
smoothness and continuity of the black curve is obviously 

improved. 
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Figure 5. Comparison between the interpolation 

curve and the sampling point curve 

Through the data points and the specified first bottom end 

condition, we can obtain the spline interpolation curve. 

Taking an interpolation angle every 0.2 seconds as a target 

angle, we can get the trajectory as shown in Figure 6. It 

can be observed from the graph that the track formed by 

the angle of the target is significantly improved in 

smoothness and continuity compared with the sampling 

point trajectory. 

 

Figure 6. The trajectory after the interpolation 

algorithm 

6. DISCUSSIOPN AND CONCLUSION  

On the basis of the designed structure of the upper-limb 

rehabilitation robot, this research focuses on the hardware 

part of the control system and the feedback control system. 

In addition, we carried out the teaching training 

experiment. And the experimental results show that the 

three-spline interpolation algorithm improves the 

continuity of the trajectory and the reappearance of the 

training track is better. 
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Abstract 

The objective of this research is to design a single degree 

of freedom elbow powered exoskeleton and analyze its 

validity in rehabilitation training and life assisting for 

patients with upper limb movement disorders. 10 patients 

with upper limb movement dysfunction were enrolled in 

the two experiments based on EMG signal assessment 

and muscle physical strength assessment. After 5 sections 

of rehabilitation training,  the integral of myoelectric 

(Iemg) and the root mean square(RMS) of the time 

domain signal were increased efficiently. Andthe muscle 

activity demonstrated that the maximal muscle 

activity(MMA)  recover to a normal range of (0, 1) when 

it is worn. Also, with wearing the elbow exoskeleton. 

patients can complete a series of activities in daily life  

Keywords 

Elbow exoskeleton; rehabilitation training; muscle 

activity; integral of myoelectric; 

1. Introduction 

The movemrnt of the upper limb is the most frequent function in 
dailylife. However, traffic accidents, sport collisions, accidental 
tumbles and other factors, , are all likely to cause spinal injury and 
lead to loss the  function of the upper and lower limbs, which 
greatly affect the daily life and work of patients in different ages. 

But patients with spinal cord injury ranging from C5 to C6(Zancolli 
functional classification of the upper limbs paralyzed with spinal 
cord injury), whose the elbow joint can  bend but can’t 
stretch. Therefore, when  the operation or daily life  requires 
upper limbs function, the upper limb assist robot is often needed to 
help the patients to perform the upper limb movement. Without the 
help of nursing staff[1]. 

Daily assist robot has become the popular direction of robot 

research and development [2-5]. The Zhou L team of Aalborg 
University developed a single articular exoskeleton on the basis of 
the development of the HRI biomechanical model. The wearable 
exoskeleton, which is studied by Xu Xiang, Nanjing University of 
Science and Technology, has 4 degrees of freedom, which can help 
patients complete a variety of rehabilitation training, but cannot be 
used in daily life assistance [6]; Wang Yuan and others at Shanghai 
Jiao Tong University have studied the evaluation method based on 

sEMG for upper limb rehabilitation robot, which is used to evaluate 
the effect of upper limb rehabilitation robot [7]. Most of the 
existing wearable exoskeleton robots can assist patients in daily life, 

but most of them use the high-power disk type motor and the 
harmonic decelerator to drive the patient's upper limb directly. This 
kind of design, which has large weight and  higher electric current, 
has a direct influence on the wearability and portability. 

The system selected a small, lightweight DC motor through 
structural optimization design. It adopts biocompatible materials 

and BOM plastic to make it easy to wear with lightweight and 
stable structure. Usage of biological signal controlled wearable 
exoskeleton robot can collect the angle, torque, brachial triceps and 
biceps surface electromyography signal in real time, and the DC 
motor driving signal is controlled by  information fusion and 
decision algorithm processing. 

On the basis of the structure and control of the exoskeleton of the 
elbow joint, this study is to evaluate the muscle activity by 
analyzing and comparing the torque of the exoskeleton joint and 

the voltage signal of the biceps surface. [8]. EMG has been widely 
used as the source of control and the evaluation of muscle activity. 
In this study, with analyzed Iemg and RMS in time domain,  we 
compared and analyzed the trend and stability of eigenvalues before 
and after the use of patients; In musculoskeletal modeling, the 
human body is set as a multibody system, and the bone is used as a 
connecting rod and joints act as hinges, muscles and external fields  
apply force to the system. By controlling the external force field, 

the evaluation of the activity of muscle activity is realized [9], and 
the operation effect and practicability of the elbow joint 
exoskeleton in 2 basical daily assist  actions are verified. 

2. Elbow joint exoskeleton system 

2.1 mechanical structure design 

The system designed a wearable elbow exoskeleton. The 

mechanical structure includes upper arm, forearm fixed 

mechanism, power output transmission mechanism and 

energy storage buffer mechanism. The mechanical 

structure is shown in Figure 1. The upper arm forearm 

fixed mechanism used memory alloy and flexible 

bandage to suit the wearer with different arm diameter. 

Each fixed mechanism also included the adjustable slots 

that could change the length of the arm; The power output 

transmission mechanism used a high-speed micromotor 

of FAULHABER 3564 ( rated speed 8000rpm), which 

transmitted power(16rpm) to the synchronous belt 

through one-level planetary deceleration(1:250) and one-

level gear deceleration(1:2) And the synchronous belt  

drived the revolving module of the forearm; In order to 

improve the practicability and reduce the loss of the 

battery, a coil spring is hung on an abnormal-axes of the 
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power output, and the pre-tensioning coil spring balanced 

the torque generated by the upper arm forearm fixing 

mechanism and the forearm due to gravity. At the same 

time, it can utilize the energy transfer during the rotation 

process to store energy and release energy, buffering the 

rigid rotation impact wearer's elbow. ; The rotary limit pin 

is designed to protect the wearer's operation safety. 

 

 

2.2 Control Structure Design 

Control structure includes Android control software, 

Bluetooth communication module, MCU, EMG sensor, 

encoder, drive module, torque sensor and DC motor. 

Control structure is shown in the Figure 2.  Giving full 

play to the security, stability, operability, and computing 

power of the mobile phone CPUs, all data are sent to 

Android control software through Bluetooth to be 

processed and analyzed; Patients can independently 

download the active and passive rehabilitation training 

data of cloud server  for corresponding rehabilitation 

training; The absolute value coder is combined with the 

main control MCU (STM32F407) to form closed-loop 

control, and the software limit is set to double-use 

protection; Through the electromyography acquisition 

module, we recognize the movements of the arms such as 

flexion, extension, jitter and flip based on the fast Fourier 

transform (FFT) technology. 

 

3. Rehabilitation training and life support 

experiments 

In this study, 10 patients with upper limb dyskinesia were 

invited to participate in two experiments based on muscle 

strength assessment and EMG signal evaluation. After 5 

rehabilitation training phases (5 days / phase), the 

moment of the exoskeleton joint and the signal of the 

biceps surface voltage were collected at each phase to 

compare and evaluate the muscle activity. 

Four rehabilitation programs were developed for 10 

patients with different muscle strength. The initial 

assessment of EMG and muscle strength is performed 

before rehabilitation training, which is used as a 

comparative data for final data analysis. 

3.1 EMG signal assessment 

The process of the human surface muscle signal is first to 

solve the noise problem (including human motion noise, 

inherent noise of the instrument and the noise of the 

electrode itself, etc.). The system uses a series of analog 

filtering, as shown in Figure 3. 

 

Figure 3 Series Analog filtering process 

According to the rehabilitation training mode of elbow 
joint, three patients with 2-level   muscle strength were 

evaluated. The training method was bionic bare handed 

Figure 2 Control structure 

Figure 1 Control structure 



 

 177 

assisted active and passive training. The arm of the patient 

was on the training operation table, which worn the elbow 

exoskeleton, and the palm was attached to the tabletop. 

By loading the ‘level-2 muscle bionic bare hand assisted 

active and passive training’ data through the mobile App, 

it helped the patients to carry out the passive training of 

the plane sliding training and kept the muscles at the end 

of the full force contraction movement, insisting for 6 

seconds; In the active training process, the EMG signals 

of the biceps and brachii muscles of the relatively weak 

patients with 2-level muscle strength were collected by 

magnifying the gain of the myoelectric sensor. After 

filtering, FFT transformation and pattern recognition, the 

exoskeleton of the elbow joint was controlled to drive the 

forearm to perform the same active training as the passive 

training.  

The analysis data showed that after 5 phases of 

rehabilitation training, the integral EMG(Iemg) increased 

by 47.6% and the mean square root(RMS) decreased by 

46.3% at the angular velocity of 15 °/s , and the 

electromyographic signal of the biceps brachii is 

significantly enhanced and more stable than before the 

rehabilitation training, which indicated that the energy 

consumption is more obvious, that is, the active work of 

the patient is increased and the muscle fatigue strength is 

reduced. In this process, the exoskeleton provided gravity 

compensation through the use of the elbow exoskeleton 

to proceed active and passive training with the level-2 

muscle strength bionic hands. 

3.2 Muscle strength assessment 

After 5 phases of rehabilitation training, at 15 ° /s angular 

velocity, Maximum Muscle Activation(MMA) of daily 

movements were compared between wearing 

exoskeletons and without wearing exoskeletons, and the 

effect of the exoskeleton on the elbow joint was analyzed. 

MMA = max  𝑓(𝑥) = ∑
𝑓𝑖
(𝑀)

𝑁𝑖
 ∈ (0，1)𝑖                

Figure 6 is the MMA curve of three patients when 

wearing and not wearing exoskeletons. It is analyzed that 

the MMA can not be lifted normally without exoskeleton. 

The calculated MMA is over 16, and far beyond its 

computation range; With wearing the elbow exoskeleton, 

the maximum MMA is 0.63 when the auxiliary torque 

reaches to 10Nm, which is within the normal range of 

MMA. This means that daily actions such as holding cups 

and umbrellas can be done with elbow exoskeleton. 

 

 Figure 4 The MMA curve for the measurement of worn and 

not worn exoskeleton 

4. Conclusion 

The elbow exoskeleton based on this study can help 

patients complete the designated action of active and 

passive rehabilitation training and assist patients' daily 

life. Compared with the existing upper limb exoskeleton 

rehabilitation robot, this new wearable single-joint 

rehabilitation robot has the advantages of lightweight 

structure (0.6kg overall), convenient wearing and stable 

operation. And it is very suitable for use in communities 

and families. On the basis of developing exoskeleton, the 

muscle strength recovery index is quantified from two 

directions of mechanical evaluation and EMG signal 

evaluation. The data of each recovery phase is stored in 

the database for making reference for the next 

rehabilitation training program and validating the 

effectiveness and practicability of the elbow exoskeleton 

in the active and passive rehabilitation training and 

assisting the patient's daily life. 
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ABSTRACT 

Freezing of gait (FOG) is a paroxysmal and disabling 

symptom in advanced stages of Parkinson’s disease 

(PD). Absence of walking abilities severely affects FOG 

patients’ quality of daily lives. Despite a great deal of 

empirical research, the pathophysiological mechanisms 

underlying the symptom remain unclear and current 

treatments lack efficacy. The studies on comparison of 

freezing episodes between level walking and stair 

climbing in PD patients with FOG showed the 

significant reduction of FOG during stair climbing, but 

the mechanism remains unclear. We hypothesized that 

the Electroencephalographic (EEG) signal would be 

different in locomotion-related cortical areas, when 

walking on the stairs compared with walking on the 

level during motor imagery in healthy young subjects. 

EEG data were collected from 6 right-handed, healthy 

subjects during motor imageries of level walking or stair 

climbing. EEG signals at different electrodes were 

analyzed in both time and frequency domain. Our results 

demonstrated EEG signal differences in locomotion-

related cortical areas between level walking and stair 

climbing during motor imagery in four subjects, which 

indicate that these two locomotion tasks may be 

modulated by different cortical circuits and brain 

pathways. The understanding of different locomotion 

controlling mechanisms in the brain can provide 

opportunity to explore FOG symptom in PD patients. 

General Terms 

Measurement, Performance, Design, Experimentation, 

Human Factors, Standardization, Verification. 

Keywords 

Electroencephalography, Freezing of Gait, EEG Power 

Density, Locomotion Tasks, Time-Frequency Analysis 

 INTRODUCTION 

Parkinson’s disease (PD) is a chronic neurodegenerative 

disorder characterized by bradykinesia, rigidity, resting 

tremor and postural instability, which impairs postural 

control and mobility as well as impacts negatively on 

community ambulation and increases the risk of slips, 

trips and falls[1]. Freezing of gait (FOG) is a 

paroxysmal and disabling symptom in advanced stages 

of PD. Clinicians and scientists interested in FOG have 

considered this symptom as a brief, episodic absence or 

marked reduction of forward progression of the feet 

despite the intention of walk[2]. Absence of walking 

abilities severely affects FOG patients’ quality of daily 

lives. Despite a great deal of empirical research, the 

pathophysiological mechanisms underlying the 

symptom remain unclear and current treatments (i.e., 
medications, deep brain stimulation, and rehabilitation 

techniques) lack efficacy [2].  
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The extrinsic cues (i.e., cross stripes on the floor or 

walking at the rhythmic sound) have been shown to have 

some specific effects on alleviating FOG episodes [3] 

and improving the gait parameters for PD patients, such 

as gait speed, cadence[4, 5], and stride length 

variability[6, 7]. Especially, visual cues help to make an 

additional increase in step length [4, 5]. Velu et al. found 

an increased cortical information flow in the beta range 

for the visual cue responding PD-with-FOG patient 

when compared with non-responding PD-with-FOG 

patient and health control, indicating FOG patient might 

have an alternative cortical sensory-motor pathway 

during training with visual feedback. However, the 

underlying mechanism is still under investigation [8]. 

Recently Janssen et al. reported that FOG was alleviated 

in an individual with PD when climbing stairs, an effect 

that was preserved when walking on a painted 3D 

staircase illusion [9]. The possible explains proposed by 

authors include different body movement strategies 

between level walking and stair climbing as well as 

stronger visual compensation between impaired basal 

ganglia and supplementary motor area [9]. Interestingly, 

Gilat et al. reported a study on comparison of freezing 

episodes between level walking and stair climbing in 

seven patients with PD and FOG and concluded that 

visual compensation strategy plays a role in alleviating 

FOG, but it is not the only reason [10]. Janssen et al. 

considered a further explanation that climbing stair is 

less overlearned than level walking, and being less 

affected by the impaired putamen [11]. Therefore. More 

complex mechanisms underlying compensatory 

strategies for FOG in PD are needed to be further 

investigated.  

Bradford et al. have used non-invasive 

electroencephalography (EEG) to study the different 

brain activities during uphill and level walking in human 

and found theta power was greater during incline 

walking in certain cortical areas [12]. Luu et al. reported 

similar results of distinguished EEG signals of human 

walking across different conditions (level ground, ramp 

ascent, and stair ascent) [13]. Based on those studies, it 

is believed that level walking and stair climbing may be 

controlled by different cortical circuits and brain 

pathways. This could be one of explanations for the PD 

patients who can climbing stairs normally in previous 

case report [9]. In this study, EEG and motor imagery 

(MI) [14] are implemented on human volunteers to 

further compare the brain activities during imagined 

level walking and stair climbing. Based on previous 

related EEG findings, we hypothesized that theta power 

in locomotion-related cortical areas (i.e., Cz) would be 

greater, when walking on the stairs compared with 
walking on the level during motor imagery in healthy 

young subjects. 

 MATERIALS AND METHODS 

2.1 Study participants 

EEG data were collected from 6 right-handed, healthy 

subjects (4 males and 2 females, 25±1.41 years). Each 

subject was provided with, and signed, consent forms 

prior to participating in the study. None of the subjects 

had the history of neurological disorder or locomotor 

deficits or major lower limb injury. The subjects were 

not informed of the experimental hypothesis, or the 

experimental design beyond the activities they 

performed. 

2.2 Experimental protocol and data acquisition 

Subjects seated in a comfortable chair with bodies 

relaxed about 0.5 meter away from the stimulus 

displaying computer and tried their best not to move 

their bodies and heads. The experimental paradigm was 

illustrated in Fig. 1. Each subject completed five 

sessions of trials, each session consisted of 8 trials for 

level walking and 8 trials for stair climbing. The 

sequences of two tasks being shown were randomized. 

One trial was consisted of three stages of preparation, 

task performing (e.g., level walking or stair climbing) 

and resting. The preparation cue shown as one red circle 

is in the center of the screen lasting for 2s ready-to-start 

period to ask subjects to improve attention and remind 

the subject to minimize the body movement as well as 

eyeblink. Then the subject imagined himself/ herself 

walking over-ground or climbing stairs as the picture 

cue displaying. Two cueing pictures include a person 

walking on the level and climbing up the stairs. So as 

the image appeared, the subject started performing MI-

Level Walking or MI-Stair Climbing for 4s. A 2s-resting 

period follows after motor imagery and then the next 

trial starts. During motor imagery the subjects were 

asked to imagine level walking or climbing stairs with 

focus on the rhythmic movements of the legs and feet. 

 

Figure 7.  The illustration of experimental paradigm for 

motor imagery and EEG recording.  

EEG recording was performed in a quiet and a 

shielded from outer electrical or magnetic room. And 

EEG data was acquired using Ag/AgCl scalp electrodes 

on a Neuroscan system (Compumedics USA, Charlotte, 

NC, USA) and the EEG cap with the 64 electrodes 

positioned over the main cortical regions. The 

placements of the electrodes followed the international 
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10–20 system. There are other electrodes used for 

electrooculography (EOG) to capture eye blinks and eye 

movements. We applied conductive gel underneath each 

electrode to ensure that contact impedance of each 

electrode was kept below 5 kΩ and sampling rate was 

1000 Hz. 

2.3 EEG Data analysis 

All EEG data (all subjects and trials) preprocessing steps 

were performed using the CURRY Neuroimaging Suite 

7.0.9 XS (Compumedics USA, Charlotte, NC, USA). 

After reference was selected, baseline correction, 

filtering, artifact detection and rejection was carried on 

the software. Right and left mastoid electrodes were 

averaged off-line to act as reference. EEG signals are 

very sensitive to electronic noise and artifacts due to 

their weak amplitude [15].So the EEG data was filtered 

offline with a low pass filter of 0–30 Hz. Then baseline 

correction was applied. Artifacts were rejected if the 

EEG amplitude exceeded ±100 μV. The eyeblink 

artifacts were also carefully rejected. After that, data 

were visually inspected, and episodes and channels with 

large artifacts were discarded. Data analysis were 

performed using custom software written in Matlab 

R2016a (The MathWorks, Natick, MA, USA) and 

functions from EEGLAB for time-frequency analysis. 

In order to reveal the EEG differences between 

imagined level walking and stair climbing, a type of 

short-time Fourier transform analysis method, time-

frequency spectrogram was calculated with a 

convolution method using a sliding Hanning window 

length of 256 ms and an interval of 6 ms. The averaged 

time-domain EEG data were used for spectrogram 

calculating. 

 

 RESULTS 

After preprocessing, the trials with obvious artifacts 

were removed. The results of two subject (e.g. one male 

and one female) were not reported because the subjects 

felt fatigue and could not focus on motor imagery during 

tests. Moreover, their effective trials after preprocessing 

were less than 10 trials for each task. Other four subjects 

performed the motor imagery tasks very well and 

effective trials after preprocessing were more than 30 

trials for each task. Fig. 2 shows the EEG voltages at Cz 

electrode (central sensorimotor cortex) in the time 

domain for two imagined walking tasks. In all results for 

two different imagination conditions, there were clear 

peaks of EEG voltage at several hundred milliseconds 

after stimulus cues onset and the voltage-time curves 

before those peaks were hard to be distinguished 
between level walking and stair climbing. However, 

these two curves can be distinguished after time of the 

peaks during the imagination processes. The averaged 

EEG voltages (blue curves) at Cz electrode under motor 

imagery of stair climbing further deviated from baseline 

than those (red curves) under motor imagery of level 

walking. The similar trends were also found in Pz 

(central parietal cortex) and C3 (left sensorimotor cortex) 

electrode.  (Data were unshown) 

 

Figure 8. The averaged EEG voltage curves of Cz electrode in 

time domain for imagined level walking and stair climbing 

tasks. 

 

Figure 9. The results of short-time Fourier transform of EEG 

signals for imagined level walking and stair climbing tasks. 

Fig. 3 shows the short-time Fourier transform results 

of EEG data in time-frequency coordinates with false 

color representing the power density spectrum. The 

differences of EEG power density at Cz electrode 

between imagined level walking and stair climbing were 

found within delta (0.5~3 Hz) and theta (4~7 Hz) 

frequency ranges. The EEG power densities of Cz 

electrode were higher for stair climbing imagination 

compared with those for level walking imagination. 

However, the power density differences happened at 

different time periods among four subjects. The similar 

trends were also shown in Pz and C3 electrodes.  (Data 

were unshown) 

 

 DISCUSSION 

In this study, we investigated brain activity differences 

between motor imageries of level walking and stair 
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climbing by using highly sensitive EEG system. To our 

best knowledge, this is the first study demonstrating 

EEG difference between imagined level walking and 

stair climbing tasks. The EEG power density at 

locomotion-related electrodes was higher in the motor 

imagery of stair climbing, which may reflect these two 

locomotion tasks have different cortical circuits and 

brain pathways. 

4.1 EEG differences in time domain 

The averaged EEG voltage curves of Cz electrode in 

time domain (shown in Fig. 2) were found to be different 

between two different motor imagery tasks. The voltage 

amplitudes under stair climbing task were higher than 

those under level walking task, indicating the superficial 

cortical circuits may dominate during stair climbing 

imagination and an activity in deeper brain region (i.e., 

basal ganglia-motor cortical pathway) may be mainly 

involved during level walking imagination. Hollnagel et 

al. used a MRI-compatible device to study the brain 

activity during stepping and observed more activity 

within the sensorimotor brain areas when subjects 

conducted more “uncommon” motor task [16]. 

According to this, the results of EEG voltages in time 

domain may be explained that stair climbing task is 

more “uncommon” compared with level walking task. 

4.2 EEG differences within delta and theta 

frequency range 

When subjects imagined climbing stairs, cortical delta 

and theta band power density increased in the central 

sensorimotor (Cz electrode), left sensorimotor (C3 

electrode) and central parietal cortices (Pz electrode) 

compared with motor imagery of level walking. The 

delta band difference is hard to explain due to its relative 

low frequency range and body movement artifact. Some 

previous works have found similar theta band related 

results in motor task-related brain areas during 

locomotion [12, 17, 18]. Compared with level walking, 

cortical theta-band power increased in the anterior 

cingulate, sensorimotor, and posterior parietal cortices 

in the inclined walking [12]. Significantly larger mean 

theta band power in or near anterior cingulate, anterior 

parietal, superior dorsolateral-prefrontal, and medial 

sensorimotor cortex exhibited during walking on the 

balance beam compared with walking on the treadmill 

[17]. The similar finding was shown when comparing 

unstable and stable single-leg standing postures [18]. 

The previous study demonstrated that the left 

hemisphere plays a more dominant role than the right 

hemisphere in skilled complex movements [19]. So in 

our study, the theta band power density in C3 electrode 

showed similar walking tasks modulation as Cz and Pz 

electrodes. 

4.3 FOG relation 

The main motivation for this study is to validate the 

hypothesis that the EEG signal would be different in 

locomotion-related cortical areas, when walking on the 

stairs compared with walking on the level during motor 

imagery in healthy young subjects. The EEG 

experimental results from young health subjects with a 

limited sample size have shown the more superficial 

cortical activity in motor cortex areas during 

imagination of stair climbing compared with level 

walking, indicating stair climbing task is mainly 

controlled by superficial cortical areas and level walking 

task is mainly modulated by deeper brain pathways. The 

results may be one of potential explanation for the case 

report proposed by Janssen et al. [9]and the study 

conducted by Gilat et al.[10]. The impaired deep brain 

region and pathways in PD patients with FOG may 

induce the absence or reduction of forward progression 

of the feet during the performance of level walking. 

However, less impaired superficial cortical function in 

those patients may help them significantly reduce the 

occurrence of FOG during stair climbing. 

 

 CONCLUSIONS 

The major limitation of this study is the small number of 

subjects. The future study needs to be implement to 

increase the effective sample size to further validate the 

results. Quantitative EEG data and statistical analysis 

technique is also needed in the next study for further 

improving the reliability of research.  

In summary, the present work demonstrates EEG 

signal differences in locomotion-related cortical areas 

between level walking and stair climbing during motor 

imagery in healthy young subjects. The results indicate 

that these two locomotion tasks may be modulated by 

different cortical circuits and brain pathways. The 

understanding of different locomotion controlling 

mechanisms in the brain can provide opportunity to 

explore FOG symptom in PD patients. 
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ABSTRACT 

Due to acute onset of gait disorders, there are some subjectivities 
during the judgment of Parkinson's disease (PD). In order to assist 
in diagnosis of gait disorders and improve recovery rates of patients 
with PD, a classification model of gait disorders is constructed to 
achieve the digital classification of gait disorders in this 

paper.Acceleration, angles, plantar pressures, and myoelectric 
signals from patients with gait disorders and healthy persons are 
collected and processed.The associated signal characteristics for 
the classification of each gait disorder are extracted to form the 
sample feature set, which is also trained via the random forest 
algorithm to obtain different gait disorders classification models. 
The average classification accuracy of the model reached 89.43%. 

Keywords 

Parkinson’s Disease; Gait disorders; Characteristic 

extraction; Classification model 

1. INTRODUCTION 

Gait disorder is one of the cardinal features of motor 

deficits in PD. The symptoms of gait disorders due to 

different etiologies may be the same. However, doctors 

usually diagnose the gait disorders by observing the 

walking state or moving limbs of patients, thus leading to 

the subjectivities. The digital classification of gait 

disorders can assist doctors to find the etiologies of 

abnormal gaits effectively, and provide patients with the 

best treatment. There are few studies on the digital 

classification of gait disorders. The current studies mainly 

focused on the classification between healthy human and 

patients with PD. Hany et al. [1] found that step size, pace, 

knee angle, and plantar pressure are the four key 

characteristic parameters for distinguishing gait and 

normal gait in Parkinson's patients. Joonbum et al.[2] 

designed a mobile gait monitoring system to determine 

gait abnormalities by observing deviations between the 

plantar pressure and normal pressure patterns.Alexandros 

et al.[3] developed a new Parkinson's patient monitoring, 

assessment, and management system. This system can 

collect the clinical status of patients and assist doctors in 

the development of treatment plans.Milica[4] et al. used 
sensor systems to collect the motion data to classify 

walking patterns. The error rate of algorithm reached is 

16%. Ferdous[5] et al.  used machine learning 

algorithms to classify Parkinson's disease gaits of patients 

with PD and normal gaits. Among different algorithms, 

the classification accuracy of the random forest algorithm 

is 92.6% in terms of the classification. There is lack of 

studies on the digital classification of PD gait disorders. 

Therefore this study has important significance, since the 

digital classification of gait disorders can significantly 

improve the accuracy for the diagnosis of symptoms of 

patients and contribute to the rehabilitation of patients. 

2. THE TYPES OF GAIT DISORDERS  

There are many types of gait disorders in Parkinson's 

disease patients .Three typical types are shown here 

which have similar symptoms with different etiologies. 

(1)Rigidity: The patient's muscles are in a state of 

constant contraction, muscles are pretty hard, which leads 

to the increase of limb muscle force when the patient is 

not moving. Besides, when patient want to exercise, 

because of the increased muscle tension, the joints are 

stiff and the movement is slow[6]. 

(2) Dystonia: Dystonia is  the tension increasing of some 

muscles around the joints. The tension of other 

antagonistic muscles is reduced or normal, causing the 

joints to be twisted in an abnormal position or the joints 

are twisted[7]. For example, the foot continues to twist 

inward or downward. 

(3) Insufficient leg strength: The leg lifting force is small, 

leading to difficulty in the stride. The steps of the healthy 

leg is normal and the disease leg is small. 

Using wearable technology, gait disorders are divided 

into the above three categories by collecting and 

processing various types of signal characteristics. 

3. THE EXPERIMENTAL PROCESS 

3.1 The Experimental Subject 

The subjects were divided into two groups: the 

experimental group and the control group. The 

experimental group were PD (Parkinson's disease) 

subjects, and the control group were healthy subjects. The 
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patients with Parkinson’s disease who participated in this 

study were recruited by neurosurgery department of 

Shanghai Changhai Hospital. Approved by the ethics 

committee of Changhai Hospital, all participants signed 

informed consent and volunteered to this study. All the 

patients were scored by the  

grader with H&Y(The Hoehn and Yahr Scale, H&Y) 

rating Scale and UPDRS standard[8]. 

The study recruited 16 PD subjects which includes 9 

males and 7 females, aged 46 to 75 years, mean age is 

62.35years, duration of illness 6 to 20 years, and the 

average duration is 12.03year. Through the evaluation of 

professional doctors, the 16 PD subjects were divided into 

three groups according to symptoms: 6 in the rigidity 

group, 4 in the dystonia group, and 6 in the insufficient 

leg strength group. In the control group, 12 healthy 

subjects participated in the study, including 6 males and 6 

females, with an average age of 46.08 years. 

3.2 The Experimental Apparatus and Method 

The experiment used three-dimensional motion 

acquisition analysis system, surface myoelectric signal 

instrument and plantar pressure collection system to 

comprehensively collect gait information such as 

acceleration, angular velocity, myoelectric signal and 

plantar pressure. 

The entire experiment process is mainly divided into two 

phases: 

(1)Sitting period: Let the patient sit on a chair and relax 

the legs for 10s. At this time, in order to test the resting 

EMG signals of the lower limbs and determine if the 

patient has rigidity, the electromyograph collected the 

myoelectric signals of the tibialis anterior muscle, 

gastrocnemius muscle of the leg and foot surface.  

(2)Walking period: The patient go straight for 10m, then 

turn back to the position of the chair. At this time, the 

signals of plantar pressure , leg acceleration and angular 

velocity were collected to judge whether the patient has 

dystonia or insufficient leg strength. 

4. GAIT DISORDERS SIGNAL 

CHARACTER EXTRACTION 

The original acquisition signal contains lots of noise [9], 

and it is necessary to filter and rectify the signal before 

extract the signal feature[10]. 

4.1 Signal Characteristics of Rigidity 

In a sitting position, The myoelectric signal of a normal 

person is almost zero, while the electromyographic signal 

of rigidity PD patients is stronger and the magnitude of 

resting potential is positively related to the severity of 

rigidity. After rectifying and smoothing the myoelectric 

signal, the eigenvalues of IEMG, AEMG, and RMS are 

extracted in the time domain, while the eigenvalues of 

MPF and MF are extracted in the frequency domain[11]. 

The time window select 5 s, and then feature extraction 

was performed on the resting state myoelectric signals of 

the experimental group and the control group. The 

experimental group consisted of 6 patients with rigidity, 

and the control group consisted of 6 healthy subjects. 

Each group of patients was numbered. The myoelectric 

signal feature of the rigidity patient group and the healthy 

subject control group are shown in Table 1. 

From the table, it can be seen that for the time domain 

features IEMG, AEMG, RMS, the time domain 

eigenvalues of the rigidity patient group are significantly 

higher than the healthy subject group, and for the 

frequency domain feature MPF and MF, the rigidity 

patient group and there was no significant difference in 

the healthy group.                          

4.2 Signal Characteristics of Dystonia 

The main feature of dystonia is the increased muscle 

tension of the leg accompanied with varying degrees of 

deformation of the foot. The plantar pressure in the same 

area of the left and right feet of a healthy subject is 

approximately the same as shown in Figure 1. In patients 

Group 
Num-

ber 

IEM

G 

AEM

G 
RMS MPF MF 

rigidity  

group 

1 23.20 4.64 5.75 78.21 31.30 

2 25.57 5.11 5.42 30.20 9.30 

3 213.2

1 

42.64 52.4

0 

71.03 20.70 

4 53.18 10.64 19.6

5 

86.58 15.30 

5 448.4

2 

89.69 95.4

2 

39.40 14.10 

6 50.54 10.11 10.3

7 

48.61 31.70 

Health

y 

subject

s 

1 5.79 1.16 1.25 65.46 21.90 

2 3.56 0.71 0.73 52.77 29.90 

3 9.79 1.96 2.12 62.79 20.70 

4 3.70 0.74 0.78 37.19 18.10 

5 2.85 0.57 0.60 55.41 27.10 

6 6.10 1.22 1.37 15.12 3.30 

Figure1 The peak pressure of healthy 

subject 

Table 8. The myoelectric signal characteristic of the 

rigidity patient group and the control group 
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with dystonia, the size and distribution of the pressure in 

each area of the plantar area are different from healthy 

objects may be caused by the continuous deformation of 

the foot[12]. There are three main types of foot 

deformation caused by dystonia: toe hook, foot inversions, 

and foot valgus. Figure 2 shows the peak pressure which 

was collected by three types of dystonia during the 

experiment in various areas of the plantar region. The 

main characteristics of dystonia were identified by 

comparison and analysis. 

 

Figure 2 (a) shows the pressure in each area of the foot of 

patient with toe hook. The pressure in the middle of the 

foot of the patient is almost zero. At the same time, the 

peak pressure of the forefoot is low, and the plantar 

pressure of the left toe is far greater than that of the right 

toe. Therefore, the pressure of the middle of the foot and 

forefoot can be used to identify the characteristics of 

patients with toe hook. 

Figure 2 (b) shows the pressure in each area of the foot of 

patient who has left foot valgus. It can be seen from the 

figure that the foot pressure on the outside of the left 

forefoot is significantly lower than the pressure on the 

outside of the right forefoot. At the same time, the 

pressure inside the forefoot is significantly greater 

than the outside of the forefoot, and the pressure in middle 

of the foot become smaller which affected by the valgus. 

Because of the valgus symptoms occurred in the left foot 

and  the right foot is not deformed, the pressure ratio of 

inside and outside of left forefoot was significantly higher 

than that of the healthy subjects, the pressure ratio of the 

left forefoot and right forefoot was significantly lower 

than that of healthy subjects. Therefore, the pressure ratio 

between the inside and the outside of the forefoot, and the 

ratio of the outside pressure of the forefoot between the 

left foot and the right foot can be used to classify the foot 

valgus patients. 

Figure 2 (c) shows the pressure in each area of the foot of 

patient who has right foot inversion. It can be seen from 

the figure that the foot pressure on the inside of the right 

forefoot is significantly lower than the pressure on the 

outside of the right forefoot due to the inversion of the 

foot. Because of the inversion symptoms occurred in the 

right foot and  the left foot is not deformed, the pressure 

ratio of inside and outside of right forefoot was 

significantly lower than that of the healthy subjects, The 

pressure ratio of the left forefoot and right forefoot was 

significantly higher than that of healthy subjects. 

Therefore, the pressure ratio between the inside and the 

outside of the forefoot, and the ratio of the inside pressure 
of the forefoot between the left foot and the right foot can 

be used to classify the foot inversion patients. 

Figure 2.  The peak pressure of the patient with 

dystonia in each area of the foot 

(c) The peak pressure of the patient with foot 

inversions in each area of the foot. 

(b) The peak pressure of the patient with foot 

valgus in each area of the foot. 

(a) The peak pressure of the patient with toe hook 

in each area of the foot. 

Figure 1.  The peak pressure of the healthy subject. 
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Although muscular tension of patients with rigidity and 

dystonia have increased, there is no deformation in the 

foot of patients with rigidity. Therefore, the pressure of 

the middle of the foot, the pressure ratio between the 

inside and the outside of the forefoot, the ratio of the 

outside pressure of the forefoot between the left foot and 

the right foot and the ratio of the inside pressure of the 

forefoot between the left foot and the right foot have big 

differences between patients with rigidity and 

dystonia .These can be used as classification 

characteristic. 

4.3 Signal Characteristics of Insufficient                 

Leg Strength 

Insufficient leg strength lead to smaller steps, however the 

smaller steps may be caused by insufficient leg strength 

or rigidity. In order to distinguish insufficient leg strength 

patients and rigidity, it is necessary to combine swing 

range of the calf’s pitch angle and EMG signals.  
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As shown in Figure 3, it is a data diagram of swing range 

of the calf’s pitch angle. Experimental groups ensure that 

patients in the insufficient leg strength group have no 

symptoms of rigidity, so as not to affect the accuracy of 

the results. Although it can be clearly seen in the figure 

that the swing range of the healthy subjects far exceeds 

the other two groups, the mean values of the swing range 

between the insufficient leg strength group and the 

rigidity group are relatively close. Therefore, it is difficult 

to distinguish that the gait disorder is caused by 

insufficient leg strength or rigidity, only based on the 

swing range of the calf’s pitch angle. 
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As shown in Figure 4 , it is a data diagram of swing range 

of the AEMG signal. As can be seen from the figure, in 

the groups of insufficient leg strength and healthy subjects, 

the AEMG value is small because of no symptoms of 

rigidity. So the AEMG value in the rigidity group is 

significantly higher than the rest. In conclusion, it is 

essential to combine the AEMG value of the resting 

electromyographic signal with the data from swing range 

of the calf’s pitch angle for further determining whether 

the gait disorder is caused by rigidity or insufficient leg 

strength. 

5. GAIT DISORDER CLASSIFICATION 

MODELING AND EVALUATION 

After analyzing the signal characteristics of three typical 

gait disorders, ten characteristics were selected to classify 

the three gait disorders. After analyzing the signal 

characteristics of three typical gait disorders, eight 

characteristics were selected to classify the three gait 

disorders. In this paper, the acceleration signals, angle 

signals, myoelectric signals, and plantar pressure signals 

of the 16 patients collected in the experiment were 

processed and extracted 10 kinds of characteristic values 

in the time window to form feature set and establish a gait 

disorders classification model. The time window select 5s. 

The feature set was divided into four types: rigidity, 

dystonia, insufficient leg strength, and healthy subjects, 

and the four types of samples were marked. 

The result of the marking is based on the doctor's 

diagnosis. Finally, a random forest algorithm is used to 

train the feature set and obtained three different 

classification models of gait disorders. The evaluation 

results of gait model are shown in Table 2. The average 

classification accuracy of the classification model of gait 

disorder reached 89.43% by comparing with the doctors' 

diagnosis results. It can also be seen from the Table 2 that 

the rigidity classification accuracy is higher than other 

gait disorders, it may caused by the number of rigidity 

patients. At the same time, insufficient leg strength have 

the lowest classification accuracy among the three gait 

disorders. This may be due to the fact that there are few 

characteristics for classifying patients with insufficient 

leg strength, and even if the elderly are in good health, the 

pace may become smaller due to age. 

Table 2. The accuracy of the classification model of gait 

disorder  

 
Type Rigidity Dystonia 

Insufficient 
leg strength 

Average 
classification 
accuracy 

Accuracy 92.00% 91.30% 85.00% 89.43% 

Figure 3. The data diagram of swing range of the calf’s 

pitch angle. 

Figure 4. AEMG value from resting state 

electromyogram signal. 
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6. CONCLUSION 

In this paper, the gait disorders classification experiment 

was designed. The detailed gait information, including 

accelerations, angular velocities, myoelectric signals, and 

plantar pressures, was collected from patients with three 

different types of gait disorders by using three-

dimensional motion acquisition analysis system, surface 

myoelectric signal instrument and plantar pressure 

collection system. After data processing and analyzing, 

the typical features of each gait disorder signal used for 

the classification were found to form the sample feature 

set. Finally, the machine learning algorithm was used to 

train the feature set to obtain the gait disorders 

classification model. The model, which was constructed 

via random forest algorithm, has the average 

classification accuracy of 89.43%. 
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ABSTRACT 

The patient with peripheral nerve injuries might have a 

better prognosis of restoration than central nervous 

injuries, depending on the involved nerves and the 

severity. However, the progress of rehabilitation of most 

patients with the peripheral nerve disabilitiesis likely to 

be delayed by pain, which may not only change the 

process of training, but also lower their motivation. 

Therefore, monitoring the pain during rehabilitation is 

important. In the pain assessment area, pain-related 

evoked potential (PREP) has been used to evaluate the 

responses of two nociceptors, A fiber axons and c fiber 

axons, to external stimuli, such as, electrical stimulation. 

However, in previous studies, the relationship between 

stimulation parameters and different features of PREP 

has not been made clear. Our goal is to realize an 

objective and reliable pain assessment through PREP. 

We validatedPREP signals with respect to pain 

perception level, then investigated the effect of pulse 

duration of electrical stimulation on PREP data, and the 

responses of A and c fibers. Three commercialized 

electrical stimulation devices that enabled stimulation 

with various parameters, were used to activate 

nociceptive fibers on the finger to induce pinprick-like 

sensation, electroencephalography (EEG) signals were 

recorded to analyses brain responses.The results showed 

that PREP can reflect human pain in a quantitative way. 

Besides, an effect of pulse duration on PREP was found 

with the latency of negative EEG components. Through 

time-domain and time-frequency domain analysis, the 

differences of A and c fibers in their responses to 

different stimulation parameters were made clear. 

Categories and Subject Descriptors 

H.1.2 [Information Systems]: User/Machine Systems 

– human factors, human information processing 

General Terms 

Measurement, Design, Experimentation, and Human 

Factors 

Keywords 

Pain-related evoked potential (PREP), electroenceph

alography (EEG), pain perception level, peripheral 

nervous system 

 

1. INTRODUCTION 

In the peripheral nervous system, there are several types 

of sensory fibers which respond to specialized stimuli. 

The fibers that carry pain signals are A and c fibers. 

Perceived pain is transmitted from a stimulus site to a 

cortical process through these two fibers. Both of these 

fibers have different structures and characteristics. A 

fibers are myelinated ones that send impulses faster than 

unmyelinated c fibers. Ais related to acute and fast pain, 

which disappears quickly while the c-fiber represents 

slow pain, which persists longer, such as chronic pain 

[1]. Both fibers terminals are located in the epidermis 

and superficial layer of the dermis [2,3] 

   Peripheral nerve disabilities can cause either acute 

or chronic pain. In clinical practice, self-reported pain 

such as numeric pain rating scales (NPRS), verbal rating 

scales (VRS), and visual analog scales (VAS), are the 

gold standard approach for determination of the absence, 

presence, and pan intensity for a long time [4] butthese 

questionnaires-based methods are very subjective and 

unable to obtain in real-time. On the other hand, pain-

related evoked potential (PREP) [5] is an objective 

approach widely used for pain assessment. This method 

has been suggested for selective stimulation of A and c 

fibers by using concentric electrode to elicit a high 

current density at relatively low current intensities for 

avoiding of non-pain fibers, A. Another study from 

Mueller et al. [6]used PREP for early detection of 

diabetic small-fiber neuropathy by analysing negative-
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to-positive (NP) amplitude, the first negative peak (N1) 

latency and the first positive peak (P1) latency for 

analysing pain data. Consequently, PREP has a 

statistically significant correlation between NP 

amplitude and pain intensity which could be useful to 

test peripheral pain. 

   According to previous PREP studies, this evaluation 

tool has a capability to analyse pain without bias, and it 

is simple to use. This might be helpful for detecting pain 

perception level and impairment of fiber function 

without relying on only the patient’s self-description. 

However, as noted in previous studies [7,8], the 

relationship between electrical stimulation parameters 

and different features of PREP is unclear. Moreover, it 

is necessary to investigate intensively event-related 

desynchronization (ERD) and event-related 

synchronization (ERS), in time-frequency domain, as 

suggested in Mouraux et al. [9], which studied the 

changes of brain responses from both A and c fibers. 

 

2. PREP EXPERIMENTS 

To study variation of PREP with various stimulation, three types 
of stimulation devices were used to elicit pinprick-like pain 
sensation; (i) TENS Trio 300 (Ito Co., Ltd. Japan), (ii) Neuropack 
MEB 220 (Nihon Kohden Co., Ltd Japan) ,and (iii) 

Neurometer(Neurotron Co., Ltd. USA). EEG signals were 
recorded from Cz, C3, C4, reference at Fz and ground at CMS 
and DRL (based on Biosemi Active Two, Netherland) with a 
sampling rate of 2048 Hz, and a band with of 400 Hz. Three 

experiments were conducted for each study design. The whole 

experiment overview is shown in Fig. 1. 

2.1 Experiment 1: Validation of PREP signals and 

pain perception level 

Previous studies [5,10]have shown the correlation 

between PREP of A fiber and pain perception level via 

VRS on healthy volunteers, but few studies investigated 

both A and c-fibers simultaneously. As a preliminary 

test for monitoring pain level on a healthy subject, 

electrical pain threshold (EPT) was measured for 

perception of pain before conducting the experiment. A 

1.5-fold intensity of EPT was used for eliciting pain 

sensation. Stimulation parameters used were shown in 

Table 1. The electrical stimulation was input to index 

finger (along C7 dermatome), and its intensity was 

gradually increased until the subject felt pain. The 

stimulation pattern (lasting time and frequency) was 

randomly assigned to the subject, for the purpose of 

alleviating habituation. In addition, verbal rating score 

(VRS) was recorded by asking each subject for pain 

perception level during stimulation. This experiment 

was conducted at least five minutes to get enough EEG 

signal for averaging PREP data. 

Table 9. Parameters of three stimulation devices 

Stimulation 

device 
Nerve Stimulation parameter 

TENS A 
Asymmetrical biphasic square wave 

Frequency 50 Hz, pulse duration 0.25 ms  

Neuropack A 
Asymmetrical biphasic square wave 

Frequency 10 Hz, pulse duration 0.5 ms 

Neurometer 

A 
Trapezoid wave, frequency 250 Hz,  

Pulse duration 2 ms, rise-fall time 1 ms 

C 
Trapezoid wave, frequency 5 Hz,  

Pulse duration 200 ms, rise-fall time 30 ms 

 

2.2 Experiment 2: The effect of different pulse 

durations 

According to Katsarava et al. [5], pulse number has an 

effect on PREP amplitude which means the stimulation 

parameter is one of the factors that impact pain 

elicitation and perception. In this study the effect of the 

pulse duration was investigated by using two 

commercialized stimulation devices, because 

Neurometer alone could not adjust the frequency 

besides their stimulation mode of 250 Hz and 5 Hz.  

The waveform and frequency of stimulation parameters 

had to be controlled to identify the effect of different 

pulse durations (between 0.25 ms and 0.5 ms), as shown 

in Table2.A1.5-fold intensity of EPT, which was the 

same intensity as in the first experiment, was used. 

Table 2. Parameters of the second experiment 

Stimulation 

device 
Nerve Waveform Frequency  

Pulse 

duration 

TENS A 
Asymmetrical 

biphasic 

square wave 

10-50 Hz 0.25 ms 

Neuropack A 
Asymmetrical 

biphasic 

square wave 

10-50 Hz 7.5 ms 

Figure 1. Overview of PREP experiments. 

 

. 

 

 



 

 193 

 

2.3 Experiment 3: PREP of A and c-fibers 

responses 

   As noted before, they have been analysed in time-

domain for single pain fiber: A in [5,6,10],and c fibers 

in [8]. However, only few have been reported on the 

simultaneous comparison of both fibers. Moreover, 

there have been few studies about time-frequency 

analysis for both A and c fibers [9]. So, analyses of 

both time-domain and time-frequency from A and c 

fibers simultaneously will be conducted. All of three 

stimulation devices were used as the same as the second 

experiment. The electrical stimulation was delivered at 

a proper frequency which did not cause any muscle 

contraction. Then, the first peak wave of PREP 

components, N1 latency, P1 latency, and N1P1 

amplitude, were analysed as time-domain features, and 

changes of power spectrum, ERD and ERS, at the time 

of interest (100 ms after stimulation onset) were checked 

in time-frequency analysis. Time-frequency features 

were analysed to detect transient event-related spectral 

perturbation, or ERSP (event-related shifts in the power 

spectrum) in epoched EEG data through the window of 

analysis from 200 ms before to 500 ms after the 

stimulation onset. The 200-ms period before the 

stimulus was used as the DC baseline. Main 

measurement data were calculated from Cz which had 

maximum amplitude related to N1 data [6]. 

 

3. RESULTS 

3.1 Experiment 1 

The correlation between NP amplitude and subjecti

ve pain perception of C7 dermatome from VRS of

 all the devices was analysed and shown in Fig.2.

The graph showed linear approximation of the data,

 y = 2.6592x + 2.5536,which had a correlation co

efficient, r =0.78,indicating the high correlation bet

ween NP amplitude and pain level. In addition, th

e correlation coefficient of each stimulation device 

was 0.96 for TENS, 0.99 for Neuropack, and 0.98 

for both A and c responses of Neurometer, respe

ctively. The correlation indicated that PREP amplit

ude reflected human pain processing in a quantitati

ve way, which might be practically used during re

habilitation. 

3.2 Experiment 2 

   The stimulation was conducted with a pulse duration 

of 0.25 ms by TENS and 0.5 ms by Neuropack at the 

same frequency setting, respectively. The results in 

Fig.3-4 showed the p-value of the amplitude, N1 latency 

and P1 latency, respectively. The p-value of N1 latency, 

P1 latency and NP amplitude was 0.04, 0.38 and 0.79, 

respectively, which meant that different pulse durations 

had an effect on only N1 latency but neither P1 latency 

nor amplitude.

 

 

3.3 Experiment 3 

At the stimulation with a 1.5-fold intensity of EPT, the 

average pain level calculated from VRS scores among 

whole subjects was 7.0  1.5, maximal amplitudes of 

initially negative-positive peak (N1P1) was 22.1  3.3 

V, N and P latency was 167.0  27.6 ms and 224.6  
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Figure 2. The correlation between NP amplitude and VRS. 
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Figure 4. Differences between N latency, P latency and 

pulse durations, p-value = 0.04 and 0.38, respectively 
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Figure 3. Difference between NP amplitude and  
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41.2 ms, respectively. The results (Table 3), were 

categorized by the type of stimulation which showed a 

similar tendency to data from the previous studies (Table 

4), except the c fibers’ response, which was quite 

different due to the analysis to different peak. The first 

peak of PREP components, N100, P100 and N1P1 

amplitude, were analysed in this study while Omori et 

al. [8] studied on the second peak components, N200, 

P200 and N2P2 amplitude. Differences between PREP 

components (NP amplitude, N latency and P latency) 

and the responses to Aand c-fibers from all devices in 

time-domain analysis were found at a significance level 

p-value 0.03 for NP amplitude, and 0.007for N latency, 

respectively. On the other hand, there was no significant 

difference in P latency, for which the p-value was 0.27. 

Table 3. Parameters of three stimulation devices. 

Stimulation 

device 
Nerve VRS 

NP 

amplitude 

(V) 

N latency 

(ms) 

P latency 

(ms) 

TENS A 5.0 19.710.3 167.27.5 245.66.3 

Neuropack A 7.01.6 20.85.7 194.526.3 251.111.9 

Neurometer 

A 7.51.3 25.84.3 139.319.1 177.110.7 

C 7.30.5 18.12.8 191.65.7 242.48.9 

Table 4. PREP data from related studies on healthy subjects. 

Research Nerve 

NP 

amplitude 

(V) 

N latency 

(ms) 

P latency 

(ms) 

Katsarava 

[5] 
A 12.24.0 149.214.0 181.121.5 

Mueller [6] A 30.412.3 147.812.6  

Oh [10] A 20.610.6 163.840.0 251.738.3 

Omori [8] C 10.75.3 848.764.2 966.067.5 

 

There were changes in the power spectrum at the time 

of interest, 100 ms after stimulation onset, which were 

shown by the dark circles in the Fig.5.The change of 

high spectrum was defined asERS, which was found at 

low frequency below 20 Hz ofA and ERD from the 

response of c-fibers. This might be interpreted as that 

the pain signals were distributed over either alpha 

band(8-12 Hz) or beta band (12-30 Hz). 

 

(a) A response 

(b) c-fibers response 

 

4. DISCUSSION 

This study elicited and analysed the PREP signals of 

A and c fibers responses concurrently. Three types of 

stimulation devices were used to investigate the effect 

of pulse duration on PREP data and difference between 

these nociceptors. However, habituation occasionally 

occurred when the subject was stimulated by TENS for 

a period of time. Same as Katsarava et al. in [5,11], 

concentric electrodes were used in this study to solve 

this problem because small anode-cathode distance 

design of concentric type could produce a high current 

density at low current intensities that led to limited 

depolarization to the superficial layer, in which 

contained A and c fibers, and did not reach to the 

deeper area which contains non-pain fibers, A. 

   Most of the previous studies analysed pain signals 

from the first peak components but Omori’s study [8] 

emphasized on the second peak wave components. 

Unlike Omori’s study, the first peaks were examined in 

this study. Moreover, the errors were found in some c 

fibers data in which the first peaks could not be 

identified from the EEG signals. These missing peaks 

might cause a deviation from expected c fiber responses 

in Table 3. However, those errors might support the 

hypothesis from Omori et al. [8] that c fiber was 

activated as late response of the evoked potential 
components. This needs further investigation. 

Figure 5. Average time-frequency results  

 

. 
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According to the experimental design, we were able to 

investigate the different PREP outcomes from both pain 

nerve fibers and make the comparison between them 

although there was no significant difference. Both 

nociceptive fibers, A and c-fibers, showed the changes 

in the power spectrum, which probably related to 

Mouraux’s hypothesis [9],noting that alpha band of 

EEG was related to pain-evoked potential, which 

represented opioid effect of pain inhibition by 

stimulation to c fibers. So, these findings should be 

considered in future studies. 

 

5. CONCLUSION 

   As shown by the results, A responses appear 

apparently at the first peak of PREP components(N1 and 

P1)and can be also reflected pain perception level by 

N1P1 amplitude from time-domain analysis [12]. 

Furthermore, some stimulation parameters like pulse 

duration in this study have an effect on N1 latency, but 

no effect on amplitude. On the other hand, this study has 

some limitations which might cause different PREP 

signals from those of previous studies. Moreover, we did 

not consider the factors including gender, height, 

nationality, and age. Besides, despite the hypotheses that 

c fibers show a slower response than A [1], our study 

analysed only the early peak waves. Therefore, more 

experiments and further investigation about late 

responses are needed. 
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ABSTRACT 

With the purpose of accomplishing the objective appraisal of 
muscular asthenopia, the subjects were allowed to wear prisms with 
an adjustable diopter. Subjects adjust the power of the prisms until 

the diplopia of their eyes, resulting in muscular asthenopia, and the 
electrooculogram (EOG) before and after the sustained load of 
the extraocular muscles was recorded. The horizontal 
electrooculogram signal (HEO) was processed by wavelet package 
decomposition, and the ratio of low-frequency energy to high-
frequency energy as well as the gravity frequency of the 
wavelet packet was extracted as characteristics of visual fatigue 
detection. Simultaneously, this paper marked the eyeblink features 
of the vertical electrooculogram signal (VEO) based on the short-

term energy threshold method of the first-order differential 
signal, and calculated the total energy of eyeblink signal and the 
blink duration. On the basis of analyzing of variations in the above 
characteristics before and after muscular asthenopia, the 
results demonstrate that objective and effective evaluation of 
muscular asthenopia can be performed with the relevant 
characteristics of EOG.   

Keywords 

muscular asthenopia; electrooculogram; wavelet packet 

decomposition; short-term energy threshold 

 INTRODUCTION 

The popularity of electronic terminal products has caused a gradual 
increase in the number of visual fatigue patients. Visual fatigue 
results from the interweaving of the organic and mental factors of 
the eye or body and belongs to the category of psychosomatic 

medicine[1]. It is a group of syndromes that are manifested as visual 
disturbances, eye discomfort, systemic symptoms or even can't 
perform routine visual operations after using the eyes. So often 
clinically referred to as asthenopia syndrome[2]. Research on the 
etiology of asthenopia indicates that visual fatigue relating to many 
factors. Ametropia is one of the main reasons for visual fatigue, 
leading to unclear retina imaging and then resulting in 
identification difficult. Eyes strive to regulate to correct this defect, 

but easy to cause accommodative asthenopia[3][4]. In addition, the 
symptoms of asthenopia may occur when the fusion reserve is 
insufficient owing to the accommodation or convergence 
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dysfunction and excessive exophoria. High excitability of 
parasympathetic nerve and the visual cortex is associated with the 
occurrence of visual fatigue[5]. Environmental factors such as light 
intensity, job category can lead to stress of binocular vision, 

resulting in asthenopia. Research shows that the video terminal 
(VDT) is more likely to cause visual fatigue than usual visual 
activity[6]. 

The current diagnostic assessment of visual fatigue mostly 
combines the patient’s chief complaint and visual inspection or 
refractive exam.[7][8][9] Some studies have assessed the visual 
function and visual fatigue through ocular physiological indexes 
and visual function parameters, such as pupil size, ratio of 

accommodative convergence to accommodation (AC/A), 
estimation of near-point accommodation and near point of 
convergence[10][11], blink frequency and critical fusion frequency, 
etc.[12] Researchers at home and abroad have also studied visual 
fatigue through electroencephalogram signals, pulse wave signals, 
magnetoencephalography and functional magnetic 
resonance[13][14][15]. This paper studies the muscular asthenopia 
caused by extraocular muscles imbalance in both eyes. In our 
experiment, eyes are maintained near the rupture point of binocular 

diplopia, resulting in continuous tension of the horizontal 
extraocular muscles and further causing muscular asthenopia. 
Collecting EOG which can firsthand reflect the active state of eyes 
before and after muscular asthenopia, then the objective detection 
and assessment of muscular asthenopia via the extraction and 
analysis of the characteristics of EOG come true. 

 EXPERIMENTAL SCHEME 

Fourteen undergraduates were recruited, with average 22 years old. 
All subjects have normal visual function such as accommodation 
and collection, without ocular disease, not a colorblind and the 
corrected eyesight over 0.8. Also, they were forbidden to drink or 
take any drugs within 48 hours and the eyes fully relaxed. Before 
signed the informed consents, all subjects understand matters 

needing attention and expected results. 

To study the change of EOG before and after the muscular 
asthenopia, we made a pair of prisms which is based-out and 
diopter is adjustable. During the experiment, subject gazed at a 
vertical line (10×1.5 cm) at a distance of 50 cm, and the path of the 
light entering the eyes was changed by adjusting the parameters of 
the prisms, so the eyes were near the rupture point of physiological 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=asthenopia
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=asthenopia
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diplopia. The extraocular muscles continued to adjust optic axis, 
thereby generating muscular asthenopia rapidly[16]. 

 METHOD 

3.1 Signal Measurement 

The surface myoelectric signal of ocular muscle was recording with 
the disposable silver-silver chloride electrode, and then 
transmitting EOG to the computer via surface EMG system 
(TeleMyo 2400T G2, Noraxon U.S.A., Inc., Scottsdale, AZ, USA), 
and the MyoResearch XP Master was used to record, process and 
display signal. 

The horizontal electroencephalogram signal (HEO) is distributed 
unevenly at high and low frequencies, without obvious regularity. 

In contrast, the vertical electrooculogram signal (VEO) has a 
correlation with eyeblink features[17]. Therefore, this study 
processed the horizontal electrooculogram signal and the vertical 
electroencephalogram signal separately to extract characteristics 
related to visual fatigue. 

3.2 Signal Analysis 

In this paper, we performed ten layers wavelet packet 

decomposition of the horizontal electrooculogram signal, 

and db4 wavelet basis similar to the peak component of 

EOG was used to decompose. According to the prior 

knowledge, we calculated the signal power from the 

reconstructed wavelet packet decomposition coefficients 

in the frequency bands of 0-2.5 Hz and 2.5-30 Hz, and the 

ratio of low-frequency energy to high-frequency energy 

of the horizontal electrooculogram signal was obtained. 

In order to avoid the effect of frequency band selection on 

the result, the gravity frequency of wavelet packet of the 

horizontal electrooculogram signal was extracted. We 

estimated the signal power of frequency bands based 

on the wavelet packet decomposition coefficients, taking 

the average frequency of each frequency band as the 

frequency value of the node. The gravity frequency of 

wavelet packet 𝑓𝑤𝑔  is calculated by: 

𝑓𝑤𝑔 =
𝑊𝐹

𝑊
,𝑊𝐹 = ∑(𝑊𝑖𝑗 × 𝑓𝑗),𝑊 = ∑𝑊𝑖𝑗

 −1

𝑗=0

 −1

𝑗=0

 

Where i denotes the coefficients of the wavelet packet 

decomposition, j  is the number of nodes, 𝑊𝑖𝑗  is the 

signal power of the j-th node of the i-th layer wavelet 

packet decomposition, and 𝑓𝑗  is the average frequency 

corresponding to the j-th node. 

Based on the short-term energy threshold method of the 

first-order differential signal[18][19], this paper also 

extracted the eyeblink features of the vertical 

electrooculogram signal. Firstly, the normalized VEO 

was processed by first-order differential and median filter, 

to remove spike noise caused by baseline drift and 

external factors, etc. Then the signal was divided into a 

plurality of frames by a moving window, and the short-

term energy of each frame was calculated. By comparing 

with the energy threshold, it was determined whether the 

frame was an eyeblink signal. 

 RESULT AND DISCUSSION 

This study analyzed data with SPSS v22.0 statistical software and 
adopted paired t test, to explore the differences of the energy ratio 
and the gravity frequency of wavelet packet before and after the 
sustained load of the extraocular muscles. 

4.1 The Frequency-Band Energy Ratio 

The energy ratios of horizontal electrooculogram signals before and 
after wearing the prism were calculated in 14 subjects. Figure 1 is 
the frequency histogram of the ratios, the frequency-band energy 
ratio in accordance with the abscissa, and the ordinate reflects the 
frequency. It can be seen that the ratios of low-frequency energy to 
high-frequency energy of HEO increase after the sustained load of 
the extraocular muscles, indicating the increase of the high-

frequency components and the decrease of the low-frequency 
components. Along with continuous load, the slow waves are a 
major component of the electrooculogram signal. The statistical 
analysis of the features shows that, compared with the normal 
condition, the ratio of low-frequency energy to high-frequency 
energy of HEO decreased significantly after sustained load of the 
extraocular muscles (p<0.05). 

Figure 1. Frequency histogram of the frequency-band energy 

ratio of 14 subjects before and after the sustained load of the 

extraocular muscles 

4.2 The Gravity Frequency of Wavelet Packet 

Figure 2 shows the frequency histogram of the gravity frequency of 
wavelet packet of HEO before and after wearing the prisms in 14 

subjects. The abscissa stands for the gravity frequency of wavelet 
packet and the ordinate represents the frequency. We can find the 
center of gravity of energy shifts to low-frequency after a long-term 
load of extraocular muscles, denoting the activity of the 
electrooculogram signal is dominated by low frequency. Statistical 
analysis of the characteristics, according to the results of the paired 
t test, the gravity frequency of wavelet packet of HEO significantly 
lower than that of the normal state after continued load of the 

extraocular muscles (p<0.05). 
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Figure 2. Frequency histogram of the gravity frequency of 

wavelet packet of 14 subjects before and after the sustained 

load of the extraocular muscles 

4.3 The Eyeblink Features 

Figure 3 shows the waveform of a part of VEO of a subject after 
processing with filtering, normalizing and first-order differencing. 
The time and amplitude are the abscissa and ordinate. Then the 
first-order differential signal of VEO is windowed and framed, and 
its short-term energy is calculated. In addition, the first-order 
differential signal is subjected to median filter processing, so as to 

remove the influence of the spike caused by accidental factors on 
the experimental results. 

 

Figure 3. Vertical electrooculogram signal after filtering, 

normalizing and first-order differencing 

Figure 4 is a short-term energy diagram of the first-order 
differential signal before and after median filter processing. 
Comparing with the energy thresholds, we obtained an eyeblink 
signal diagram as shown in Figure 5, in which the green line 

corresponds to the start of eyeblink, the red line represents the end 
of eyeblink, and the two adjacent lines embody a complete eyeblink 
movement. 

 

Figure 4. Short-term energy of the first-order differential 

signal of vertical electrooculogram before and after median 

filtering 

This paper extracts the blink duration and the total energy of eye 
blink as features of VEO. In comparison, the total energy of eye 
blink shows a downward trend after the continuous load of the 
extraocular muscles while the blink duration increased slightly. The 
result is shown in Figure 6. The eyeblink signal is produced by the 

eyelids moving up and down. When the extraocular muscles get 
over-stretched, it may affect the eyelid movement and cause the 
incoordination and obstacle of the eye blink. The blink duration and 
the total energy of eye blink can reflect the status of visual fatigue 
to a certain degree, but these two characteristics can be easily 
interfered by external noise, they can be used as a reference index 
to assess the muscular asthenopia. 

 

Figure 5. Eyeblink signal diagram of vertical 

electrooculogram 



 

 199 

 

Figure 6. Comparison of eyeblink features before and after 

the continued load of the extraocular muscles 

 CONCLUTION 

In this paper, we use a pair of prisms which is based-out 

and diopter is adjustable, to study the change of 

characteristics of the electrooculogram before and after 

muscular asthenopia, including the frequency-band 

energy ratio, the gravity frequency of wavelet packet and 

the eyeblink features. Results show that the frequency-

band energy ratio and the gravity frequency of wavelet 

packet of the horizontal electrooculogram signal can be 

used as effective parameters to evaluate muscular 

asthenopia. The change of the total energy and the blink 

duration of eye blink, which both related to vertical 

electrooculogram signal reflect the incoordination of 

eyeblink movement in the state of muscular asthenopia. 

The present study provides an objective and effective 

method for the detection and assessment of muscular 

asthenopia. 
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ABSTRACT 

Medical and technological advancements enable a better quality of 
life than was previously possible. Currently, there exists a wide 

variety of devices and sensors which enable the convergence of 
these two fields. Serious games and Exergames show promising 
results for using technology as a tool for rehabilitation and 
improving the health and self-efficacy of the elderly community. 
This paper focuses on the implementation of the traditional “9-
Square Matrix” aerobic exercise in the form of an exergame. The 
implementation uses a normal webcam in comparison to the widely 
popular Microsoft Kinect Sensor with 8 test subjects. The outcome 

of the experiment show that the webcam provides an acceptable 
rate of success and the color-based segmentation can be used in 
addition to the current Microsoft Kinect based implementation to 
further improve the accuracy of the “9-Square Matrix” exergame.  

Categories and Subject Descriptors 

D.3.3 [Programming Languages]: C++ 

General Terms 

Performance, Reliability, Experimentation. 

Keywords 

Exergames, Serious games, Webcam. 

 INTRODUCTION 

Daily physical activity is required to maintain a healthy 

lifestyle both for the mental and physical well-being of 

older adults [1]. Most age-related ailments can be 

deferred by regular exercise which helps strengthen 

muscle mass and bone structure, improves cardio-

respiratory functions and prevent the onset of cognitive 

decline. 

Advancements in technology have given rise to many 

different types of cameras and sensors which are 

employed for the purpose of rehabilitation of the elderly 

population in the form of exergames. Serious games and 

exergames are designed to achieve a specific objective 

rather than being a form of entertainment. Exergames are 
a category of games which involves full-body exertion. 

There have been numerous studies involving the usage of 

exergames with the elderly community on commercially 

available consoles such as Nintendo-Wii [2, 3, 4, 5, 6], 

Microsoft Kinect [7, 8, 9, 10], Sony EyeToy Kinetics [11] 

and DDR based step pad [12].   

The applications of exergames include rehabilitation of 

stroke patients that have loss of functionality in their 

upper and lower body extremities [8], to improve balance 

and motor-sensory functions in elderly people who are 

prone to falls [13] while improving their overall self-

efficacy. The results of the studies involving usage of 

exergames show improved performance in agility tests 

like the Timed-Up and Go (TUG), Falls-Efficacy Scale 

(FES-I) and 30-second stand chair test.  

In 1995, Dr. Krabuanrat developed an aerobic exercise 

routine called the “Tarang-9-Chong” or “9-Square Matrix” 

[14]. The exercise routine involves stepping on a matrix 

of 9 squares by performing 8 unique dance step sequences 

(Table 1) following the rhythm of the music. The “9-

Square Matrix” exercise routine is popular among the 

elderly community and autistic children in Thailand. 

According to the study involving autistic children [15], 

performing the exercise on a regular basis had shown an 

overall improvement in their moods, emotions, language 

skills and motor abilities. 

This paper focuses on the implementation of the “9-

Square Matrix” exercise in the form of an exergame using 

a webcam. The exergame implementation was tested 

using 8 subjects and the results are further compared to an 

alternate implementation of the “9-Square Matrix” 

exergame using the Microsoft Kinect sensor [16] to assess 

the performance and reliability of the webcam. 

Table 10. Step Sequence for “9-Square Matrix” 

Step 
Step 

Shape 

Step Sequence 

Left Right 

1 I 8,5,2 8,5,2 

2 T 8,5,2,1,2,5,8 8,5,2,3,2,5,8 

3 v 8,4,8 8,6,8 

4 V 8,1,8 8,3,8 
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5 x 8,1,5,7,5,8 8,3,5,9,5,8 

6 X 8,1,5,7,5,8 8,9,5,3,5,8 

7 O 8,3,7,8 8,1,9,8 

8 ◊ 8,4,2,4,8 8,6,2,6,8 

 IMPLEMENTATION 

In order to implement the “9-Square Matrix” using a 

single low-cost webcam, the two most important tasks 

include: (1) Detecting the matrix and (2) Tracking the 

user’s movement on the matrix. To achieve these 

objectives, it is crucial to determine the optimal setup of 

the camera that will ensure the maximum accuracy in 

capturing the matrix cells and detecting the user’s steps 

on the matrix. 

In the field of image processing, one of the most 

important problems is the camera placement problem. 

Most vision-based algorithms are affected by various 

conditions such as noise and low image resolution. The 

main factors that will affect the accuracy of the matrix 

detection include poor lighting conditions and the 

visibility of the matrix.  

The “9-Square Matrix” is identical to a standard 

chessboard pattern, which allows the extraction of its 

corner points in order to compute the pose (rotation and 

translation) of the matrix with respect to the camera. Once 

the pose is obtained, the corner points of the matrix can 

be re-projected onto the screen using the projection 

matrix. To determine the accuracy of the matrix view, the 

difference between detected corner points and the re-

projected corner points are calculated. 

The first part of the experiment is to determine the 

optimal camera placement. The camera height and 

distance from the matrix will be altered in respect to one 

another and the re-projection error for each setup will be 

calculated. This re-projection error will be used to decide 

the best or optimal setup for the implementation of the “9-

Square Matrix”. 

The second most crucial task for implementation is 

detecting the user’s foot movement on the matrix. The 

first step is to filter out all the objects in the scene which 

need not be tracked. The region of interest (ROI) in this 

case, is the user’s foot. After applying the filter, the 

threshold image or the binary image containing a blob of 

the ROI is obtained. In order to track the movement of the 

object, image moments are calculated. The centroid of the 

blob or ROI is computed using image moments to obtain 

the coordinates of the foot region in real-time.   

2.1 Camera Calibration and Computing Re-

projection Error 

The camera's intrinsic parameters (focal length and 

principal centers) and pose of the object with respect to 

the camera (extrinsic parameters) form the projection 

matrix (Equation 1), which translates any given 3D point 

to its corresponding 2D projection on the screen. 

𝑠 [
𝑢
 
1
]

=  [
𝑓𝑥 0 𝑐𝑥
0 𝑓𝑦 𝑐𝑦
0 0 1

]  [

𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

    

𝑡1
𝑡2
𝑡3

]  [

𝑋
𝑌
𝑍
1

] 

(1) 

To evaluate the accuracy of the parameters estimated in 

the camera calibration process, the camera intrinsic 

values along with the extrinsic values (pose) is used to re-

project the corner points of the calibration rig 

(chessboard). The differences between the estimated 

values obtained from Equation 1 and the captured corner 

point values are measured by the root mean square error 

(RMSE): 

 𝑀𝑆𝐸𝑟𝑟𝑜𝑟 = √
∑ ( ̂𝑖 −  𝑖  )

2𝑛
𝑖=1

𝑛
 (2) 

This RMSE is also known as the re-projection error. The 

re-projection error describes the accuracy of the 

calibration process. 

For calibration, a 10x7 chessboard pattern is used. The 

length of each square is 8cm. The pattern is captured in 

varying poses and a sample size of 50 views was captured 

resulting in an average re-projection error value of 

0.301135mm.  

To compute the re-projection error of the “9-Square 

Matrix”, the pose of the camera with respect to the matrix 

needs to be estimated beforehand. For the pose estimation 

problem, the camera parameters that need to be estimated 

include 6 unknowns, which define the rotation (yaw, pitch 

and roll) and 3D translation in x, y and z directions. Given 

the 3D world coordinates of the corner points and their 

2D screen projections, the problem can be solved using 

direct linear transformation (DLT) algorithm. The 

RANSAC method further implements the Levenberg-

Marquardt optimization to get rid of the outliers and 

minimize the re-projection errors. 

Once the pose has been estimated, the corner points are 

re-projected using the projection matrix (Equation 1) 

obtained through camera calibration process to re-
compute where the points should lie on the screen. The 

difference between the estimated values and the actual 
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values captured gives us the re-projection error defined 

by Equation 2. 

2.2 User Tracking 

The user tracking module is divided into the following 

steps: (1) Defining ROI based on color thresholding, (2) 

Morphological operations and binary thresholding to 

eliminate noise and (3) Calculating the image moments of 

the threshold image for object tracking. The matrix 

detection is simple since the matrix resembles a 

chessboard pattern and the corner points can be extracted 

using the find chessboard algorithm in OpenCV.  

In order to detect the user’s foot, the players must wear 

colored slippers which can be easily segmented out from 

the background (Figure 1). Initially, the image frames are 

converted from the BGR color space to HSV color space. 

The HSV color space defines a color by its hue, saturation 

and value. The HSV color space is more robust to noise 

introduced by various lighting conditions. Morphological 

operations are then performed on the resulting color 

segmented image to eliminate any remaining noise.  

 

Figure 10. HSV Color Thresholding 

The binary image which contains only the foot region of 

the player is used to calculate the image moments. Image 

moments are used to represent a statistically significant 

value. For tracking, the image moments of the binary 

image are calculated using Equation 3, effectively 

calculating the area of the ROI or the 0th moment of an 

image (𝜇
0,0

).  

𝜇
0,0

= ∑∑ 𝑓(𝑥,  )

ℎ

 =0 

𝑤

𝑥=0

 (18) 

The weighted sum of the binary image is computed in the 

x and y direction given by Equation 4. The centroid 

(𝜇1,0, 𝜇0,1) of the object to be tracked is then computed 

by dividing the weighted average in the x and y directions 

over the entire area (Equation 5). 

𝑠𝑢𝑚𝑥 = ∑∑𝑥 𝑓(𝑥,  )  and 𝑠𝑢𝑚𝑦 =

∑∑  𝑓(𝑥,  ) 
(4) 

𝜇
1,0

= 
𝑠𝑢𝑚𝑥

𝜇0,0
  and  𝜇

0,1
= 

𝑠𝑢𝑚 

𝜇0,0
 

(5) 

 

 Experimentation and Results 

3.1 Detecting Optimal Camera Placement 

The goal of this experiment is to determine the optimal 

camera placement for maximum observability and 

detection of the matrix, by calculating the re-projection 

error of the corner points detected and finding the camera 

pose which results in the minimum re-projection error.  

In this experiment, the camera is mounted on a tripod with 

a fixed tilt angle of -27° towards the floor plane. The 

height of the tripod will be varied from 100-160cm in 

20cm intervals, whilst the matrix on the floor will also be 

shifted by 24cm each time. The re-projection error (mm) 

will be computed for each view.  

Table 11. Re-Projection Error for Camera Placement  

According to the results of this experiment (Table 2), 

increasing the distance of the matrix minimized the re-

projection error. The data shows that the best setup for the 

implementation of the “9-Square Matrix” exergame is at 

a camera height of 160 cm and matrix distance at 252cm 

with the minimum RMSE value of 14.38mm. Although 

the RMSE is a good estimator for the accuracy of the 

camera calibration process, it is not a good indicator for 

the best setup. 

This can be attributed to the fact that the re-projection 

error is calculated by finding the distance between the 

captured points (θ) and the estimated points (θ̍). However, 

the pin-hole camera model describes an inverse 

relationship between the distance and the observability of 

objects. This reduced observability of the matrix is 

contributing to minimum re-projection errors over a 

larger distance, along with the fact that the matrix is lying 

flat on the floor plane reducing the accuracy of the 

detection even further. 

Height 

(cm) 

Range 

(cm) 

Avg. 

RMSE 

(mm) 

Min. 

RMSE 

(mm) 

Distan

ce 

(cm) 

100 80 – 152 32.78 22.04 152 

120 110 – 182 27.97 22.85 182 

140 120 – 192 25.92 18.74 192 

160 180 - 252 23.92 14.38 252 
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Figure 11. “9-Square Matrix” Setup 

Hence, the better setup parameter would be at a mid-

height camera elevation of 140cm and the distance of 

192cm. The matrix lies in the center on the camera’s FOV, 

which reduces the barrel distortion while not necessarily 

reducing the matrix observability. 

3.2 User Tracking and Game Mechanics 

The aim of this experiment is to measure the accuracy of 

detection during gameplay and the results are compared 

to the implementation of the “9-Square Matrix” based on 

Microsoft Kinect sensor [16]. For this implementation, 8 

subjects have been asked to perform each of the 8 step 

sequences.  

Each step has a number sequence which needs to be 

followed in the exact order. The players are given a step 

they need to perform and the program outputs the list of 

steps that have been detected. There are 3 types of error 

which can be categorized as: 

1. Insertion Error(s): When the user is in the midst of 

performing or progressing to the next step and the 

program does a false detection. 

2. Deletion Error(s): When the user steps on a matrix cell, 

but it does not get registered by the program. 

3. Substitution Error(s): When a different cell gets 

substituted instead of the matrix cell, the user is stepping 

on. 

From the results of the program (as shown in Table 3), it 

can be seen that the Microsoft Kinect sensor performs 

better than the traditional webcam. This is due to the fact 

that the Microsoft Kinect sensor has an additional depth 

camera and relies on sophisticated machine learning 

algorithms to track the user’s foot movements. 

However, it can be clearly seen that the webcam performs 

better in step 7, which is the most complex step sequence. 

This is due to the fact that the Microsoft Kinect sensor 

stops tracking the user skeleton once part of the user’s 

body is occluded. It is also important to note that the 

difference of error between the two devices does not 

exceed 10% with an exception for step 7. 

 Conclusion 

The first experiment for the implementation of “9-Square 

Matrix” shows that the re-projection error or RMSE is not 

a good indicator for determining the optimal camera 

placement. This estimator is only good for calibration 

patterns which are mostly placed parallel to the camera. 

In addition, a good estimation should include a minimum 

of 10 snapshots of the pattern. Hence, the camera 

calibration performed with 50 views of the chessboard 

covering the entire FOV of the camera in various poses 

returned a good re-projection error rate of 0.301135mm. 

For the implementation of the exergame, the webcam has 

shown promising results. In comparison to the Microsoft 

Kinect sensor, the Logitech c270h webcam lacks depth 

sensing and skeleton tracking capabilities but relies on 

basic image processing techniques to detect the matrix 

and track the user’s foot movements.  

The webcam can address the occlusion and jitter problem 

faced by the Kinect sensors skeleton tracking engine. 

When parts of the user’s body have been occluded, the 

sensor stops tracking completely introducing deletion 

errors. The skeleton tracking engine is also not 

particularly good in terms of tracking the foot region. 

There is a lot of jitter in the foot data that introduces 

higher amounts of insertion and substitution errors in less 

than an ideal setup environment. 

 

The webcam on its own would not suffice for the 

implementation of the “9-Square Matrix” exergame due 

to the latency of the output from the program and relying 

mostly on color-based segmentation. Color-based 

segmentation may be used in addition to the existing 

Kinect based implementation of the “9-Square matrix” in 

order to enhance the rate of accuracy.  

Table 12. The Probability of Insertion, Deletion and Substitution Error(s) between Kinect and Webcam 

Step 

Error Sequence - Kinect Error Sequence - Webcam 
Error 

Diff. (%) PI(E) PD(E) PS(E) 
Total Error 

(%) 
PI(E) PD(E) PS(E) 

Total Error 

(%) 

1 0.000 0.020 0.000 2.50 0.025 0.013 0.000 3.75 1.25 

2 0.007 0.043 0.000 6.25 0.054 0.036 0.000 8.93 2.68 
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3 0.083 0.000 0.000 10.42 0.125 0.021 0.021 16.67 6.25 

4 0.067 0.050 0.000 14.58 0.188 0.021 0.000 20.83 6.25 

5 0.050 0.033 0.000 10.42 0.146 0.042 0.000 18.75 8.33 

6 0.033 0.067 0.008 13.54 0.094 0.042 0.010 14.58 1.04 

7 0.225 0.100 0.013 42.19 0.141 0.000 0.000 14.06 -28.13 

8 0.060 0.040 0.000 12.50 0.150 0.000 0.000 15.00 2.50 
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Effects of age and body mass index on foot pressure impulse and 

trajectory of the center of pressure in residents of Xi’an and surrounding 

areas. 

Jintao Guo1, a, Shaowen Cheng1, a, Xiaochen Fan2, Lina LI1, Mengchuang Song1, Jue Wang1, * 

ABSTRACT 

Objective: In this paper, we tested and studied the 

dynamic plantar pressure distribution of normal subjects 

in Xi’an and its surrounding region, and extract feature 

date of subjects of different ages. In order to provide the 

basis for the next assessment of diseased feet and the 

study of individual-adapted foot orthopedic appliances, 

we execute preliminary analysis the effects of age and 

body mass index on the distribution of plantar pressure 

based on our study. 

Method: We collected data of 784 walking plantar 

pressures from 392 volunteers using RsScan footscan 

plantar pressure assessment system, calculated indicators 

of pressure, impulse and center-of-pressure(COP) 

trajectories, grouped according to ages, compared the 

difference and carried out correlation analysis and 

summarized the law of the change by means of statistic. 

Result: According to our study, the plantar peak pressure 

was weakly positive correlation with age, weight, and 

BMI index, the variation of the curve of the foot pressure 

center in the direction of the x axis(DetaCOPx) was 

weakly positive correlation with and the height, weight 

and BMI index, and the average impulse was weakly 

positive correlation with the age, weight and BMI index. 

The changes of plantar dynamic parameters DetaCOPx, 

and the change speed of the foot pressure center curve in 

the direction of the X axis (VCOPx), and the coordinates 

of the foot pressure center curve in the direction of the x 

axis (COPx) on the left and right feet were basically the 

same, with no significant difference. There was no 

significant difference in the peak pressure, DetaCOPx and 

average impulse among all age groups. 

Keywords: Dynamic Plantar Pressure, Personalized 

Adaptation Insoles, Age Groups, Foot 

Pressure Impulse, trajectory, Correlation 

Analysis. 

 INTRODUCTION 

Foot disease refers to abnormal changes in bone and 

tissue caused by congenital malformations of the foot or 

other injuries at the later stages. It mainly includes high 

arched feet, flat feet, foot pronation, ectropion, hernia, 

plantar fasciitis, etc. There are also diseases such as 

internal and external pediculosis, diabetic foot, etc. 

caused by other diseases. Currently, orthopedic insoles 

are used to scientifically correct foot problems in patients' 

feet. The highly-adapted orthopedic insole can directly 

correct or support the malformation of the foot for 

individual patients, maintain postoperative corrective 

position, compensate for leg length and foot length 

disparity, improve balance when standing or walking. It 

plays important role in the health of gait. Appropriate 

insoles designed for patients of different ages and body 

types need to be compared to the corresponding age and 

body shape of normal people's plantar pressure data 

before further adaption. 

Domestic research is still at the stage of imitating the 

pressure on the plantar feet in foreign countries, and there 

are two shortcomings: the use of domestic instruments is 

difficult to obtain widespread recognition; the data 

sample is small, and there are few have compared the 

distribution of plantar pressure in different populations of 

age and body type. The analysis of the balance between 

the distribution of the pressure distribution of the plantar 

feet and the body weight and age will help the 

development of personalized adapted orthopedic insoles, 

and will also help to more accurately grasp the law of foot 

orthoses and exercise rehabilitation. 

Our research requires dynamic plantar pressure collection 

and analysis of normal people over a large age range. The 

indicators used include the plantar pressure, the full-foot 

impulse, and the quantitative characteristics of the 

movement of the pressure center trajectory throughout the 

gait cycle. We evaluated the stability of the pressure in the 

gait cycle, and finally compared the trends in data of 

people with different age groups and different body mass 

index, so as to make a good foundation for further study. 

 METHOD  

2.1 Subject 

Volunteers were residents of Hongmiaopo Community in 

the Lianhu District of Xi'an City, patients’ family 

members of the Xi'an Honghui Hospital, and Xi'an 

Medical College students. They had no history of lower 

limb pathology at the time of the study or in the preceding 

three years. There was no atrophy of the foot muscles. 

Those who couldn't cope with mental disease were 



 

 206 

excluded, and those with neuropathies caused by diabetes 

and other causes were excluded. Among the subjects, 

there were 142 males and 249 females. The male to 

female ratio was 1:1.75. The age range was 14 to 80 years 

and the average age was 42.19 years. Their characteristics 

are given in Table 1. We drew P-P plots of the height, 

weight, and body mass index of the subjects and 

performed a normality test, assuming that they were in a 

normal distribution. 

In order to compare the differences of indicators between 

different age cohorts, we grouped all subjects by age: 

group 1: 14-24 years, numbered 98. Group 2: 15-25 years, 

numbered 72. Group 3:26-36 years, numbered 51. Group 

4: 37-47 years, numbered 72. Group 5: 48-58 years, 

numbered 71. Group 6: 69-80 years, numbered 27. 

2.2 Measure environment and data analysis 

A Footscan® plantar pressure assessment system was 

used in our study. It can collect and dynamically display 

the static and dynamic plan tar pressure, automatically 

partition the soles of the foot, and generate the insole 

model paradigm. Before tests started, a plantar pressure 

measuring plate (1m × 0.4m × 0.02m ， with 8,192 

resistive sensors,480Hz,4 sensors/cm2) was placed on flat 

solid ground, surrounded with elastic cushion, then 

calibrated the plate, and set the unit of measurement as 

standard unit (cm, kg, Pa). During the test, the subject 

looked straight ahead and walked straight through the 

plate at a speed of 80-120 steps per minute on the runway 

with bare feet and ensured that the time for passing the 

stress test board was not less than one gait cycle. Each 

volunteer tested twice and processed the data on average. 

Table 1. Subjects’ characteristics: mean and standard deviation of age, height, body mass, body mass index 

(BMI) 

 Numbers Age(years) Height(cm) Body mass(kg) BMI 

Men 142 40.28±16.59 172.36±6.13 70.67±10.77 23.75±3.17 

Women 249 43.29±17.72     160±4.57 58.05±8.61 22.58±3.18 

Entire 391 42.19±17.36   164.7±7.77  62.64±11.23 23.01±3.23 

 

 

 

Fig. 1. Normal P-P Plot of (a) weight, of (b) body mass index 

(BMI), of (c) Height, of (d) weight, of entire subjects. 

The center of pressure (COP) is the center point of the 

reaction force of the plantar pressure on the ground. In the 

stance phase, the trajectory of this point moves mainly 

along the heel to the toe direction. A small displacement 

(COPx) can be observed in the medial-lateral direction, 

and COP moves in the medial-lateral direction as VCOPx. 
The projection of the path of the COP on the supporting 

surface is called a gait line. 

The parameters we selected were: peak pressure during 

gait cycle, full-foot impulse (force-time integral), 

maximum impulse, left-right foot impulse difference, and 

full-foot pressure resultant force.   COPx and VCOPx 

during the stance phase. 

 

Fig. 2. Foot print demonstrated by Footscan software and 

dashed line that indicates the center of pressure (COP) path. X 

axis refer to medial-lateral direction of walking, y axis refers to 

anterior- posterior direction of walking. 

All statistical tests were performed using the statistical 

program SPSS 20.0 and p<0.05 was taken as a level of 

(a) (c) 

(c) (d) 
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significance. 

 RESULT 

Dynamic foot peak and impulse changes were shown in 

Table 2. From the data in Table 2 we can see that the left 

foot peak pressure of subjects was (320.21±3.42) kPa, the 

95% confidence interval was (313.54~327.02) kPa, the 

right foot peak pressure was (329.64±2.92) kPa, the 95% 

confidence interval was (323.82~335.48) kPa. The whole 

left foot impulse was 

Table 2. Changes of dynamic plantar peak and impulse 

Dynamic 

parameters 

Left Right 

Mean ± S.D. 95% confidence 

interval 

Mean ± S.D. 95% confidence 

interval 

Peak pressure 

(kPa) 

320.21± 3.42                      

313.54~327.02 

329.64±2.92                                

323.82~335.48 

Full foot impulse 

(N*s) 

17963.02±143.96              

17679.99~18246.07 

19304.80±138.36                         

19032.79~19576.83 

Average impulse 

(N*s) 

26.17±0.18                        

25.82~26.52 

27.15±0.16                                   

26.85~27.46 

                                                                                                                        

(17963.02±143.96) N*s, the 95% confidence interval was 

(17679.99~18246.07) N*s, the whole right foot impulse 

was (19304.80±138.36) N*s, the 95% confidence interval 

was (19032.79~19576.83) N*s. The left foot average 

impulse was (26.17±0.18) N*s, the 95% confidence 

interval was (25.82~26.52) N*s, the right foot average 

impulse was (27.15±0.16) N*s, the 95% confidence 

interval was (26.85~27.46) N*s. The left and right foot 

peaks and impulses all meet the normal distribution. T 

statistics were applied to analyse differences between left 

and right foot peaks and impulses. P-values >0.05 was 

considered not statistically significant, indicating that the 

peak and impulse of the subjects were distributed 

symmetrically
错误!未找到引用源。

.  

The Table 3 showed the correlation between the dynamic 

parameters of the plantar and the Pearson of age, height, 

weight and BMI. The weakly positive correlation 

between the peak pressure and the age, weight and BMI 

index. The correlation coefficients for age was 0.013 (P-

value =0.02), the correlation coefficients for Weight was 

0.154 (P-value=0.006), the correlation coefficients for 

BMI was 0.171(P-value=0.03); The weakly positive 

correlation between the variation of the curve of the foot 

pressure center in the direction of the x axis (DetaCOPx) 

and the Height, weight and BMI. The correlation 

coefficients for Height was 0.166(P-value =0.004), the 

correlation coefficients for weight was 0.162 (P-

value=0.008), the correlation coefficients for BMI was 

0.086 (P-value=0.04). The weakly positive correlation 

between the average impulse and the age, weight and 

BMI index. The correlation coefficients for age was 0.041 

(P-value=0.03), the correlation coefficients for Weight 

was 0.122 (P-value=0.015), the correlation coefficients 

for BMI was 0.086 (P-value=0.04). 

Table3. The correlation between the dynamic parameters of the 
plantar and the Pearson of age ,height, weight and BMI 

*P-value<0.05，**P-value<0.01 

Table 4. changes in COPx, VCOPx, DetaCOPx of plantar dynamic parameters 

Dynamic parameters 

Left                                                                      
Right 

Mean    S.D.    CoV                                             

Dynamic 

parameters 
Age Height Weight BMI 

Peak pressure 0.013* 0.004 
 

0.154** 
0.171* 

DetaCOPx 0.012 
 

0.166** 

 

0.162** 
0.086* 

Average 

impulse 
0.041* 0.179 0.122* 0.086* 
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Mean    S.D.    CoV 

DetaCOPx(mm) 
26.67    0.44     0.02                                             

23.20     0.44    0.02 
 

VCOPx(mm/s) 
31.44    0.50     0.02                                             

27.76     0.56    0.02                        
 

COPx(mm) 
-15.90   9.37    0.59                                              

1.80       0.12    0.07         
 

Table 4 showed the changes in the coordinates of the foot 

pressure center curve in the direction of the x axis (COPx), 

the change speed of the foot pressure center curve in the 

direction of the x axis (VCOPx), variation of the curve of 

the foot pressure center in the direction of the x axis 

(DetaCOPx) of plantar dynamic parameters. From the 

data in Table 1 we can see that the DetaCOPx of left foot 

was (26.67±0.44) mm, coefficient of  variation (CoV) 

was 0.02, the DetaCOPx of right foot was (23.20±0.44) 

mm, coefficient of variation (CoV) was 0.02; the VCOPx 

of left foot was (31.44±0.50) mm, coefficient of variation 

(CoV) was 0.02, the VCOPx of right foot was (27.76±0.56) 

mm, coefficient of variation (CoV) was 0.02; the COPx of 

left foot was(-15.90±9.37) mm, coefficient of 

variation(CoV) was 0.59, the COPx of right foot was 

(1.80±0.12) mm, coefficient of variation (CoV) was 0.07. 

Table 5. Changes of plantar dynamic parameters in different age groups 

Groups 
Peak pressure (x ̃±s) DetaCOPx (x ̃±s) Average impulse (x ̃±s) 

Left Right Left Right Left Right 

14~24 311.51 ± 6.02            334.61 

± 5.12 

26.20 ± 0.80       23.73 ± 

0.70 

26.24 ± 0.37               

27.34 ± 0.31 

25~35 319.72 ± 8.83            318.92 

± 8.07 

26.60 ± 0.97       22.81 ± 

1.37 

26.05 ± 0.39               

27.12 ± 0.34 

36~46 333.91 ±9 .74            341.31 

± 1.48 

27.47 ± 1.15       23.45 ± 

1.18 

26.88 ± 0.54               

27.40 ± 0.48 

47~57 336.82 ± 8.87            340.42 

± 7.64 

28.93 ± 1.47       22.51 ± 

0.90 

26.36 ± 0.42               

27.33 ± 0.39 

58~68 312.51 ± 7.84            323.52 

± 6.06 

25.26 ± 0.72       23.32 ± 

1.04 

25.50 ± 0.37               

26.62 ± 0.33 

68 以上 305.95 ± 11.52          306.05 ± 

8.46 

24.94 ± 1.29       23.22 ± 

1.45 

26.07 ± 0.76               

26.98 ± 0.64 

The Table 5 showed the changes of Peak pressure, 

DetaCOPx, average impulse in different age groups. 

Three dynamic parameters obey normal distribution, by 

hypothesis testing of multiple sample means, statistical 

analysis showed there was no significant difference in 

the Peak pressure (P-value>0.05), DetaCOPx (P-

value>0.05), average impulse (P-value>0.05) in all age 

groups. 

 DISCUSSION 

This study showed that average dynamic peak pressure 

of the subjects was (324.93±3.17) kPa. It corresponded 

with the dynamic peak pressure range of Chinese normal 

plantar, researched by Yuan Gang et al[4]. The analysis 

result showed that there was no significant difference in 
peak pressure and impulse between the feet, revealing 

the symmetrical distribution of the peak and impulse of 

plantar pressures between feet. Tang Rongguang et al [9] 

used the Musgrave plate system to measure the pressure 

of 30 normal Chinese who stood barefoot, walked and 

run in the 7 areas of the foot, and found no significant 

difference in the peak pressure of bilateral foot. It 

showed that normal people in the process of walking, 

double foot pressure symmetry, avoided the risk of 

abnormal high plantar pressures. The positive 

correlation between the peak pressure and the age, 

weight and BMI was weak, the correlation coefficients 

for age was 0.013 (P-value=0.02). There was no obvious 

trending of increasing peak pressure as age. However, as 

the age increases, some degenerative changes may occur 

in the human arch, which may affect the distribution of 

plantar pressure. The study of Bett et al [10] showed that 
children had little difference in plantar pressure 

compared with adults, because the children’s body 
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weight was smaller, while body size was also smaller. 

It’s no significant correlation between the peak pressure 

of the foot and the age. The correlation between the peak 

pressure and weight was weakly positive, and the 

correlation coefficients for weight was 0.154 (P-

value=0.006). Cavanagh et al showed that the 

correlation coefficient of the peak pressure and weight 

in Caucasian was 0.37. It was suggested that in the 

formation of foot pressure, the contribution of weight 

was only 13.8%. Since body weight is positively 

correlated with height, and height is positively related to 

the plantar area. So, the large body weight led to large 

plantar area. Therefore, the pressure of high body weight 

on the foot was dispersed, avoiding the risk of high 

plantar pressure. The correlation between the plantar 

peak and the BMI was 0.171, which was larger than the 

correlation with body weight. The pressure center curve 

reveals the stability of the foot during the movement. In 

this study, the weakly positive correlation between the 

DetaCOPx and the height, weight and BMI, which 

showed that the greater height, weight, and BMI, the 

larger DetaCOPx, while the amplitude of left and right 

swing increased and the stability was weaker. The 

plantar impulse was the integration of plantar pressure 

and time in the dynamic gait cycle. It showed weakly 

positive correlation between the average impulse and 

the age, weight and BMI, and there was significant 

positive correlation between impulse and peak pressure. 

The change in impulse was basically consistent with the 

change of peak pressure. The plantar dynamic parameter 

DetaCOPx
 was the change in the x-axis direction of the 

plantar pressure center curve, which reflected to the 

magnitude of the swing in the left and right direction of 

the plantar during walking. The VCOPx reflected the 

speed of swinging in the left and right direction of the 

plantar and COPx was the change in the x-coordinate of 

the pressure center curve. After statistical analysis, the 

results showed that the changes of three dynamic 

parameters were basically the same between the left and 

right feet, with no significant difference. It showed that 

when the normal human body was walking, the pressure 

center curve was symmetrically distributed between left 

and right feet, and it also showed that the stability of the 

two feet was basically the same. We divided the plantar 

peak pressure, DetaCOPx, and average impulse to 

different age groups, while analyzed the differences of 

these three dynamic parameters in different age groups. 

By statistical analysis, it was found that there was no 

significant difference about the three dynamic 

parameters in all age groups. 

The innovation points of this paper have these aspects 

as follow:  Firstly, the huge amount of subjects was 
392, of cases was 784, led to large sample capacity and 

high reliability. Secondly, the age range of the collection 

population was wide, with the minimum age was 14 

years and the maximum age was 80 years old. So it 

reflected the changes of the dynamic parameters of the 

plantar pressure in different age groups more 

comprehensively. Finally, we brought in the dynamic 

parameters of COPx, DetaCOPx, and VCOPx, which 

closely related to human stability, they were barely used 

in inland study of this field. By analyzing the changes of 

these parameters, there was a clear understanding of the 

stability changes of people of different ages when they 

move. 

 CONCLUSION 

In summary, the peak pressure and impulse of normal 

people's feet were symmetrically distributed, with no 

significant difference. The plantar peak pressure was 

weakly positive correlation with age, weight, and BMI 

index, the DetaCOPx was weakly positive correlation 

with and the height, weight and BMI index, and the 

average impulse was weakly positive correlation with 

the age, weight and BMI index. The changes of plantar 

dynamic parameters DetaCOPx, VCOPx, and COPx on 

the left and right feet were basically the same, with no 

significant difference. There was no significant 

difference in the peak pressure, DetaCOPx and average 

impulse among all age groups. When the movement 

state of human body was changed or the foot structures 

was damaged, there will be corresponding changes in 

the trajectory of the plantar pressure center and pressure 

distribution of the plantar. Therefore, the trajectory of 

pressure distribution between feet and support surface 

reflected information about physiology structure and 

function of the lower limbs and even the whole body, so 

studying the changes of these parameters can provide 

effective evidence for the occurrence of some diseases. 
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ABSTRACT 

The goal of our work is to develop an inspection device 

for evaluating a function decline in proprioceptors and a 

treatment system for restoring proprioceptors related to 

low back pain (LBP). For developing an inspection 

device, we developed an experiment protocol to 

measure the center of pressure (CoP) in postural sway 

while applying the vibratory stimulation of sweep 

frequency alternately to the gastrocnemius muscles (GS) 

or lumbar multifidus (LM) using our developed variable 

frequency vibratory stimulation device. Furthermore, 

we established an evaluation index, the standardized 

maximum displacement between the maximum value 

and the minimum value (SMD2M), to evaluate the 

degree of function decline in proprioceptors in elderly 

people with LBP. We measured the CoP for 15 elderly 

people with LBP and 19 elderly people without LBP (i.e., 

non-LBP; NLBP) using the protocol. Then, we 

calculated the mean values and standard deviations (SD) 

of defined evaluation indexes for the elderly people in 

the LBP group, and compared the values with the 

reference value for elderly people with NLBP using one 

sample t test. For analyzing the data, CoP data during 

vibratory stimulation was divided into four sections, 

namely, Meissner, Muscle Spindle, Mixed, and Pacini, 

according to the frequency of vibration stimulation and 

the eigen response frequencies of the proprioceptors. 

Compared with elderly people with NLBP, elderly 

people with LBP showed significantly higher mean 

values of SMD2M in Meissner and Pacini at the time of 

stimulation to the GS and LM. Therefore, we confirmed 

that it might be appropriate to analyze CoP data using 
SMD2M in order to quantitatively evaluate the degree of 

function decline in proprioceptors regardless of the body 

parts of vibratory stimulus. 

Categories and Subject Descriptors 

[Applied computing]: Life and medical science - health 

care information systems 

General Terms 

Measurement, Experimentation 

Keywords 

Rehabilitation, Vibratory stimulation device, 

Proprioception, LBP, Eigen Response Frequency, 

Postural Balance, Evaluation Index 

 INTRODUCTION 

Low back pain (LBP) in elderly people is a serious issue 

in modern Japanese society. However, its causes are 

unidentifiable in 85% of the cases [10]. One factor could 

be problems with postural control involving voluntary 

and reflexive muscle responses. Postural control 

involves not only sensory information from visual and 

vestibular senses, but also somatosensory receptors [11] 

that provide superficial and proprioceptive sensation. A 

Figure 1. Vibratory stimulation device 
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previous study reported that elderly people with LBP 

have poor postural control [12] and may change postural 

control by refocusing proprioceptive sensitivity from 

the trunk to the ankles [13]. Therefore, a possible factor 

causing LBP could be the decline in proprioception, 

leading to problems with postural control. 

Proprioceptors have eigen response frequencies. 

Previous studies have reported that postural sway in the 

standing position changes when vibratory stimulations 

are applied [13]. Proprioception in the leg and trunk 

muscle plays an important role in maintaining postural 

stability [14]. Therefore, by using changes in postural 

sway during vibratory stimulations with various 

frequencies, we may be able to determine the cause of 

LBP and develop a treatment system for proprioception 

recovery. 

Uchiyama et al. proposed five steps of training for 

reeducating proprioception in the patients’ hands [15]. A 

similar training may be effective for the proprioceptors 

in the leg and trunk, and help resolve LBP. For this 

purpose, it is imperative to identify functionally 

declined proprioceptors affected in LBP, and the 

frequency of its proprioceptor. We call its frequency as 

impaired frequency. Once this value is determined, the 

effectiveness of the application of the vibration 

stimulation with appropriate frequency to the 

proprioceptor at the related part can be investigated.  

Against this background, our goal is to develop an 

inspection device for evaluating the function decline in 

proprioceptors and to develop a treatment system for 

restoring the proprioceptors related to LBP. For 

achieving this goal, we developed an experiment 

protocol to measure the center of pressure (CoP) of a 

person on a gravicorder using our developed variable 

frequency vibratory stimulation device. Based on our 

previous work, it is suggested that the degree of 

functional decline in proprioceptors and the impaired 

frequency are different in an individual. Thus, it is 

necessary to determine an evaluate index that can 

quantitatively evaluate the degree of functional decline 

in proprioceptors in elderly people with LBP in order to 

develop a protocol to evaluate function decline in the 

proprioceptor in an individual.  

In this paper, we propose an index to evaluate 

quantitatively the degree of function decline in 

proprioceptors in an individual. For this purpose, we 

investigated the differences between the mean values of 

the evaluation indexes of elderly people with LBP and 

those without LBP (i.e., non-LBP; NLBP) for each 

proprioceptor. The concept of the index has a one-to-one 

correspondence with the vibration frequency, enabling 

easy identification of the impaired frequency. 

 DEVICE 

Figure 1 shows the variable frequency vibratory 

stimulation device developed by us as a device giving 

mechanical vibration stimulation. The device consists of 

a PC, an amplifier, four vibrators, and hook-and-loop 

fasteners. The sweep frequency vibration command 

generated in the PC is output from the vibrators as a 

mechanical vibration stimulus through the amplifier. 

There are two kinds of sweep frequency, ascend mode 

and descend mode, continuously changing from 27 Hz 

to 272 Hz in 60 s. The sampling frequency for 

generating the vibration command is 100 Hz. Vibrators 

are fixed to hook-and-loop fasteners by using holders, 

and these vibrators are fixed to the body parts by means 

of these hook-and-loop fasteners. In order to regulate the 

contact pressure to the body parts of the vibrators, the 

strength of the vibrations can be regulated by changing 

the length of the hook-and-loop fasteners according to 

the circumference of the fixing body part. The CoP is 

measured instead of the center of gravity. Wii Balance 

Board (Nintendo Co., Ltd.) is used as a gravicorder. Wii 

Balance Board was reported to be reliable for medical 

use [16]; it can acquire the time series data of CoP 

coordinates with a sampling frequency of 100 Hz. 

Moreover, it is possible to save the CoP as CSV data by 

running the self-made CoP data collection software on a 

PC connected with Wii Balance Board via Bluetooth. 

 METHOD 

3.1 Purpose 

The purpose of this experiment is to derive an evaluation 

index of the degree of function decline in proprioceptors 

by investigating the differences between elderly people 

with LBP and those with NLBP in a static equilibration 

function test. 

3.2 Participants 

The participants in this test are 34 elderly people, all 

aged over 65 years. Written informed consent was 

obtained from all participants before their inclusion in 
the study.  They were classified into two groups: 

elderly people with LBP and those without LBP (NLBP). 

Figure 2. Participant wearing the device 
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The details of the participants are presented in Table 1. 

3.3 Experiment Protocol 

The CoP in postural sway while the participant 

maintained the standing posture with his/her eyes closed 

on Wii Balance Board was measured, as shown in Figure 

2. The participant stood barefoot on the Wii Balance 

Board with his/her feet together and his/her eyes open 

(EO) or closed (EC). The participant was instructed to 

remain still and relax in the standing posture with his/her 

arms hanging loosely at his/her side. 

For each participant, one measurement consisted of 

eight steps for different kinds of sweep frequencies, 

ascend mode and descend mode, and different body 

parts where the vibratory stimulation was applied. The 

vibratory stimulation was applied alternately to the 

gastrocnemius muscles (GS) and the lumbar multifidus 

(LM). The amplitude of the vibration was set as 0.8 mm.  

Figure 3 shows the measurement procedure. An interval 

of 60 s was maintained after every step; during this time, 

each participant sat in a chair and remained at rest. 

Figure 3 also shows the experimental procedure of one 

measurement. The time needed for one measurement 

was 75 s. One measurement data item had two sections, 

namely, “Pre” and “Dur”. At first, the measurement time 

took 15 s, and a participant closed his/her eyes in the 

Pre-section. Then, for a measurement time of 60 s in the 

Dur-section, the vibratory stimulation was applied to a 

body part of the participant with his/her eyes closed for 

60 s. 

3.4 Analysis Method 

3.4.1 Four evaluation sections for analysis 

We evaluated the degree of function decline in 

proprioceptors in elderly people with LBP for each 

stimulation body part. Further, we divided the Dur-

section into four sections and evaluated the CoP data 

separately. The four evaluation sections (ES) were 

determined according to the frequency of vibration 

stimulation and the eigen response frequencies of the 

proprioceptors. Table 2 lists the names of each ES, the 

frequency of the vibration stimulus, and the 

corresponding proprioceptors. 

3.4.2 Evaluation Index 

We defined SMD2M to evaluate the degree of function 

decline in proprioceptors in elderly people with LBP for 

each stimulation body part and ES. The SMD2M is 

derived by the following steps.  

Step 1: Filter the time series data of the y-coordinate of 

CoP using LPF with 20 Hz cutoff frequency for eight 

measurement results to obtain the CoP anterior/posterior 

displacement. 

Step 2: Find the maximum and minimum values in the 

CoP anterior/posterior displacements for the eight 

measurement results. 

Step 3: Find the maximum difference between the 

adjacent maximum and minimum values (named 

MD2M) in the Pre-sections of eight measurement results. 

Then, calculate the mean value. 

Step 4: Find the MD2Ms in the ESs in the Dur-sections 

of four measurement data for each stimulation body part. 

Then, calculate the mean values for each stimulation 

body part. 

Step 5: Normalize the mean values of MD2Ms by using 

the mean value MD2M in the Pre-section. This value is 

named NMD2M (nondimensionalization for MD2M). 

NMD2M is 8 for two stimulation body parts and four 

ESs. 

Step 6: Calculate the mean value  𝜇  and the standard 

deviation (SD) 𝜎  of NMD2Ms of NLBP for each 

Table 1. Details of the participant groups 

 
Total number 

(Male/Female) 
Age 

With LBP 15 (5/10) 76.35/10 

With NLBP 19 (10/9) 77.710/9 

 

Table 2. Frequency and correspondence of four 

evaluation sections 

 

ES 
Name of 

Section 

Frequency 

[Hz] 

Corresponding 

Proprioceptor 

 

1 Meissner 27-40 
Meissner 

Corpuscle 

 

2 
Muscle 

Spindle 
40-100 Muscle Spindle 

 

3 Mixed 100-180 
Muscle Spindle 

and Vater-Pacini 

 

4 Pacini 180-272 Vater-Pacini 

 

Figure 3. Measurement procedure 
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stimulation body part following Steps 1 to 4. Then, 

standardize NMD2M using Eq. (1) so that the mean 

value is 0 and SD is 1. 

𝑆𝑀𝐷2𝑀𝑏𝑝
𝑖 =

𝜇𝑛𝐿𝐵𝑃(𝑁𝑀𝐷2𝑀𝑏𝑝
𝑖 )−𝑁𝑀𝐷2𝑀𝑏𝑝

𝑖

𝜎𝑛𝐿𝐵𝑃(𝑁𝑀𝐷2𝑀𝑏𝑝
𝑖 )

, 

 

(1) 

Where the superscript “bp” is used to distinguish 

stimulation body parts, namely, the GS and LM, and the 

subscript “i” is used to distinguish the ESs. 

Step 7: Calculate NMD2Ms in the measurement results 

of LBP following Steps 1 to 4. Then, calculate the 

𝑆𝑀𝐷2𝑀𝑏𝑝
𝑖  ( 𝑖 =1 , ⋯ ,4) by substituting the value of 

𝑁𝑀𝐷2𝑀𝑏𝑝
𝑖  (𝑖=1, ⋯,4) to Eq. (1). 

Standardization is performed to evaluate quantitatively 

the decline in the function of proprioceptors in elderly 

people in LBP as compared with the function in the 

elderly people with NLBP. The greater the values of 
SMD2M considering the reference 0, the lower is the 

function of proprioception in the elderly people with 

LBP. 

3.5 Experimental Method 

We measured the CoP for 34 participants using the 

protocol. The 𝑀𝐷2𝑀 for each section was calculated 

from the CoP data of each participant. The SMD2M of 

each elderly person with LBP was standardized using 

the results of elderly people with NLBP. We calculated 

the mean values and SDs of the evaluation indexes of 15 

elderly people with LBP for each stimulation body part. 

ES values were calculated and compared with the 

reference value for the elderly people in the NLBP group 

using the one sample t test. In this test, the reference 

value indicated the mean value (0) of each evaluation 

index for the elderly people in the NLBP group. The data 

were analyzed using the Statistical Package for Social 

Sciences version 22.0 for Windows (Version 22.0; IBM 

Corp., Armonk, NY, USA). Further, p < 0.05(*) or p < 

0.01(**) were considered statistically significant, and 

cases wherein 0.05 < p < 0.1(†) was considered to 

represent statistically significant tendencies. 

 RESULTS and DISCUSSIONS  

Figure 4 shows the results at the time of stimulation to 

the GS. The mean values and SDs of 𝑆𝑀𝐷2𝑀𝐺𝑆
𝑖  

(i=1, ⋯,4) of 15 elderly people with LBP are shown. In 

addition, the results of 1 sample t test between 

𝑆𝑀𝐷2𝑀𝐺𝑆
𝑖  (i=1,⋯,4) of 15 elderly people with LBP 

and the mean values of  𝑆𝑀𝐷2𝑀𝐺𝑆
𝑖  (i=1,⋯,4) of 19 

elderly people with NLBP are shown. 

Statistically significant differences were found between 

the elderly people with LBP and those with NLBP for 

Meissner (p = 0.007), Muscle Spindle (p = 0.000), 

Pacini (p = 0.013). However, no statistically significant 

difference was found in the case of Mixed. The 

reduction in lower leg sensitivity at Pacini in the LBP 

group parallels findings of studies of reduction in lower 

leg sensitivity in elderly patients with LBP [8]. 

Moreover, previous studies have reported that 

proprioception and vibration sensation in the lower 

limbs decrease during normal aging [9, 10] and that 

postural instability has been observed in older persons 

[11]. Thus, we found an important role for 

somatosensory information from the lower limb in 

triggering centrally organized postural synergies. 

Figure 5 shows the results obtained at the time of 

stimulation to the LM. The mean values and SD of 

𝑆𝑀𝐷2𝑀𝐿𝑀
𝑖  (i=1,⋯,4) of 15 elderly people with LBP 

are shown. In addition, the results of 1 sample t test 

between 𝑆𝑀𝐷2𝑀𝐿𝑀
𝑖  (i=1 ,⋯ ,4) of 15 elderly people 

with LBP and the mean values of  𝑆𝑀𝐷2𝑀𝐿𝑀
𝑖  

(i=1, ⋯,4) of 19 elderly people with NLBP are shown.  

Statistically significant differences were found between 

the elderly people with LBP and those with NLBP in the 

cases of Meissner (p = 0.006) and Pacini (p = 0.009). 

However, no statistically significant difference was 

found in the case of Muscle Spindle and Mixed. In the 

case of Muscle Spindle, the result conflicts with a 

previous report of decreased reliance on lumbar muscle 

proprioceptive inputs for standing postural control [12, 

13]. 

The two figures showed that the functions of some 

proprioceptors deteriorated, while those of some other 

proprioceptors did not decrease in the elderly people 

with LBP. This fact agrees with the result obtained in 

our previous work [14], which reported that Meissner 

and Vater-Pacini may be affected in elderly people with 

LBP. Taken together, the reduction in stimulation 

regarding trunk and lower leg proprioception possibly 

suggests causing postural instability because these 
elderly people with LBP were not able to switch to more 

appropriate proprioceptive postural control strategy. 

Figure 4. Mean and SD of 𝑺𝑴𝑫𝟐𝑴𝑮𝑺
𝒊  (i=1, ⋯,4) 
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Therefore, the proposed method using SMD2M for 

analyzing CoP data may be useful to evaluate the degree 

of function decline in proprioceptors because it was 

shown that postural control during stimulating to GS or 

LM was different between elderly people with LBP and 

those with NLBP and it agreed with past studies. 

 CONCLUSIONS 

A comparison of the results of SMD2M for elderly 

people with LBP with the reference value for elderly 

people with NLBP confirmed that it might be 

appropriate to analyze the CoP data using the SMD2M 

in order to evaluate quantitatively the degree of function 

decline in proprioceptors in elderly people with LBP. 

SMD2M is an evaluation index with one-to-one 

correspondence with the frequency of vibration in each 

proprioceptor. Thus, it is possible to determine the 

impaired frequency of elderly people with LBP through 

this experiment method. 

Our future work is to develop a treatment protocol for 

finding functionally declined proprioception in elderly 

people with LBP based on SMD2M and impaired 

frequency.  
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ABSTRACT 

Osteoarthritis is common in elderly and cannot be completely 
cured but it is believed that the symptom can be relieved by Thai 

massage treatment.  It is an acceptable choice which helps 
mitigate and lessen knee pain. In this research, we aim to analyze 
walking patterns of two groups of volunteers, one group without 
Osteoarthritis while another group with 2nd level Osteoarthritis 
(medium symptom); the groups were studied before and after 
having Thai massage. The analysis was conducted through 3D 
Motion Analysis System; the data obtained were kinetic 
movements incurred during walking.  The data were compared 
and the result of the study can be further utilized for future 

medical diagnosis.   

Keywords 

Knee Osteoarthritis, Thai Massage Treatment, Gait 

Analysis,  

3D Motion Analysis System. 

 

1. INTRODUCTION 

The Knee Osteoarthritis happens from using knees 

continuously for long periods causing corrosive 

cartilage of the knee joint.  Patients feel pain at knee 

joint while moving; knees get distorted, much affecting 

quality of life of patients. It also acts as an initial cause 

of deformation concerning the elderly in Thailand [1].  

Knee osteoarthritis may be associated with swelling 

pain and heat.  One with final state osteoarthritis can 

face knee pain all the time even during night time 

without using knees and the legs can be malformed [2] 

which affect the well-being of  patients.  They 

eventually have limit daily activities and lose freedom 

to work. 

Currently, osteoarthritis cannot be completely cured, but 

it can be relieved or slowed down from excessive rapid 

increment.  The treatment mostly focuses on pain relief. 

Thai massage is one of treatments using no drug to 
improve movement and to help prevent join deformation 

[3].  The previous studies indicated the benefit of 

massage treatment as an alternative means to relieve 

pain and to improve knee capacity, but they did not 

evaluate the symptoms, pain reduction or self-

assessment with questionnaire, nor provided in-depth 

data on kinetic movements incurred during walking.  

This study, therefore, was conducted to analyze walking 

manners of normal volunteers and ones with level-2 

osteoarthritis [4] before and after having Thai massage.  

The data were analyzed with 3D Motion Analysis 

System. 

 

2. Materials and Methods 

2.1 PRIMARY DATA OF THE VOLUNTEERS 

A.The sample group of the volunteers 

Eleven female volunteers aged 40 years old and over 

with no osteoarthritis and eleven others with level-2 

osteoarthritis (medium symptom) were recruited.  The 

HRH Princess Maha Chakri Sirindhorn Medical Center 

doctor approved the trial protocol. The study was 

conducted according to the common standard guidelines 

of the Declaration of Helsinki. All participants were 

requested to sign a written informed consent statement 

before the study. The participants’ details are as 

presented in tables I and II. 

TABLE I 

FEATURES VOLUNTEERS WITH NO OSTEOARTHRITIS 

SYMPTOM  

 

 

 

 

 

  

 

Karaked Pakwang 

Srinakharinwirot University  
Nakhonnayok, Thailand 

+66(0)2 6495000 ext 27063 
Karaked.pkk@g.swu.ac.th 

 

Characteristic 
Mean 

(SD) 
Range 

Age(years) 44 (1.29)  42 – 45  

Height(cm.( 154 (2.94)  150 – 157  

Weight(kg.) 50.33 (5.82)  42 – 56  

BMI (kg/m2) 21.25 (2.69)  17.48 – 23.56  
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TABLE II 

FEATURES VOLUNTEERS WITH OSTEOARTHRITIS SYMPTOM 

 

 

 

 

 

B. Evaluation form Oxford Knee Score 

Before conducting 3D Motion Analysis, the patients were 
primarily evaluated the knee joint using severity level of 
osteoarthritis by Oxford Knee Score, with numbers (4,3,2,1) most 

precisely indicating the symptoms they had experienced during 
the past 1 month.  There were 12 symptoms to be evaluated.  
The severity scores and instructions are: severe (0 – 19), medium 
(20-29), initial indication (30-39) and not any irregularity (40-49). 

C. Diagnosis for osteoarthritis from x-ray on knee joint area 

Diagnosis for osteoarthritis in the volunteers was 

conducted by a female physician, special consultant at 

Medical Center HRH Princess Maha Chakri Sirindhorn 

Hospital.  The evaluation was  done by 2 doctors to 

co-diagnosis to decide whether the volunteers having 

level-2 osteoarthritis which they would further get Thai 

massage treatment. 

2.2 METHOD AND PROCEDURE 

A.Diagnosisprocedure 

Firstly, Oxford Knee Score and knee x-ray were performed to 

assess the severity level based on the Kellgren - Lawrence score 
[5]. The volunteers with required qualification were asked to do 
walking analysis by getting marked totally 36 points at hip joint, 
knee joint and foot joint for 5-meter walking distance in the 
laboratory of Department of Biomedical Engineering. For the 
volunteers with level-2 osteoarthritis, they would have Thai 
massage from Association of Thai masseurs of Thai Traditional 
Innovation Massage and Alternative Medical, at Medical Center 

HRH Princess Maha Chakri Sirindhorn Hospital, 2 times a week, 
for a total of 2 weeks.  

B. Analysis of walking with 3D Motion Analysis  

 

 

 

 

 

 

 

Fig. 1 Image while in real testing in the laboratory using Qualisys 

device 

This research was classified into 2 parts, namely one 

with using motion capture in the laboratory, to which 

Qualisys cameras (Qualisys AB, Sweden)  were used 

with position marking or markers, and the second part 

being the sort-out procedure for images captured, using 

Visual 3D TM from C-Motion company.  For the 

moving image recording, video camera (Optical Motion 

Capture System) was used with reflexive marker or 

passive marker.  

C. Analysis of walking with 3D Motion Analysis  

Thai massage is classified into 2 types, namely Thai 

Royal Massage Style and Thai Private Massage Style.  

The royal style is just using hands and fingers pressing 

at the points; whereas the private style using all hands, 

feet and elbows for massaging.  The treatment of Thai 

massage for relieving osteoarthritis symptoms happens 

because the pain point got pressed which helps urging 

nerve signals of large nerve filament A-beta and A-elpha.  

It helps urging ELG Cells which act as the cells 

restraining pain-signal transmission in medulla dorsal 

horn; therefore, there is no nerve-signal transmission to 

urge cells acting as nerve-signal transmitter to the brain 

for pain feeling, causing the patient to feel no pain.  

Additionally, massage helps relaxing tense muscles and 

tendons. 

2.3   Data analysis  

As gait analysis of normal volunteers is compared with 

the gait analysis of osteoarthritis patients, the knee 

flexion and extension together with the vertical ground 

reaction force are compared. And a measure of gate 

analysis of normal volunteers or Reference data that the 

measuring device gate analysis has compared the gait 

analysis is osteoarthritis, the massage in Thailand. Both 

models will have a similarity which can be obtained 

from the equation Pearson correlation coefficient. 

𝑟 =
𝑛(∑𝑥 ) − (∑𝑥)(∑  )

√[𝑛∑𝑥2 − (∑𝑥)2][𝑛 ∑ 2 − (∑ )2]
 

r = Pearson correlation coefficient 
∑𝑥 = The sum of the data measured from variable data 

one (x) 
∑  = The sum of the data measured from variable 

data two (y) 

∑𝑥  = Sum of Multiplies Between Variable Data one 

and two 

∑x2 = The sum of the squares of data measured from 

variable      data one 

∑y2  = The sum of the squares of data measured from 

variable  data two 

N = Sample size 

Characteristic Mean (SD) Range 

Age(years) 51.33 (4.78)  47 -58  

Height(cm.( 148.67 (4.49)  146 – 155  

Weight(kg.) 48.67 (7.04)  41 – 58  

BMI (kg/m2) 22.23 (4.30)  17.06 -27.59  
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3. Results 

3.1 Knee Flexion / Extension 

 

 

 

 

 

 

Fig. 2. Knee bend-angle while before massage in the left leg 

 

 

 

 

 

 

 

Fig. 3. Knee bend-angle while before massage in the right leg 

 

 

 

 

 

 

 

 

Fig. 4. Knee bend-angle while after massage in the left leg 

 

 

 

 

 

 

 

Fig. 5.  Knee bend-angle while after massage in the right leg 

 

 

3.2 Verticle Ground Reation Force 

 

 

 

 

 

 

 

 

Fig. 6. Vertical ground reaction force while before massage in the left leg 

 

 

 

 

 

 

 

 

Fig. 7. Vertical ground reaction force while before massage in the right 

leg 

 

 

 

 

 

 

 

 

Fig. 8. Vertical ground reaction force while after massage in the 
left leg 
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Fig. 9. Vertical ground reaction force while after massage in the 
right leg 

 

4. DISCUSSION  

TABLE III 

 THE CORRELATION VALUES OF EXAMPLE 

KNEE FLEXION/EXTENSION BEFORE AND 

AFTER THAI MASSAGE TREATMENT WHEN A 

COMPARISON BETWEEN PATIENTS WITH KNEE 

OSTEOARTHRITIS 

 AND NORMAL VOLUNTEERS 

Volunteers with 

OA 

Before 

(Right) 

After 

(Right) 

Before 

(Left) 

After 

(Left) 

1 

Pearson 
Correlation 

.253* .269** .300** .288** 

Sig. (2-
tailed) 

.011 .007 .002 .003 

2 

Pearson 
Correlation 

.259** .336** .251* .203* 

Sig. (2-

tailed) 
.009 .001 .011 .042 

3 

Pearson 
Correlation 

.262** .316** .241* .282** 

Sig. (2-
tailed) 

.008 .001 .015 .004 

4 

Pearson 
Correlation 

.376** .364** .316** .348** 

Sig. (2-
tailed) 

.000 .000 .001 .000 

5 

Pearson 
Correlation 

.260** .207* .221* .257** 

Sig. (2-
tailed) 

.009 .038 .026 .009 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

From table.III Comparison between normal and 

volunteers with OA in the right leg. 

When comparing walking between normal people with 

the first volunteer before Thai Massage found that the 

relationship in the same direction. The correlation was 

low (p = 0.011) (r = 0.253 *) after Thai massage. The 

correlation was low (p = 0.007)  

(r = 0.269 **). 

When comparing walking between normal people with 
the second volunteer before Thai Massage found that the 

relationship in the same direction. The correlation was 

low (p = 0.009) (r = 0.259 *) after Thai massage. The 

correlation was low (p = 0.001)  

(r = 0.336 **). 

When comparing walking between normal people with 

the third volunteer before Thai Massage found that the 

relationship in the same direction. The correlation was 

low (p = 0.008) (r = 0.262 *) after Thai massage. The 

correlation was low (p = 0.001)  

(r = 0.316 **). 

When comparing walking between normal people with 

the fourth volunteer before Thai Massage found that the 

relationship in the same direction. The correlation was 

low (p = 0.000) (r = 0.376 **) after Thai massage. The 

relationship was low (p = 0.000)  

(r = 0.364 **). 

When comparing walking between normal people with 

the fifth volunteer before Thai Massage found that the 

relationship in the same direction. The correlation was 

low (p = 0.009) (r = 0.260 **) after Thai massage. The 

correlation was low (p = 0.038)  

(r = 0.207 *). 

 

5. CONCLUSION 

From the graphs in 3.1 Knee Flexion/Extension and 3.2 

Vertical Ground Reaction Force, it can be seen that 

volunteers with osteoarthritis have 11 different lines 

which are different from the Reference Data, the gray 

strips of normal data with no osteoarthritis. Before 

having a massage, the Ground Reaction Force of both 

legs of OA volunteers differs from the Ground Reaction 

Force of those normal persons. The OA volunteer has 

abnormal knee flexion/extension angle while stepping 

during walking especially during double support to 

single support of gait cycle [7]. It is visibly different 

from the gray strip, which is in accordance with the 

evaluation of Oxford Knee Score providing that the 

volunteers with abnormal knee joint can be noticed from 

medium-range of the abnormal score. Moreover, the 

results are consistent with the x-ray analysis which 

found that the 11 OA volunteers having osteoarthritis. 

However, when the subjects were given 2 Thai massage 

sessions per week for 2 weeks, it can be noticed that all 

11 graph lines are closer and similar to the gray strip of 

normal volunteers than before getting the Thai massage 

treatment.  

In conclusion, our study showed that Thai massage 

helps relief pain and improve physical function in 

volunteers with knee OA. Thai massage may, therefore, 

improve walking ability in patients with knee OA. It 
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may be a beneficial complementary treatment and an 

alternative therapy for short-term pain relief and 

improved physical function in patients with knee OA. 

Furthermore, this 3D gait analysis method is useful for 

evaluating the effectiveness of Thai massage therapy on 

the patients with knee OA. From the comparative study 

of Thai massage. Be used in the understanding of the 

massage. In the future, the design and development of  

a robot massage and bring a developing application help 

elderly people who have problems with osteoarthritis. 
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ABSTRACT 

For the stroke patients, a wearable device which can 

measure joint angles in real time is beneficial during the 

rehabilitation training at home. This paper proposed a 

novel method for measuring the elbow joints angles by 

using the human channel gain. It means that a weak 

electrical signal was injected to the upper limbs and the 

response potential nearby was differentially detected. 

Comparing the values of the angles simultaneously 

acollected by inertial sensors, we obtained the 

relationship between the changes in the joint angles and 

the human channel gain values. The results indicated 

that the frequency and the size of the transmitting 

electrodes can affect the values of human channel gain, 

and the values of human channel gain and joint angles 

are approximately linear. Thereby, we derived the 

relationship between the variation of receiver voltage 

and the value of human channel gain, thus providing a 

new idea for developing a wearable device which can 

preliminarily measure the changes of the joint angles in 

real time. 

Keywords 

human channel gain ; joint angles ; rehabilitation 

training ; wearable device  

1. INTRODUCTION 

With the society aging problem becoming more 

and more serious, the incidence of stroke is on the rise. 

Stroke is one of the diseases which has the highest 

morbidity in adults, and is the important cause of 

disability among adults. The severe condition of the 

patients will be reduced if given timely and effective 

rehabilitation. In clinical practice, training in limb 

function is the main means of rehabilitation for the 

strokes[1]. These rehabilitative training methods require a 

real-time measurement of the changes in joint angles, 

which is used as a basis for the quantitative assessment 

of recovery. Kinect video method and inertial sensor 

method are the existing joint angle measurement 

methods. They are unfit to be used in home environment 

or have a greater demand for computing resources and 

power consumption[2,3].  

From the physiological point of view, the mechanical 

factors of the changes in limb joint angles lies in muscle 

group contraction. Owing to the special conductive 
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properties of muscle fibers, the process of contraction 

brings about the changes in the electrical characteristics 

of the muscle group itself. This paper proposed a new 

method of measuring the elbow joint angles by using the 

variation of human channel gain, which meant that a 

weak electrical signal was injected to the upper limbs 

and the response potential nearby was differentially 

detected. Comparing the values of the angles collected 

by inertial sensors simultaneously, we obtained the rules 

between the changes in the joint angles and the values of 

human channel gain. In this way, we have provided a 

wearable and lightweight solution to the measurement of 

joint angles for the upper limb rehabilitation training.  

2. The construction of the platform 

 

Figure 1. (a) The angle definition of 90° and 180°, (b) The 

electrodes used in two groups 

 

Figure 2. The schematic diagram of measuring the  elbow  

joint angle by using the human  channel gain 

 

Figure 3. The experimental setup for signal generator, 

spectrum analyzer, angle transducer 

The physiological information of the volunteer 
participating in this experiment reads as follows: m
ale, 24 years old, 173 cm tall and 55 kg in weigh
t. And the girth of his upper and lower limbs is 2
3.5 cm and 23 cm respectively. In this experiment,
 the right upper limb of the volunteer is used as t
he experimental object. The angle-moving range of 
right upper limb is 90-180 °, that is, from state 1
(the arm dropping naturally) to state 2(upper and l
ower arms vertical), as shown in Fig. 1 (a). 

 In the experiment, the Rigol DG5072 signal g
enerator was used to input an AC constant voltage
 signal of 1 V, and the Agilent CXA N9000A spe
ctrum analyzer, as well as the Agilent 1141A diffe
rential probe and the Agilent 1142A auxiliary supp
ly power, was used as a signal receiver. The role 
of the differential probe was to avoid transmitting 
and receiving signals in common ground[4]. The ph
ysiological electrode LT-1 were selected as the tran
sceiver electrodes. The receiving effect could be ex
pressed by voltage gain, which was defined by for
mula (1), where Vt is the transmitting voltage and 
the Vr is the differential voltage value of  the rec
eiving terminal    

 Gain (dB) = 20∙log (Vr /Vt)               (1) 

Before the experiment began, we wiped the skin with 
an alcohol sponge to make electrodes closely attanched 
the skin[5]. Then we attached transceiver electrodes to 
the upper and lower limbs of the right arm respectively, 
making the transceiver electrodes cross over the elbow 
joint of the arm. The experiment, done in this way, was 
able to drive more muscle group, and so better 
experimental results were acquired, compared with the 
scheme only using the muscle of the upper arm. 
Throughout the experiment, we fixed the distance of 
transceiver electrodes to 14 cm. 

At the same time, we chose the angle sensor module 
of wireless EMG system (Delsys, trigno, USA) to 
measure the angles of the upper limb joint. It is a system 
that analyses the data of which has been collected by 16-
channel surface electromyography and 48-channel 
accelerator. The automatic data acquisition protocol of 
this system can, in real time, obtain the changes in the 
angles when the arm is swinging. During the experiment, 
we closely observed the values on the monitor and 
acquired the changing values of the joint angles in real 
time. When experimenting, we connected the data 
acquisition unit with the computer by the USB cable, 
fixing the sensor on to the right upper limb of the subject. 
After finishing the standardization, we started the 
experiment. In the process of standardization, we set 
state 1 to 0 degree and state 2 to 90 degrees. Again, set 
the measured value to α (0 °< α < 90 °), thus the joint 
angles of the upper limb θ = 180 ° − α, 90 ° < θ < 180 °. 

The schematic diagram of measuring the elbow 
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joint angle by using the human channel gain and the real 
life experimental setup are shown in Fig. 2 and Fig.3 
respectively. 

3. Results And Discussion 

3.1 Experimental Results 

 

Figure 4. The relationship between the values of human 

channel gain and the joint angles 

We designed two groups of experiments. The size of 

receiving electrodes in two groups is 40×40 mm2. The 

size of transmitting electrodes in Group 1 is 40×40 mm2, 

and in Group 2 is 20×20 mm2.  The picture was shown 

as Fig.1 (b). 

We saved the data every 10 degrees and recorded the 

values of human channel gain at different joint angles 

and different frequencies when the subject was asked to 

move his right upper limb from state 1 to state 2. After 

finishing the experiment, we analysed the data, then 

selected the data of 4 frequencies, namely 50 kHz, 100 

kHz, 200 kHz, 400 kHz and finally drew a picture of the 

relationship between the values of human channel gain 

and the joint angles, as shown I n figure 4. The triangle 

in Fig. 4 represents the data measured by the 

transmitting electrode with an area of 40×40 mm2, and 

the circle with an area of 20×20 mm2. 

3.2 Analysis and Discussion 

As shown in Figure 4 in the last section, we could 
come to the following conclusions:  

First, the higher the frequency is, the greater the 
values of overall gain. The average value of the human 
channel gain of the selected adjacent frequency in Group 
1 Experiment was 4.51 dB, while the average value in 
Group 2 was 4.16 dB. 

Second, the absolute value of the human channel 
gain roughly tended to go up gradually when the values 
of θ change from small to big, only fluctuating slightly 
in Group 1 when θ = 140 °. Every 10 degrees in Group 

1, the average value of the human channel gain was 0.97 
dB apart and the value 0.92 dB in Group 2. The higher 
the frequency was, the greater the differences were in 
the human channel gain values between state 1 and state 
2; so the largest value difference in Group 1 was 10.66 
dB, and 10.08 dB in Group 2. 

Last, the gain values of the Group 2 are more than 
those in Group 1 as a whole, and the   average 
difference between the two is 9.60 dB. This indicates 
that, for the same kind of electrode, the larger the area 
is, smaller is the contact resistance between the 
electrode and the skin, and the corresponding gain rate 
is also smaller[6]. This is consistent with the forth 
conclusion, which indicates that, if the transmission loss 
of the signal is smaller, the electrical conductivity of the 
muscle is better in Group 2 Experiment. Therefore, 
based upon the data of the second group, and according 
to formula (1) and input voltage = 1 V, we could first 
figure out that 

Vr (V) = 100.05∙Gain                           (2) 

Still, we could calculate the variation of receiver voltage 
corresponding to the angles at the 4 frequencies, and 
drew the relationship in Fig.5. 

 

Figure 5. The relationship between the the variation of 

receiver voltage and the joint angles 

The relationship between the variation of receiver 
voltage and the angle θ of the upper limb is fitted at four 
frequencies—50 kHz, 100 kHz, 200 kHz and 400 kHz. 
The fitted formula for each frequency is shown in the 
Fig.5. 

By analyzing the fitting quadratic function curve, the 
opening of the quadratic function is the smallest at 50 
kHz, so the variation of receiver voltage varies greatly 
with the angle compared to the other three frequencies. 
The best optimal formula is acquired on the condition 
that the size of the transceiver electrodes is 40×40 mm2, 
with the frequency of 50 kHz. And the best optimal 
formula is as follows: 
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 Vr(mV) = 0.0014θ2  − 0.5196θ + 56.768       (3) 

From formula (3), we knew that, the variation of 
receiver voltage is at the level of millivolt every 10 
degrees. That was to say, the variation of Vr was 2.54 
mV between 90 ° and 100 °, while the variation of Vr 
was 0.3 mV between 170 ° and 180 °. Only when it was 
between 90 ° and 140 °, the variation of receiver voltage 
was larger than between 140 ° to 180 °. So it is feasible 
to use the receiver voltage values to determine the joint 
angles. 

4. Conclusions 

 In this paper, the rule was explored of the angles of the 

upper limb joints and the values of human channel gain, 

demonstrating that the relationship between them is 

approximately linear. Based on this, we acquired the 

relationship formula between the variation of receiver 

voltage and the values of human channel gain. 

Comparing the results of the two groups, we finally 

defined the conditions for making wearable applications, 

which could measure the angles of upper limb joints as 

follows: the size of the transceiver electrodes is 

40×40mm2; the frequency is 50kHz; the value distance 

between the transceiver electrodes is 14 cm. Based on 

Formula (3), it is possible to design a wearable device 

which can measure joint angles in real time. In the near 

future, we will certainly carry out some other 

exploratory experiments on more subjects so as to 

achieve the universal use of this wearable device. 
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ABSTRACT 

Muscle synergy is considered as abasic unit of central 

neural system (CNS) controlling for human body 

movements. The goal of this paper is to explore whether 

the different movement trajectorieshave effect on 

muscle synergies during hand-pushing tasks interacting 

with an end-effector upper-limb rehabilitation robot. 

Five trajectories which have the same starting and 

ending points but different curvatures were designed. 

Four healthy adults participated in this study. We 

recorded surface electromyographic(sEMG) signals 

from 8 upper-limb muscles, sEMG data were analyzed 

by using non-negative matrix factorization (NNMF) 

algorithm to extract muscle synergies. The experimental 

results showed that structures of muscle synergies were 

different within different trajectories.  The number of 

muscle synergies increased when the curvatures 

increased among the first three trajectories (L1~L3). 

The extensor carpi radialis was the major muscle during 

hand-pushing movements in all trajectories. The flexor 

muscles played a role when the curvatures increased, 

especially within later three trajectories(L3~L5). These 

results could be useful to optimize strategies of 

rehabilitation training for the patients with upper-limb 

dysfunctionbased on rehabilitation robots. 

General Terms 

Algorithms,Experimentation. 

Keywords 

Trajectory, sEMG, Hand-PushingMovements, NNMF, 

Muscle Synergy 

1. INTRODUCTION 

The reaching movement of upper-limb is a highly 

simple and directed process. The essential factor of 

activities during daily living(ADL) is ability to reach, 

grasp, transport, and release objects[1]. For 

rehabilitation quickly after upper-limb dysfunction, 

patients may need to rehabilitation training for ADL[2]. 

Today rehabilitative robots for training reaching 

movements help the patients to improve ability of upper-

limb through hand-pushing tasks. Thus, hand-pushing 

movements play an important role in the rehabilitation 

training of patients with shoulder and elbow dysfunction, 

and the quantitative analysis of upper-limb movements 

is great of importance in biological research and clinical 

applications. The hypothesis of muscle synergy suggests 

that the CNS performs movement by encoding a 

numberof muscle units.In recent years, some studies 

have focused on effect of special motor behaviors for 

muscle synergies,such as walking[3], cycling[4], 

standing-up[5]. These results showed that movements 

were produced by combination of a group of muscles 

activated together. The hand-pushing movement is a 

task that requires visual spatial transmission and 

cognitive processing.  Previous related studies have 

indicated that physical characteristics, environment and 

task characteristics might affect the choice of muscle 

synergies of CNS[6, 7]. For example muscle contraction 

adjusted muscle synergy recruitment during reaching 

movement, and the existing muscle synergies would 

respond to special tasks[8]. Although these 

achievements have proved possible control mechanism 

of hand-pushing motions with the hypothesis of muscle 

synergies in their respective ways, related studies still 
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have their limitations and more researches to explore the 

mechanism are needed. 

The aim of the present study was to explore th

e possibility effects of pushing trajectories on the re

cruitment of muscle synergies related to the hand-pu

shing movement. Today, an amount of companies de

signed end-effector robots to meet the requirement o

f upper-limb rehabilitation training for patients of up

per-limb dysfunction [9]. These equipments can guid

e the upper-limbs of patients to completedifferent t

rajectory tasks[10]. However, there are fewer studie

s that different trajectories affect muscle synergy d

uring the pushing motions under the rehabilitation 

robots. Therefore, based on an end-effector upper-li

mb rehabilitation robot, our study investigated the 

influence of different trajectories on muscle synergi

es recruitment under the guidance of the visual lin

e and curve. This research explored the influence 

of the different trajectories of hand-pushing movem

ents on muscle control strategies of the CNS, prov

iding a basis for the training strategies of the uppe

r-limb movements for neuromuscular diseases, such

 as stroke. 

2. METHOD 

2.1  Experiment 

Four healthy adults (4 males, and with average ages of 

7.027  )  were involved in this study, who are all right-

hand dominant, with no known neurological diseases, 

no muscular or skeletal impairments history of the 

upper-limbs and the trunks, and no functional 

abnormalities. Before starting the experimentation, each 

subject had signed an informed consent.All subjects 

completed hand-pushing motions within different 

trajectories on an end-effector upper-limb rehabilitation 

robot and were seated upright next to the robot. The 

forearm was fixed on the rocker tray, and the hand held 

the vertical handle on the pallet so thatthe wrist couldn’t 

be bent and rotated. According to the trajectories of the 

display, they carried out tasks by using the rocker 

manipulating the agent point. Subjects were instructed 

to perform a series of trails (10 times per trajectory) 

including five trajectories(L1, L2, L3, L4, L5).The 

starting and ending points of all pushing tasks on display 

are the same.As shown in Figure1, L1 is a straight line 

with length of 20 cm; L2 is a circular arc with a radius 

of 10cm and a center angle of 60 degrees; L3 is a 

semicircular arc with a radius of 10cm; L4 is a 

semiellipsoid arc with a long axis of 40cm and a short 

axis of 20cm; L5 is a sharp corner trajectory. 

 

Figure1. The experimental setup and five movement 

trajectories shown on the display screen 

During the experiment, each trialjust showed a 

trajectory on the display and the same level load was set 

on the robots during all trajectories. Subjects tried to 

maintain a certain speed. Before starting the experiment, 

they were guided to adapt the tasks so that the 

experiment could be finished successfully. 

2.2 Data Acquisition 

The data that needed to be collected, including the task- 

trajectories and the sEMG signals. The sEMG signals 

was recorded by Trigno Wireless EMG System(Delsys 

Inc., USA). Each sensor (37mm*26mm*15mm) was 

attached to the center of each muscle belly. We recorded 

eight muscles, including anterior deltoid(DA), posterior 

deltoid(DP), biceps brachii(BB), triceps brachii(TB), 

brachialis(BI), brachioradialis(BR), flexor carpi 

radialis(FCR), extensor carpi radialis(ECR). The 

collected data was saved and analysed by 

MATLAB(version 2016, Mathworks, Natick, USA). 

2.3 Synergy Extraction 

Raw sEMG data were applied a bandpass filter 

(20Hz~400Hz), full-wave rectified, abandoned mean 

value. We obtained envelopes of all processed sEMG 

data. And we chose 1000 sample points of every muscle 

sEMG data. The amplitudes in an envelope were 

normalized by the maximum value in all muscles to 

evaluate how strong activation between the selected 

muscles. Then all envelopes of a trialin each subject was 

analyzed by muscle synergy. Muscle synergies could be 

used in a task across different trajectory-conditions, we 

chose the model of time-invariant muscle synergies[11]. 

Muscle activation patterns were assumed to result from 

linear summation of spatiotemporal patterns by 

applying Non-negative Matrix Factorization [12] with 

the following equation(1).  

i

n

i i HWV  1
(1) 
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V ( nm matrix, where m  is the number of 

musclesand n  is the number of samples) was pre-

processed envelopes data of each trial. W ( rm
matrix, where r  is the number of muscle synergies, 

mr  ) is muscle synergy matrix and H ( nr matrix) 

is synergy activation coefficient matrix.The number of 

muscle synergies were confirmed by variability 

accounted for(VAF) with the formula(2),which was 

used to measure error of reconstructing matrix after 

decomposing pre-processed sEMG matrix[13, 14]. The 

number of synergies was determined to the relationship 

between the amount of data variation with VAF and the 

number of synergies. The optimal number of synergies 

was selected as the number at which the VAF curve had 

a change in slope and  the VAF value more than 95% 

for all subjects[11]. To compare across subjects and 

different conditions, the extracted muscle synergies 

were normalized with the maximum of muscle 

activation component across all recorded muscles in 

every synergy. 
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 2.4 SynergyComparison 

To quantify the similarity of two sets of muscle 

synergies underlying different trajectories, we defined 

the cosine of the angle(cosine similarity) between two 

synergy vectors as their similarity[11]. Firstly, muscle 

synergies from each subject was extracted respectively. 

For each task, similar muscle synergies patterns across 

subjects were grouped based on the best-matching of 

vectors in 
rmW 

 matrix.  

  (3)                            ,cos,
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3. RESULTS 

3.1  sEMG Results 

The normalized sEMG envelopes(solid line) of each 

muscle in a subject for all trajectories are represented in 

Figure 2.The shape of the sEMG envelopes correlated 

well across trajectories for each individual subject. The 

sEMG waveform of all muscles, wherein the feedback 

signal captured the activity patterns, reflected the 

changing during different trajectories. 

3.2 Muscle Synergy Extraction 

Selecting the number of muscle synergies described in 

Methodology section, we found that with different 

trajectories, the number of muscle synergies had 
changed for all subjects. In the lower curvature 

conditions(L1, L2), by using NMF algorithm, we 

extracted one and two muscle synergies respectively. 

However, more synergies had been recruited when the 

curvature changed during different trajectory-pushing 

movements as shown in the table1. We considered the 

synergies number of L3, L4 and L5 were 3. Although 

the value of the same trajectories had minor difference, 

we thought this is because the habits of upper-limb were 

different across subjects. In addition, the accuracies in 

the reconstruction of the muscle patterns by the synergy 

combinations in different trajectories were close to that 

observed for the sEMG envelopes relative value used in 

the synergy extraction as shown in figure 2, which 

explained the reasonable during identifying the amount 

of muscle synergies. 

 

 

 

 

Figure 2.Typical original(solid line) and 

reconstructed(dotted line) curves of normalized sEMG 

envelopes at different trajectories(subject1) 
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Table 13. The number of synergies across different 

trajectories 

Different 

trajectories 
Subject1 Subject2 Subject3 Subject4 

L1 1 1 1 1 

L2 2 1 2 2 

L3 3 2 3 3 

L4 3 2 3 3 

L5 3 3 3 2 

3.3 Synergy and Comparison 

Figure 3 shows the muscle synergies extracted from the 

8 muscles of different trajectories for a subject. Each bar 

chart represents relative activation level of 8 muscles 

within each synergy during the motion period. We found 

that the different trajectories had different muscle 

activation levels in the synergies.  

 

Figure 3. Typical muscle synergies during hand-pushing movements 

along different trajectories 

Table2. The similar value of different trajectories with the same of 

synergies number(subject1) 

L1\L2 Synergy1 Synergy2 Synergy3 

Synergy1 0.88 0.96 / 

Synergy2 0.93 0.99 / 

L3\L4 - - - 

Synergy1 0.63 0.95 0.94 

Synergy2 0.83 0.55 0.38 

Synergy3 0.72 0.86 0.99 

L3\L5 - - - 

Synergy1 0.77 0.93 0.93 

Synergy2 0.67 0.51 0.35 

Synergy3 0.87 0.90 0.84 

L4\L5 - - - 

Synergy1 0.96 0.67 0.57 

Synergy2 0.75 0.95 0.92 

Synergy3 0.87 0.92 0.84 

The results of extracting synergies showed thatmore 

additional muscle synergies were recruited to respond to 

the high curvature-trajectories during the hand-pushing 

movement. To compare the recruited muscle synergies 

across different trajectories, we calculated the cosine 

similarity between two synergy vectors. For each 

subject, we quantified the similarity across different 

conditions for the same number of extracted synergies, 

which means we chose two synergies in L1 when 

compared with L2, and L3, L4 and L5 compared with 

each other. The similarity of the vectors indicated that 

the recruited muscle synergy under the same of 

synergies number was consistent with curvature of 

different trajectories as shown in Table2. We chose 

larger value of similarity cosine as a pair of similar 

synergies. For example, the synergy2, synergy1, 

synergy3 in L4 were responding to synergy1, synergy2, 

synergy3 in L3 respectively. Each pair of synergies in 

the compared trajectories had the higher value(more 

than 0.83) except L3 comparing with L5. 

4. DISCUSSION 

4.1 sEMGEnvelope 

The results of sEMGenvelopes demonstrated that each 

muscle had a specific and gradual modulation of its 

activation amplitude and timing as a function of 

movement trajectories[15]. As we have seen, the 

muscles of shoulder and elbow would change with 

trajectories. The amplitudes of sEMG envelopes for 

most muscles increased when the trajectorycurvatures 

increased.Due to the movement tasks were mainly 

controlled by the extension of upper-limb, the 

amplitudes of sEMGenvelopes of flexor muscles were 

lower than extensor muscles andthe activation times of 

extensor muscles were earlier than flexor muscles 

during the hand-pushing movements. 

4.2 Trajectory-Dependent Muscle Synergy 

The overall results in our study are consistent with the 

hypothesis of robustness of muscle synergies across 

upper-limb movement different conditions in recent 

studies[8, 11, 16]. Reference [16], Lu Tang found that 

the CNS could control the similar movement tasks by 

recruiting similar muscle synergies. This may be reason 

that the synergies of similar trajectories(L1 and L2, L3 

and L4, L4 and L5) have not a hug difference in the 

amount and synergy vector in our result. Compare to [8], 

the curvature changing of trajectories may lead to the 

different muscle contraction so that the number of 

synergies become difference between L1, L2 and L3, L4, 

L5. However, the number of synergy in our study less 
than the previous studies across biomechanical 

conditions based on a modular organization[17]. In 

these research, CNS used four or five muscle synergies 
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to achieve the point-to-point movements. For the 

difference, it should be kept in mind that our result was 

limited by the specified task which performed on an 

end-effector upper-limb rehabilitation robot. 

In conclusion, our result suggests a possibility that 

diversity of curvature trajectories couldaffect muscle 

synergies during hand-pushing movements, which 

indicates that the CNS responds different tasks by 

recruiting relevant muscle synergies. Thus we supposed 

that CNS might recruit appropriate muscle synergies, 

when patients with upper-limb dysfunction done the 

rehabilitation training on a rehabilitation robot. So, this 

may be the reason that ability of ADL of the patients is 

improvement after rehabilitation training.  Although 

our results should be validated in a larger number of 

samples(subjects), the find of this study is beneficial to 

support the hypothesis of muscle synergies, and also 

provides the basis for us to further explore the training 

strategies of upper-limb movements for patients with 

neuromuscular disease. To verify our conclusion and 

hypothesis, more representative experiments and 

subjects are necessary in the next work. 
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ABSTRACT 

Objective To analyze the electrical signals of the vastus 

lateralis、rectus femoris and vastus medialis muscles 

during knee stretch in patients after anterior cruciate 

ligament(ACL) rupture and ACL reconstruction using 

surface electromyography. By assessing the 

abnormalities of knee extensor function in patients with 

ACL rupture, we sought to provide the theoretical basis 

for guiding pre- and post-operative rehabilitation 

training. 

Methods 20 patients with unilateral ACL rupture were 

enrolled as research objects between February and 

December in 2016. 20 healthy individuals were 

additionally enrolled as controls. Patients received 6 

weeks of rehabilitation guidance after operation, and the 

average EMG of VL, RF, and VM were evaluated before 

and 6 weeks after operation by surface EMG analysis. 

Results The AEMG of VL, RF, and VM were all 

significantly lower in injured limbs compared to 

uninjured limbs (p＜0.01). The AEMG of the RF was 

the least affected whereas the decline of VM was the 

greatest. The injured limbs demonstrated significantly 

higher AEMG profiles at the VL, RF, and VM post-

operatively compared to pre-operative, injured limbs(p

＜ 0.01). This post-operative increase, however, 

remained significantly lower than AEMG of uninjured 

limbs(p ＜ 0.05). VL:VM ratios were significantly 

decreased post-operatively (p＜0.01), though remained 

higher in either pre- or post-operative injured limbs 

compared to healthy controls (p＜0.05).     

Conclusion Quadricep strength is decreased in the pre-
operative injured limb. The AEMG decrease is greatest 

in the VM and lowest in the RF. Quadricep strength can 

be improved by post-operative rehabilitation but does 

not recover to baseline during the post-operative period. 

Emphasis on VM strength training should be a particular 

post-operative focus. 

Keywords 

anterior cruciate ligament (ACL) ； surface EMG 

(sEMG) ；vastus lateralis muscle（VL）；rectus femoris

（RF）；vastus medialis（VM）；average Electromy-

ography（AEMG）. 

1. INTRODUCTION 

ACL injury, usually occurs in young and middle-aged 

people performing large amounts of physical activity. 

After the injury, the patients are presented with severe 

pain, joint swelling, joint effusion and dysfunction [1]. 

Anterior cruciate ligament reconstruction (ACLR) has 

since been an effective alternative to joint surgery. 

However, many patients experience post-operative 

abnormalities of the lower extremities after ACLR, one 

of the predominant being decreased muscular strength. 

Through rehabilitation   training, restoration of 

muscle strength in the post-operative phase has been 

achieved without significant damage to the graft. By 

capturing the bioelectric properties of muscle movement 

or contraction, surface electromyography (sEMG) is 

able to measure voltage changes on the skin. Using an 

amplifier to enhance the signal, a diagram of the 

electromyographic signal can be generated within the 

scope of its detection, the sum of multiple motor unit 

action potentials [2]. Therefore, sEMG can be used for 

objective evaluation of specific muscles under various 

states of neuromuscular activity. This study provides a 
theoretical basis for the clinical development of more 

precise and personalized rehabilitation treatment 
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program through the acquisition of preoperative and 

postoperative surface EMG signals.  

2. METHOD 

2.1 Clinical Information and Group 

Inclusion criteria: ①  adherence to the surgical 

indications of ACLR. ② course of illness limited to 1-

6 months. ③ injury in the left knee. ④ participants  

demonstrated more than 30degree. ⑤  iii-degree 

damage(tear predominantly ACL) by MRI.  

Exclusion criteria: ①  Other serious diseases and 

mental diseases are combined. ②  Diseases in other 

parts of the lower limbs ③ In the past 6 months have 

received hormone, intra-articular injection and other 

treatment. ④ Complex left knee joint injury. 

20 patients with ACL injury (all left knee) were enrolled 

from Shanghai Tongren Hospital. 20 healthy subjects 

(all left knee) were additionally recruited as controls. All 

patients have signed informed consent. Any differences 

in age, height and weight among the treatment or control 

groups were not statistically significant (p ＞0.05). 

2.2 Treatment Method 

Participants were positioned supine, with both hands 

placed naturally, and knee on a particular stent (buckling 

30 °). Before to formal testing, patients were briefed 

about the procedure and instructed to relax. Participants 

were then told to extend the knee with the greatest 

strength, avoiding the lifting of the thigh from the bed 

when exerting force, and avoiding hitting the bed face 

when relaxing. During each test, the subjects were 

encouraged to perform the maximum stretch for 3 

seconds (stretching for 2 seconds, relaxing for 1 second), 

ensuring the capture of the entire movement. The 

exercise was repeated 3 times, each interval time for 5 

seconds. Each test recorded the electrical signals of the 

contraction of either the VL, RF, or VM knee extension 

procedure. For quadricep health evaluation, pre-and 

post-operative, quadricep muscles were recorded 

bilaterally before and six weeks after surgery. Four 

complete cycles were recorded each time and amplitude 

was averaged (AEMG). Position of electrode placement.：

① VL: The 5 fingers above the patella, lateral to the 

thigh.; ② RF: The focal point of the upper margin of 

the patella and the anterior superior iliac spine, front of 

the thigh; ③ VM: The upper Angle of the upper part of 

the patella is the width of the upper part of the thigh and 

the medial side of the thigh. The reference electrode was 

placed on the fibula. The distance between the two 

electrodes is 2cm. During the test, the electrode tape is 

fixed to avoid pulling. All patients were given a uniform 

rehabilitation programm（30 times/group,2 groups/day）：
Quadriceps isometric contraction,  knee flexion and 

stretch training, ankle pump training, patella pushing 

training, lift heel training. 

2.3 Statistical Method 

All data are presented as ( sx  ), and analyzed with SPSS20.0 
software. Independent sample t tests was performed to compare 
healthy patients and injured participants. Paired sample t tests 
were used to evaluate changes before and after surgery. The 
significance level across all evaluations was p<0. 05.. 

3. RESULTS 

The AEMG of VL, RF and VM were compared before 

operative treatment (injured versus uninjured side). As 

shown in Table 1, the AEMG values of VL, RF and VM 

were all significantly lower than those of the healthy 

limb（p＜0.01） . Among them, the rectus femoris 

indicated the smallest decline, while the vastus medialis 

decreased the most. 

Table 14. Preoperative comparison of the AEMG values of 

VL, RF and VM 

AEMG VL RF VM 

Injured 60.80±23.68 50.75±
13.52 

39.04±18.46 

Uninjured 144.94±64.73 94.22±29.18 126.18±
50.35 T 5.46 6.05 7.27 

P 0.00 0.00 0.00 

Table 15. Perioperative comparison of the AEMG values of 

the injured VL, RF and VM 

AEMG VL RF VM 

Pre- 60.80±23.68 50.75±13.52 39.04±18.46 

Post- 87.09±24.63 67.03±15.15 60.03±9.96 

T 21.53 17.09 5.87 

P 0.00 0.00 0.00 

 Pre- healthy Post- Healthy Pre- Post- 

VL:VM 1.75±0.71 1.17±0.50 1.46±0.35 1.17±0.50 1.75±0.71 1.46±0.35 

T 2.93 2.07 2.22 

P 0.006 0.046 0.038 
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Table 16. Post-operative comparison of the AEMG values of 

VL, RF and VM 

AEMG VL RF VM 

Injured 87.09±24.63 67.03±15.15 60.03±9.96 

Uninjured 156.12±
62.12 

114.25±39.41 132.68±
49.39 T 4.62 5.00 6.45 

P 0.00 0.00 0.00 

As shown in Table 2, the AEMG values of VL, RF and 

VM  were significantly increased 6 weeks after ACLR 

compared with the pre-operative period (p < 0.05). 

The postoperative health of the ACL was evaluated by 

comparison to uninjured, untreated contralateral ACL 6 

weeks after left-limb ACLR. As shown in Table 3, the 

AEMG values of VL, RF and VM were all significantly 

increased from pre-operative values after 6 weeks of 

training, but compared with the healthy, uninjured limb, 

post-operative VL, RF and VM  remained significantly 

lower than the uninjured side (p < 0.05). 

As shown in Table 4, VM ratio was compared 

perioperatively between the injured and healthy control 

groups (left side). VM  ratio of the ACLR group was 

additionally evaluated before and after surgical 

treatment. Pre-operative and post-operative VM  ratios 

were higher than the healthy control group at either time 

point (p < 0.05). Within the ACLR group, VM ratios 

were significantly decreased after surgical intervention 

(p < 0.01).DISCUSSION 

The body's motor system is mainly composed of 

muscles, bones and nerves, and any damage can cause 

motor function deficits. The knee joint is an important 

weight-bearing and motor joint, which has a great 

influence on motor function[3]. The quadriceps are one 

of the most important factors in maintaining the stability 

of the knee joint, and peripheral damage to the quadricep  

(that can last for several years) is very common after 

ACL injury and reconstruction. This study used 

bioelectrical surface monitoring to profile pre- and post-

operative quadricep contraction after ACL injury. In 

addition to finding that strength was decreased in the VL, 

RF, the VM  muscles after injury, we report that six 

weeks of post-operative rehabilitation improved muscle 

recovery, though not to normal levels.  

After ACL injury, patients often experience discomfort 

such as swelling of the knee joint, pain, weakness and 

so on. These symptoms often require a decrease in 

physical activity and may even halt limb movement 
altogether (braking), resulting in atrophy of the lower 

limb muscles. Quadriceps, like other skeletal muscles, 

can adapt quickly to changes in the external 

environment, such as decreased movement, braking, and 

other conditions conducive to muscle atrophy [4]. 

Muscle mass and volume in these cases will decrease, as 

will cross-sectional area of muscle fiber which can 

subsequently alter muscle fiber type in the waste state. 

Decreased muscle strength may be rooted in abnormal 

neuromuscular activation. For example, when Glenn N. 

Williams studied 17 patients with unilateral ACL injury 

for 2 months, quadriceps demonstrated decreased 

muscle strength, volume, cross-sectional area and 

abnormal neuromuscular activation. Specifically, 

quadricep muscle strength fell by 25%, with the vastus 

lateralis muscle decreasing by 8%-10%. The author 

determined that quadriceps disuse atrophy and 

neuromuscular activation defects can explain up to 60% 

of the loss of quadriceps strength. Yu Konishi et al 

propose that after an ACL injury, mechanical sensor 

feedback between the ACL. and gamma motor neuron is 

reduced, resulting in the chronic suppression and 

muscular defects of the quadriceps [5-7]. At present, the 

body of literature[8-10]agrees with this idea of 

arthrogenic inhibition, and YU KONISHI et al. have 

further elaborated that joint source inhibition may 

negatively impact nerve conduction and muscle reflexes.  

The results of this study showed that the AEMG value 

of RF was the lowest among the three muscles tested. 

This may be related to RF’s basal muscle strength and 

anatomical structure. For example, RF is the only one of 

the three muscles that stretches and functions at the knee 

and hip flexors simultaneously. Thus after ACL injury, 

any conserved hip flexion will results in a certain 

amount of RF training, minimizing its decline in 

strength. The imbalance of muscle strength between the 

VL and VM is very important in the pathogenesis of 

patellar joint disease[11-16]. MiaoPing .et.al. suggest 

that the ablation of the VM muscle may impact the 

external pull patellar VL, resulting in abnormal patellar 

cartilage surface pressure distribution and producing 

pain, dysfunction and patellofemoral joint disorders[17]. 

In this study, it was found that decrease in the AEMG of 

the VM was substantial, possibly indicating the 

imbalance of the internal lateral force of the patella and 

patellofemoral joint dysfunction. Therefore, we 

recommend that in addition to the isometric contraction 

that is commonly utilized in rehabilitative training, 

straight leg-raising training, etc., should be used to target 

the VM (knees 0 ° and 20°) in order to correct patella 

stress disorders. 

Six weeks post-operative rehabilitation of the quadricep 

muscles in this study showed that the multi-channel 
sEMG of VL, RF, and the VM muscle strength were all 

significantly improved compared with pre-operative 
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conditions (p < 0.01). Contralateral comparisons at this 

time point however, still revealed suboptimal conditions 

(p < 0.01). This suggests that while the post-operative 

rehabilitation training was effective, normative levels 

could not be accomplished in 6 weeks. Additional test 

results show that the ratio of the VM and VL compared 

with pre-operative ratios was decreased (p < 0.05), 

though higher than a healthy control group average (p < 

0.05), indicating that while post-operative rehabilitation 

training can effectively improve the VM  and VL 

muscle imbalances, basal levels cannot be reached in the 

allotted time period.        

An interesting finding of this study was that post-

operatively, the healthy limb VL, RF and VM were not 

statistically different than healthy controls. The results 

are somewhat different from those of Abbey C. Thomas 

and others, who found that the quadriceps muscle of the 

contralateral injured limb may experience compensatory 

strengthening, leading to statistically significant 

strength increases in the contralateral limb compared to 

healthy, uninjured controls post-operatively [18]. Some 

of the reasons for the lack of compensatory 

strengthening in our study may be due to the different 

instrument systems used for the muscle strength test in 

either study. Abbey C. Thomas et. al. for example, test 

the joint extension movement exclusively, while we 

considered knee stretch bending within the scope of 30° 

six weeks after knee joint mobility buckling was limited. 

Another possibility is that the data collection time 

between the two studies was not uniform and the 

compensatory effect of the sparred limb was not 

apparent during the six-week evaluation period. 

After joint damage and braking, changes in fiber 

organization can cause material leakage increase, which 

in turn can lead to articular adhesion and severe 

impairment of joint activity. In serious case, patients 

may even require a joint release procedure. During the 

early stages of reconstruction of the cruciate ligament, 

joint activity training would be beneficial to the repair 

of articular cartilage and local circulation reflux, 

relieving the joint edema[19]. As such, in addition to the 

muscle strength training around the knee joint, joint 

activity training should be synchronized during 

rehabilitation.   

In conclusion, this study revealed opportunities for 

enhanced rehabilitation courses such as increased 

resistance adduction through early action VM training, 

which may reduce the lateral imbalance in the patella, 

and prevent patellofemoral joint disease. Additionally, 

this study quantitatively demonstrated that though six 

week rehabilitation after ACLR significantly improve 
muscle strength of the VL, RF, and VM, recovery 

periods should be extended for full-recovery of 

normative function. 
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ABSTRACT 

In this paper, we describe a novel reconfigurable modular robot 

system. The modular robot unit is a cube structure. Each surface 
of this cube has a connection interface. It has three rotational 
degree of freedoms, which are distributed in the three directions 
of the space coordinate system. A new and reliable docking 
mechanism is designed to realize the connection function between 
modules. With 3D printing technology, the frame structure of the 
module is manufactured. Then, based on the characteristics of the 
module, we define an eigenvector to describe the state 

information of a single module and an adjacency matrix to 
express the topology structure of a multi-module system. Finally, 
we have a discussion about the application of reconfigurable 
modular robot in the field of rehabilitation. 

Categories and Subject Descriptors 

I.2.9 [Artificial Intelligence]: Robotics - operator 
interfaces, workcell organization and planning.  

General Terms 

Design, Economics, Reliability. 

Keywords 

Reconfigurable modular robot; docking mechanism; 

adjacency matrix; multi-module system. 

 

1. INTRODUCTION 

A reconfigurable modular robot system is a complex system that 
consists of several basic module units. These basic module units 
can be rearranged to form different configurations to adapt to 
different environments and tasks. Generally, each module unit 
includes an independent driver unit, a battery unit and a control 
system, and a host computer is responsible for reconfiguration 

and motion planning of the multi-module system. With interfaces 
and actuators, it is convenient to customize multi-module systems 
with specific functions. Due to its capability of adapting itself to 
the external environments, reconfigurable modular robots have 
great applications in such occasions as planetary exploration, 
nuclear-plant maintenance or some rescues in places inaccessible 
to humans [1]. 

In 1998, the first RMMS was developed by the University of 

Carnegie Mellon [2], which is a reconfigurable modular 
manipulator system in fact. In 2001, another RMMS named 
Skyworker was proposed by the Robotics Research Institute of 

Carnegie Mellon University, which was designed to assemble 
large space components on the track. It achieved the function of 
walking on the truss by holding the truss with friction [3]. For the 
same target of assembling large components on orbit, in 2002, the 
Japanese space development agency proposed Hyper-OSV robot. 

It adopt the modularization conception. Hyper-OSV consisted of 
many modules with unified interface. These mechanical arms can 
be disconnected from and reconnected with the base to 
reconfigure as a space robot with different function [4]. It was 
also in 2002, AIST developed M-TRAN and M-TRAN II. These 
robots can change their configuration by itself. With the help of 
the different polarity of the magnet, they realized connection and 
disconnection [5]. Obviously, such a connection method makes it 

difficult to bear larger work load. Subsequently, the improved M-
TRAN III adopted a mechanical connection mechanism [6], and 
its bearing capacity improved significantly. In 2006, Shen 
Weimin of University of Southern California designed hyper 
redundant manipulator named Superbots. Each module has three 
degrees of freedom. It can reconfigured with different functions 
with different connecting modes [7]. In recent years, some 
interactive modular robotics system, such as Ani-Bot is proposed. 

It allows users to control their DIY robots using Mixed-Reality 
Interaction (MRI) [8]. To enhance the capabilities in docking as 
well as navigation in co-ordinated structures such as humanoid 
robots, HexaMob adopts vision sensor [9]. This is a trend in the 
field of reconfigurable modular robot. 

In this paper, a reconfigurable modular robot system is proposed. 
A new type of hole and shaft docking mechanism is introduced. 
The mathematical description of the single module and the 
adjacency matrix of the multi-module system are defined. The 

motion ability of the module is analyzed. 

 

2. Structure of module 

2. 1 Structure and function 

The module unit designed in this paper is a cube structure（Fig. 

1）. There is a connection interface on each of the six surfaces of 

the cube, in which three interfaces are rotatable. They are the 
output shaft of the driver mechanism in fact, and distributed in the 

three directions of the space coordinate system. The other three 
connection interfaces are fixed on the frame. It means that these 
interfaces are not rotatable. When the axes of the two connection 
interfaces coincide, the docking mechanism can achieve the axial 
and circular fixation, so that the connection and driving function 
between the two modules are realized. 

Most of the components of the module are 3D printed. In this way, 
a more flexible design structure can be realized, at the same time, 

the weight and size of the module can be reduced. According to 

mailto:395996080@sjtu.edu.%20cnWang
mailto:395996080@sjtu.edu.%20cnWang
mailto:J.B.Wang@sjtu.edu.cn
mailto:workmailcm@126.com
mailto:fyq@sjtu.edu.cn
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the actual measurement, the mass of each module is 1.5kg, and 
the maximum length is 209mm. 

 

.   

Figure 1. Frame structure. 

 

2.2 Docking mechanism 

The modules connect with each other in the form of 

shaft and hole. Its rotatable connection interface is the 

end part of the module output shaft in fact [Fig.2.a]. The 

other kind of connection interface consists of a docking 

sleeve and guide rod, the docking sleeve device can slide 

on the guide rod [Fig.2.b]. It is fixed on the frame 

structure. 

    

(a)                  (b) 

Figure 2. Docking mechanism. 

When docking, the module rotates to the position where 

the axes of the two connection interfaces coincide.  

Push the docking sleeve outward along the guide rod till 

it contacts with the baffle [Fig.3.a]. At this position, the 

cylinder pins with flat heads in the docking sleeve 

device are just aligned with the pin holes of the guide 

rod and the docking shaft. Then, push the shell of 

docking sleeve outward again [Fig.3.b], and the inclined 

plane inside the shell will push these cylinder pins into 

corresponding pin holes. Finally, the docking process is 

over [Fig.3.c]. 

In order to ensure that the cylinder pins is coaxial with 

the pin holes during the docking process, four location 

holes are arranged at the end of the docking sleeve, and 

dowel pins are arranged at the corresponding position of 

the baffle. When pushing the docking sleeve outward, 

and the dowel pins are inserted into the location holes, 

the cylinder pins inside the sleeve must be coaxial with 

the location holes. So that the sleeve shell can push the 

cylinder pins into the pin holes smoothly. 

 

(a) 

 

(b) 

 

(c) 

1.baffle, 2.dowel pin, 3.docking shaft, 4.pin hole,             

aa a5.cylinder pin,  6.shell of docking sleeve, 

7.spring,  8.location hole, 9.guide rod 

Figure 3. Docking process. 

Figure 4 shows the state of disconnection and 

connection of two modules. 

 

Figure 4. State after docking 

. 

Docking 
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Dockin
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209m
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2.3 Driver mechanism 

Each module has three independent and identical 

driver mechanism [Fig.5]. The power source of the 

driver mechanism is a motor with worm reducer. Its 

rated torque is 0.75 N▪m, and can realize the self-locking 

function without power. A pair of deceleration gears 

with a reduction ratio of 121:17 is responsible for 

increasing the torque. Therefore, the theoretical output 

torque of each driver mechanism is as follows: 

 𝑇𝑜 = 𝑇𝑖𝑛 =0.75*121/17=5.34    N▪m (1) 

  

 

 

2.4 Communication and control system 

Distributed control is adopted in the multi-module system. Each 
module relies on the ESP8266 UART-WIFI module to 

communicate with the outside world, and upload the statue 
information to the host computer. Then, the host computer 
computes the deformation strategy according to the current state, 
determines every step of each module, and finally distributes to 
each module through WiFi network. The host computer 
distinguishes the corresponding state information of each module 
through the ID number in the data package. Each module unit also 
filters its corresponding control instructions through the ID 

number in the package. 

 

3. Mathematical description  

3.1 Expression of single module 

For a single module, we can use an eigenvector to set up 

the only mathematical description: 

 𝑳𝒊[𝟏𝟑] = [𝑳𝒊,𝟏, 𝑳𝒊,𝟐…… , 𝑳𝒊,𝟏𝟑]
𝑻 (2) 

For convenient simulation and communication, we 

define an ID number for each module, here we use 𝑳𝒊,𝟏 

to represent it. Its value is 1,2,3...n. n is the total number 

of a multi-module system.  

The spatial state information of a module consists of the 
position coordinate and the angle coordinate in the 

absolute coordinate system 𝛴0 , and the angle 

information of three output shaft in the local coordinate 

system 𝛴𝑖（𝑖 = 1,2,3…n）  of the module itself. 

According to the structural features of the module, the 

rotation angle of the output shaft is limited to 90º,180

º,270º,360º. Due to the output shaft is central rotational 

symmetric structure, its state is exactly the same at these 

positions. Therefore, the state information of the three 

output shafts has no influence on the deformation 

strategy, and these information can be ignored. To sum 

up, only six elements, 𝑳𝒊,𝟐, 𝑳𝒊,𝟑, 𝑳𝒊,𝟒, 𝑳𝒊,𝟓, 𝑳𝒊,𝟔, 𝑳𝒊,𝟕, are 

necessary to describe the complete pose information of 

one module. 𝑳𝒊,𝟐 ,  𝑳𝒊,𝟑 , 𝑳𝒊,𝟒  represent the position 

coordinate of the local coordinate system in the absolute 

coordinate system. 𝑳𝒊,𝟓 ,  𝑳𝒊,𝟔 ,  𝑳𝒊,𝟕  represent the 

variation of angles from the posture of the absolute 

coordinate system 𝛴0  to the posture of the local 

coordinate system 𝛴𝑖  by rotating around 𝑋0-axis, 𝑌0-

axis, 𝑍0-axis of the absolute coordinate system 𝛴0 in 

order. In addition, in view of the shape of module the 

distance between each module is constant 211mm. So its 

coordinate can be unitized. The distance between two 

modules is defined as 1, which can greatly simplify 

related calculation. 

Finally, 𝑳𝒊,𝟖 ,  𝑳𝒊,𝟗 ,  𝑳𝒊,𝟏𝟎 ,  𝑳𝒊,𝟏𝟏 ,  𝑳𝒊,𝟏𝟐 ,  𝑳𝒊,𝟏𝟑  are used to 

represent the connection state of surface 1,2,3,4,5,6 of  

module [Fig.6]. When a surface is not connected with 

other module, the corresponding variation is 0. 

Otherwise, the variation is the ID number of the 

connected module. 

 

Figure 6. Number the surfaces. 

Set up the local coordinate system at the centroid of each 

module, and its x-axis, y-axis, z-axis point to the surface 

2,1,6, and the absolute coordinate system 𝛴0  is 

coincident with the local coordinate system of first 

module 𝛴1. According to the definition above, the No.2 

module in Figure 7 can be expressed as a eigenvector in 

the absolute coordinate system 𝛴0: 

 

𝑳𝟐[𝟏𝟑] = [𝑳𝟐,𝟏, 𝑳𝟐,𝟐…… , 𝑳𝟐,𝟏𝟑]
𝑻                          

 

                     
= [𝟐, 𝟎,−𝟏, 𝟎, 𝟎, 𝟗𝟎, 𝟎, 𝟏, 𝟑, 𝟎, 𝟎, 𝟎, 𝟎]𝑻 

(3) 
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Figure 5. Driver mechanism. 
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Figure 7. Multi-module system. 

 

3.2 Expression of multi-module system 

On the basis of the single module, we can get the 

mathematical expression of a multi-module system by 

combining all the modules’ eigenvector together 

according to their ID numbers. This adjacency matrix 

includes all the information of the multi-module system, 

and only one system can be expressed by this adjacency 

matrix. For a configuration R with n modules, its state 

information can be expressed as an adjacency matrix 

with a dimension of 13*n: 

 𝑪𝑹 = [𝑳1, 𝑳2…… , 𝑳𝒏] (4) 

Therefore, the adjacency matrix of the multi-module 

system in Figure 7 can be expressed in the following 

form: 

𝑪𝑹 = [𝑳𝟏, 𝑳𝟐, 𝑳𝟑, 𝑳𝟒]

=

[
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(5) 

 

 

 

 

4. The basic movement ability 

Due to a single module can only realize the rotation of 

the output shafts, it can’t change its position and posture 

by itself [Fig.8.a]. 

As for two connected modules, when one module called 

driver module is stationary, with the rotation of the 

output shaft between the two modules, the other module 

called motion module, will be able to change its posture, 

but it still can’t change its position [Fig.8.b]. Due to the 

two connection interfaces that involved in the docking 

process are not same, the output shaft may exist in the 

driver module or in the motion module, but this has no 

influence on the motion effect. 

For three modules, a L-shaped configuration [Fig.8.c] is 

shown, the driver module is stationary, and the spin 

module can drive the motion module to change the 

position and posture within certain range. Like the two 

connected modules, the driving force coming from 

which module has no influence on the motion effect. 

 

 

 

 

(a)                                    (b) 
  

 

 

 

 (c) 

Figure 8. Basic movement. 

According to the section 2.3, the driving torque that each 

module can provide is 5.34 N▪m, and the mass of each 

module is 1.5kg. After docking, the centroid distance of 

adjacent modules is 0.211m. Ignoring the acceleration 

and deceleration process, the torque we need to flips a 

module in the gravity environment is: 

𝑻 = 𝒎𝒈𝒍 = 1.5*9.8*0.211=3.1    N▪m (6) 

So the L-shaped motion unit is able to move a module. 

This is the basic ability to reconfigure the multi-module 

system itself. 

5. Perspective and conclusions 

This paper introduces the structure of a cubic 

reconfigurable modular robot, and the work principle of 

its docking mechanism in detail. And the experiment 
shows that it is able to work properly. The eigenvector 

of single module and adjacency matrix of the multi-

Motion 

module 

Motion module 

Driver module 

Spin 

module 

Driver module 
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module system are set up, we can use them to describe 

the complex relationships of multi-module system 

clearly, and its basic motion ability is analyzed.  

In the field of assistive and rehabilitation technology, 

modular reconfigurable robots also have great potential 

for application. Since the modular robot can be 

reconfigured into different auxiliary devices with 

different executors, it can help the disabled people adapt 

to different environments, manipulate things around, 

and reduce the burden of heavy labor. What’s more, it is 

a creative and interesting thing to design a new 

configuration for reconfigurable robot, which can help 

autistic patients overcome learning disabilities, self-

blocking and promote their mental health recovery. 
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ABSTRACT 

Indoor localization has long been an active area of 

research, in order to overcome the problems of locating 

people or objects in an indoor environment. In this paper, 

we propose a pre-processing technique that aims to 

improve the accuracy of indoor localization in healthcare 

application using Bluetooth Low Energy (BLE). This 

paper analyzes the effect of BLE communication 

channels and device orientation on the accuracy of 

distance estimation. The proposed channel separation 

preprocessing technique can improve distance estimation 

based on the Received Signal Strength Indicator (RSSI) 

of the Bluetooth signal by achieving a Root Mean 

Squared Error of 1.194 and standard deviation of 0.713. 

Categories and Subject Descriptors 

C.4 [Performance of Systems]: Modeling Techniques.  

J.3 [Life and Medical Sciences]: Medical Information 

Systems. 

Keywords 

localization, indoor positioning system, RSSI, BLE, log-

distance path loss model, channel separation 

1. INTRODUCTION 

In hospitals, the safety of patients is one of the most 

important factors that needs to be concerned. Indoor 

localization can be of use in many ways in order to aid 

patients and improve the patients’ safety. For instance, an 

elder patient can accidentally fell on the ground 

somewhere in the hospital building. The system can 

immediately alert the nurses and doctors where the patient 

is located. Several studies proposed an indoor positioning 

system (IPS) for healthcare applications. For instance, [1] 

and [2] introduce systems that rely on Radio Frequency 

Identification (RFID) technology to track humans in the 
hospital. 

BLE-based indoor localization is also widely used in 

many hospitals. BLE is one of the most commonly used 

wireless signal today for indoor localization because the 

Bluetooth module is equipped in almost every mobile 

device due to its power-saving nature. Although BLE is a 

prominent wireless solution for IPS, BLE-based systems 

tend to suffer from low accuracy detection due to their 

ultra-low power consumption. The effective range of 

BLE transmitter is usually set to 2 meters in order to save 

battery power and cost [3]. Several studies proposed 

indoor localization technique based on Apple iBeacons. 

Li et al. [4] used iBeacon to establish an in-room 

newborns localization system in a hospital. Yang et al. [5] 

provided navigation guidance for patients who had 

trouble finding the department or ward. Several studies on 

BLE-based indoor localization [6-8] reported very low 

accuracy, with up to 5 meters estimation errors. 

Our goal is to improve the accuracy of tracking service of 

elderly people and patients using BLE. This paper 

presents a detailed analysis of the effect of BLE 

communication channels and the device orientation on the 

distance estimation accuracy. Several pre-processing 

techniques have been investigated and a pre-processing 

technique for improving the distance estimation accuracy 

through advertising channel separation by K-means 

clustering has been proposed. 

2. RELATED WORKS 

Existing works related to the development of indoor 

localization can be classified according to the media used 

to estimate the location, namely, infrared (IR) signal, 

sound, geomagnetic field and radio signal. Related works 

on these media will be briefly discussed in this section. 

IR is one of the earliest commonly used media in IPS. 

Active Badge [9] is one of the examples for IR-based IPS. 

The badge worn by the target object continuously 

transmits a signal providing an information about its 

location. IR wave is fairly accurate for short range 

detection within a single room, since it cannot penetrate 
opaque objects such as walls. 
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Active Bat [10] and Cricket [11] are two examples of IPS 

that use ultrasound signals. The Active Bat system was 

equipped with a matrix of fixed reference nodes that act 

as ultrasound receivers on the ceiling. The tag worn by a 

person emitted ultrasound signals which were captured by 

the receivers on the ceiling and further reported to the 

central server. Cricket system enhanced Active Bat by 

using ultrasound with radio frequency signal to increase 

the coverage area of the positioning system. Beep [12] 

used audible sound as a medium to locate the target object 

indoor, resulting in an estimation accuracy of 0.6 m. 

Easyshopping [13] is an example of application that use 

earth's geomagnetic-field for indoor navigation in a 

shopping mall. The shopping carts contain a touch screen 

monitor that users can use to search for the location of a 

particular product and navigate the users to the shelf 

containing that product. 

Radio frequency technologies are becoming more 

commonly used for indoor localization since the signals 

have better penetration through solid obstacles such as 

walls and human bodies, allowing the system to have a 

larger coverage area. RADAR [14], by Microsoft 

Research, is the first RF-based IPS that provides a 2D 

position of the object and achieves an accuracy of about 

4 m. In a RFID system, the tag gets activated by the RFID 

reader and returns a signal carrying the stored information 

about the target object [15]. In [16], based on Ultra-

Wideband (UWB), Time Difference of Arrival (TDoA) is 

used to compute the distance between the reference node 

(UWB receiver) and the target node (UWB transmitter). 

Yang and Shao [17] presented a WiFi-based indoor 

localization technique that improves the localization 

performance from the traditional trilateration technique, 

and achieved an average error of 1 meter. In [18] and [19], 

a comparison of the fingerprint-based and the trilateration 

techniques of WiFi-based localization in a rectangular 

room have been presented. 

In the past five years, a few studies have been performed 

on BLE-based indoor localization, e.g., using trilateration 

or range-based localization [6-7] and fingerprint [8]. 

Topaz [20] used Bluetooth signal to estimate 2D position 

of objects in indoor environments. The system combined 

Bluetooth-based and IR-based positioning to obtain a 

higher accuracy. Ozer and John [21] used Kalman Filter 

to produce smooth RSSI readings while maintaining 

quick response time. 

3. EXPERIMENTAL SETUP 

3.1 Devices 

This experiment consists of two main devices: tracker and 

receiver. The tracker is a BLE device which transmits 

Bluetooth signal and the receiver is used to record the 

RSSI associated to the tracker.  shows the devices used 

in this study. The AiR (Autonomous Intelligent 

Recognition) node is a custom-made miniaturized 

wearable sensor, developed based on the nRF51822 

module by Imperial College London and NECTEC, for 

activity and behavior monitoring sensor. Raspberry Pi 3 

is used as the receiver. The device comprises Quad Core 

1.2 GHz Broadcom BCM2837 64bit CPU, 1 GB RAM, 

BCM43438 chipset for WLAN and BLE on board. 

                 

Fig. 1 Data Collection Devices: AiR Node (left) and Raspberry 

Pi 3 (right) 

3.2 Data Collection 

In this study, all the RSSI datasets are collected in an open 

area inside the 6th floor of the International College 

building in King Mongkut’s Institute of Technology 

Ladkrabang (KMITL) with no obstacles between trackers 

and receivers.  illustrates how the devices are set up in 

the data collection process. 

 

Fig. 2 Data Collection Setup 

The receiver and the tracker are placed on the stands with 

a height of 1.15 m. The receiver is placed at a fixed 

location. A set of RSSI values are collected at each 

distance and orientation at a 10 Hz sampling rate. The 

BLE tracker is placed at varying distances of 0.5 to 7 m 

at 0.5 m incrementing interval from the receiver. At each 

distance, the tracker is placed in 4 different orientations, 

i.e., 0, 90, 180 and 270 degrees (rotated toward the 

receiver), as shown in . For each setting, a total of 200 

samples was used. The train and test datasets were 

collected on two different days. 
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Fig. 3 Device Rotation (receiver is on the left) 

 

4. DATA ANALYSIS 

4.1 Path Loss Model 

The distance between the tracker and the receiver can be 

obtained using the path loss model. The equation of the 

model is as follows: 

 𝑆𝑆𝐼𝑑 =  𝑆𝑆𝐼𝑑0 − 10𝑛𝑙𝑜𝑔10 (
𝑑

𝑑0
)+ 𝑋𝜎

where  𝑆𝑆𝐼𝑑 represents RSSI in dB measured at a target 

distance 𝑑,  𝑆𝑆𝐼𝑑0  is RSSI measured at the reference 

distance 𝑑0 , 𝑋𝜎  is a zero mean Gaussian random 

variable with a standard deviation of 𝜎  (the value of 

which is context-specific). 𝑛 is the path loss exponent 

that describes the obstructions in the environment where 

the RSSI data is collected. Given the collected RSSI data, 

𝑛 can be calculated empirically, in prior, for each area 

through curve fitting. Given the coordinates of the 

reference receivers, the estimated distances can be further 

used to determine the coordinate of the tracker through a 

method called trilateration or range-based localization 

[19]. 

4.2 Data Pre-processing 

In this paper, we explore the effect of different pre-

processing techniques on distance estimation 

performance. Two different measures of central tendency 

are applied for data preprocessing, namely, moving 

average (M1) and moving median (M2). The filtering 

techniques are used to filter out the outliers of the collected 

RSSI data, by calculating the mean and median of the 

RSSI data over a specific window size. 

BLE has 40 physical channels, three of which are used for 

broadcasting its advertising packets. Due to this nature of 

BLE, a channel separation pre-processing technique is 

used. The collected data is separated into three clusters 

prior to the computation of the path loss model for each 

advertising channel. For each channel, the mean of the set 

of RSSI of each distance is calculated then curve fitting is 

applied to obtain the path loss model. For distance 

estimation, K-means clustering is performed to 

distinguish which of the three channels the data belongs 

to. The top cluster represents channel 1 (M3.1) containing 

a set of highest RSSI values, the middle cluster for 

channel 2 (M3.2) and the bottom cluster for channel 3 

(M3.3). 

5. EXPERIMENTAL RESULTS 

We first investigate the effect of device orientation on the 

model performance.  illustrates the path loss models 

obtained by fitting a curve through the distance-specific 

means of the training dataset for each device orientation. 

The result implies that vertical rotation of the BLE tracker 

can systematically affect the RSSI values. Angle 0 has 

lowest signal strength, followed by angles 180, 90 and 

270, respectively. After 2.5 meters, the curve for Angle 0 

starts to overlap with the curves of angle 90 and angle 180. 

This could be due to the degradation of signal strength as 

the distance increases, thus the signal is less stable. 

Incorporating the device orientation information into the 

path loss model, therefore, are likely to improve the 

distance estimation accuracy. 

 

Fig. 4 Mean Curve Fitting of All Angles 

The next step is to demonstrate the performance of 

different pre-processing techniques on distance 

estimation. The path loss models are created based on the 

training dataset collected during angle 0. Different pre-

processing techniques are performed on the training set 

including moving average, moving median and the 

channel separation technique. The test dataset is used for 

distance estimation. Since device orientation can affect 

the accuracy, experiments are performed to compare the 

estimation results based on the data extracted from a 

known device orientation (Angle 270) and unknown 

device orientation (all angles). The test dataset is pre-

processed by the aforementioned technique before 

substituting into the corresponding path loss model to 

obtain the distance. For pre-processing with channel 

separation, the test data is first separated into three 

clusters by K-means clustering and each cluster is further 

filtered by moving average prior to distance estimation. 

In this study, a fixed window size of 20 samples and a 

shifted window of size 1 are used. 

Table 1 shows a performance comparison among different 

pre-processing techniques based on Root Mean Squared 

Error (RMSE), minimum absolute error, maximum 
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absolute error and the standard deviation (SD) of the 

absolute errors. The RMSE of distance estimation with 

M1 (moving average) is 1.599 for unknown device 

orientation, and slightly reduces to 1.477 for known 

device orientation (Angle 270). Pre-processing by M2 for 

known device orientation yields a higher RMSE of 1.94. 

Since M1 outperforms M2, we apply M1 to the data of 

each channel obtained from channel separation. As a 

result, estimation by M3.1, M3.2 and M3.3 with known 

device orientation yields RMSE of 1.401, 1.194 and 1.67, 

respectively. The channel separation pre-processing 

technique indeed improves the accuracy of the distance 

estimation except for M3.3, where M3.2 has the lowest 

RMSE, maximum error and SD of absolute errors among 

all channels in this experiment. 

 shows the bar graph of RMSE resulted from the distance 

estimation based on M3.2 pre-processing technique 

versus different distances. The error bar indicates the 

resulting minimum and maximum absolute errors. Notice 

that apart from 2.5 meters and from 5 to 6 meters, the 

RMSE from the distance estimation with known angle 

(shown in red) are lower than the RMSE from unknown 

angle (shown in green). Distance estimation with 

unknown angle tends to produce error bars with larger 

range and higher maximum absolute errors. This implies 

that distance estimation with unknown device orientation 

produce a more scattered and less reliable output. 

According to the results, M3.2 pre-processing technique 

with known device orientation achieves an RMSE of 

1.194 and SD of 0.713. This illustrates that choosing the 

correct channels for distance estimation and device 

orientation information can effectively improve the 

performance of the system. 

Table 17. Distance Estimation Performance for Different Pre-

processing Techniques 

 

Angle 270 Unknown Angle 

 

  

 

 

  

 

M1 1.477 0.011 5.562 1.069 1.599 0.003 7.633 1.165 

M2 1.940 0 9.106 1.488 2.660 0 20.08 2.144 

M3.1 1.401 0.012 2.544 0.783 1.626 0.010 7.166 1.082 

M3.2 1.194 0.025 2.372 0.713 1.400 0.011 3.634 0.835 

M3.3 1.670 0.001 4.805 1.168 1.821 0.001 6.284 1.265 

 

 

Fig. 5 RMSE of Distance Estimation by Channel Separation 

Pre-processing (Channel 2) 

 

6. CONCLUSION 

In this paper, we studied the effect of tracker orientation 

and the different BLE advertising channels on the signal 

strength. A BLE channel separation pre-processing 

technique is proposed. By comparing the path loss models 

from the means of RSSI collected through 4 different 

angles of rotations for different distances, we see a 

systematic change in the RSSI values. Using the channel 

separation technique, we obtain a lower RMSE and SD of 

the estimation errors compared to the conventional 

method that uses moving average and moving median 

filtering. Furthermore, using channel separation with 

known angle of BLE tracker produces better results than 

unknown angle. From the results, we conclude that a 

combined use of channel separation with device 

orientation information can improve the performance of 

BLE-based indoor localization by achieving an RMSE of 

1.194 and SD of 0.713. 
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ABSTRACT 

This article proposes a method that integrates multiple 

human-computer interaction methods and uses a 

wheelchair as a mobile platform. Human-computer 

interaction includes: voice interaction, key and joystick, 

mobile terminal like phone or tablet, virtual reality game 

and internet of things. You can control the wheelchair’s 

lower limb rehabilitation training and three posture 

transformation includes: lie, stand and sit use various 

methods of human-computer interactions. Rocker control 

the forward, back and turn of wheelchair. Remote 

interaction means that a physician or guardian can access 

the server remotely via a browser or mobile terminal APP, 

which can make a rehabilitation training plan or send a 

control command to the wheelchair controller via an 

intelligent gateway. Mobile terminal can control the 

wheelchair posture via Bluetooth, or complete 

rehabilitation training program via the virtual reality 

technology. The multi human-computer interactions 

make the wheelchair users to control wheelchair more 

convenient and diverse, and the application of the crowd 

are more widely.   

Keywords 

Human-computer interaction; Intelligent wheelchair; 

Voice interaction; Remote control; Mobile terminal 

interaction 

1. INTRODUCTION 

Research on the human-centered, harmony, and efficient 

human-computer interaction technology has increasingly 

attracted people's attention [1]. "Human and machine 

communion" has become a major trend in the 

development of robot. The intelligent wheelchair 

designed in this article incorporates a variety of methods 

of human-computer interaction, including: voice 

interaction, key and joystick, mobile terminal like phone 

or tablet, virtual reality game and internet of things. On 

the wheelchair platform, human-computer interaction 

interfaces such as voice recognition and buttons are 

provided to control the transformation of the three 
postures of the wheelchair, such as lie, stand, and sit, and 

to perform lower limb rehabilitation training. The joystick 

controls the forward, backward, and turning of the 

wheelchair. 

A server is set up on a local personal computer for storing 

data and data transfer. The doctor or guardian can 

remotely access the server through a browser or a mobile 

terminal APP, in order to make a rehabilitation training 

plan or send a control command. The server sends the data 

to the local smart gateway. After the smart gateway 

resolves, the smart gateway sends it to the wheelchair 

controller. In addition, the mobile terminal can directly 

control the posture of the wheelchair through Bluetooth, 

or make a rehabilitation training plan. In the remote 

interactive system, the intelligent gateway plays an 

important role as a "bridge" for data transmission. It uses 

an embedded operating system. This article uses the RT-

Thread operating system for smart gateways and 

wheelchair controllers. The overall framework of human-

computer interaction is shown in Figure 1. 

Figure 1  Overall human-computer interaction 

framework 

2. VOICE INTERACTION 

This product mainly serves the elderly and the disabled, 

and most of our target population are inflexible and 

inconvenient. This system provides a human-friendly 

human interactive mode that uses voice recognition 

technology to control the sit, stand and lie of wheelchair. 

It can help patients with severe disabilities control 
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wheelchair posture autonomously without the help of a 

caregiver. The voice module in this control system sets 

six voice commands to control the movement of the 

wheelchair, namely: sit down, lie, stand, passive training, 

balance training, and stop. Mainly meet the basic 

requirements of patients’ rehabilitation training. 

Sheet 1 voice command and posture of wheelchair 

Voice command   Posture of wheelchair  

Sit down Sit posture 

Stand up Stand posture 

Lie Lie posture 

Stop  
Stop on the current 

posture 

 

 

Figure 2  three posture of  intelligent wheelchair 

3. BUTTON PANEL 

Buttons, LED, and beep interact directly with the user. So 

the design should be simple and intuitive. The controller 

has five function keys: power button, beep button, menu 

button (used to select the control mode: driving mode, 

multi-posture mode), plus/subtract key; 17 led in all, 5 of 

them are used to display the current power, other 5 led are 

used to display the current speed position, 4 led are used 

to display the current control object in the current mode, 

3 led are used to display the current mode, and the beep is 

used to alarm. 

 

 

Figure 3  Control panel button 

4. Mobile terminal VR game interaction 

The traditional rehabilitation method is that the rehabilitation 
therapist performs a single exercise therapy and occupational 
therapy on the patient one to one. These treatments are inefficient, 

tedious and difficult to ensure the effectiveness of rehabilitation 
training. 

The combination of virtual reality scenarios in 

rehabilitation training and the provision of various forms 

of information feedback can give full play to the patient's 

subjective initiative. Giving prompts or suggestions based 

on the current state of the patient during training will 

improve the rehabilitation effect of the patient [3-4]. In 

the field of sports rehabilitation, apart from measuring 

diagnostics、supporting support and social entertainment, 

the most important use of virtual reality technology is to 

perform rehabilitation training on impaired patients’ body 

functions. It is mainly used in balance and posture 

rehabilitation training, walking sports rehabilitation 

training, and Lower limb rehabilitation training [5]. 

According to research, virtual reality game training is one 

of the effective methods to help the stroke patients to 

enhance the balance function, especially the dynamic 

balance function and walking training. It can improve 

patients’ daily exercise ability. Based on the above 

theoretical results, the human-computer interaction 

system of this product combines the characteristics of 

intelligent wheelchair robots to provide patients with 

virtual reality rehabilitation training game scenarios, 

which can help patients to improve the effect of 

rehabilitation training safely and effectively . 

The Android human-computer interaction system provides patients 
with a virtual reality rehabilitation training game that allows the 
patient to feel amusing while performing balanced rehabilitation 
training and greatly improve the result of rehabilitation training. 
This product has designed a virtual reality training game that aims 
at balanced functions of patients. 

4.1 Balance Training Game 

According to the characteristics of intelligent wheelchair 
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sensors, a car driving game for patients with balance 

training was designed. The game is an easy-to-play 

entertainment game. Patients only need to stand on the 

pedals of a wheelchair to change their center of gravity, 

and they can control the left and right driving directions 

of the car. The game requires the patient to control the car 

to drive along the road, eat as much gold coins as possible 

during the driving process, and try to avoid hitting 

obstacles on the road. The operation of the game is shown 

in Figure 4-1. The scoring method of the car driving game 

is that when the car hits a gold coin plus 1 point and hits 

an obstacle, it subtracts 4 points. After the training time 

ends, the system counts the user's total score and saves the 

data. In the game training process, the system will 

automatically increase or reduce the difficulty level of the 

game according to the patient's training to adapt to the 

training level of the patient. The higher the difficulty level 

of the game, the faster the car travels, making it more 

difficult to hit gold coins or avoid obstacles. The setting 

parameters of the game include three parts, including 

game time, game difficulty and game sound effect. 

 

Figure 4  Virtual Reality Game Running Diagram 

5. Remote control based Internet of things  

After doctor’s logging in, he/she can realize real-time 

remote monitoring on the rehabilitation equipment. Click 

on the “online equipment” in the personal center menu 

to display the online equipment status information, such 

as whether the equipment is on operation, current posture, 

power, and geographic location, as shown in Figure 5. 

As shown in Figure 6, in the device status remote control 

interface, the status of the device can be controlled 

remotely by clicking on the interface button, such as 

locking or unlocking the device, and controlling the 

device posture, including sit, lie, stand and stop. 

 

Figure 6  Remote monitoring of equipment 
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ABSTRACT 

Path planning of wheeled mobile service robots plays an 

important role in the autonomous navigation system, 

which uses an optimization algorithm to intelligently 

search the collision-free path from the starting point to 

the target point in the known environment. In this paper, 

we propose a robust improved genetic algorithm (GA) 

which integrates initial path, prefers elite individuals, 

improves hybrid crossover operator and optimizes 

mutation operator. Accurate solutions can be found in 

the grid map and suboptimal extrema are robustly 

avoided. Through analyzing the quality and fluctuation 

of the optimal solution, and its convergence speed, our 

experimental results shown on MATLAB demonstrate 

that the presented algorithm performs more robustly and 

efficiently than traditional elite strategy GA. 

Categories and Subject Descriptors 

•Computing methodologies → Motion path planning; 

Keywords 

path planning; genetic algorithm; grid method 

 

1. INTRODUCTION 

Intelligent service robots technology [6] is developing 

rapidly in recent years. Path planning technology [1] for 

wheeled mobile service robot, whose most crucial parts 

are environmental modeling and path planning 

algorithm, plays a significant role in the intelligent 

navigation system. Therefore, this paper mainly focuses 

on the global path planning technology of wheeled 

service robots to efficiently find the shortest collision-

free path from the start point to the target point in two-

dimensional static environments by a proper selection of 

the environmental modeling method and further study 

on improved path planning algorithm. 

The main contribution of this paper is the proposal of the 

improved GA, which is optimized and improved from 

these five aspects, i.e., integrating the initial path, 

efficiently choosing the elite individual, improving 

hybrid crossover operator and optimizing mutation 

operator based on the grid method. The feasibility and 

robustness of this improved GA in planning for the path 

of mobile robots are verified based on the MATLAB 

simulation. 

2. RELATED WORK 

The popular environmental modeling methods in mobile 

robots path planning are free space method, the grid 

method and other hybrid representation methods that 

combine metric and topological features. Considering 

that the real working environment of service robots has 

multiple and scattered obstacles, we build the 

environmental model by the grid method which has a 

strong capability to express the environment. 

Recently many scholars have proposed some path 

planning methods using convolutional neural network 

[5] or reinforcement learning [4] that work pretty well 

in the trained environment but need lots of data. On the 

other hand, there are various intelligent path planning 

methods such as A* algorithm [2] and genetic algorithm 

[7]. Most of these algorithms still have a higher 

computational complexity and an easier negligence of 

the applicability of environment modeling technology 

and the path planning algorithm. Although genetic 

algorithm with elitist strategy [3] has good global search 

capability, high robustness, and greater flexibility in 

terms of path planning, the issues of the local optimal 

solution, slow convergence, low stability and other 

shortcomings still remain. To remedy these problems, 

we definitely improve genetic algorithms with elitist 

strategy in this paper. 

3. ENVIRONMENTAL MODELING 

3.1 Environmental Map 

Before fully rasterize the map we need to convert the 
RGB map to the binary map. Assuming the service robot 

as a particle, according to the spacing constraints 
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between service robot and obstacles, we puff obstacles 

appropriately. We choose proper grid size a which is 

determined together by the area of obstacles and the 

volume of service robot, then rasterize the image 

information. Figure 1 shows the puffed map and the 

rasterized map. 

We classify the grid into fully viable grids, completely 

infeasible grids, and partially viable grids based on the 

location of obstacles. To guarantee that service robot 

could safely pass through the feasible region, all 

incompletely viable grids are marked as infeasible grids. 

Filling the infeasible rasters with black, the fully 

rasterized environmental model is shown in Figure 3. 

All in all, the environmental information represents in 

the evenly sized, closely adjacent raster arrays. 

Use the grid method to design a map, each grid needs to 

be identified. In accordance with the order from left to 

right, from bottom to top, we set the bottom left corner 

as the origin of coordinates and the start of grid node. 

Every grid can use rectangular coordinates (x,y) and a 

number n as a unique identification. In order to facilitate 

the determination of next feasible path node of the 

service robot, it’s necessary to create an adjacency 

matrix used to store the adjacent information for each 

grid. Suppose there are N grids on the map M, we 

establish N × N two-dimensional adjacency matrix 

D[m][n], where m,n ∈ [1,N]. D[m][n] = 1 means the 

service robot can move between grid m and grid n, and 

vice versa. 

 

 (a) Puff obstacles (b) Rasterize 

Figure 1: Process of building environmental model 

based on the grid method. 

3.2 Motion Hypotheses 

We assume following the hypotheses of mobile robot in 

grid map: 1) Mobile robot can’t cross any obstacle and 

only move in the 2D static environment; 2) Mobile robot 

has constant linear and angular speed; 3) Every step of 

the mobile robot is from the centroid of one grid to the 

centroid of next neighbor grid; 4) Mobile robot has 8 

directions of motion because every grid has 8 neighbor 

grids except the grids on the boundary. 

4. ALGORITHMIC SOLUTION  

We propose an improved elite strategy genetic algorithm 

from four aspects: use the integrated method to optimize 

initial paths; select elite individuals according to the 

number of slope changes of the path; propose a hybrid 

crossover operator depends on the coincidence points of 

two paths; optimize the mutation operator and add gene 

examination of the mutated individual. 

4.1 Genetic Encoding  

Let p define the genotype of an individual, so each gene 

pi is assigned to a real-valued number that is related to a 

corresponding grid node of the map, see equation (2). 

Hence, according to the feasible node information stored 

in the adjacency matrix of each grid, every genotype 

implicitly represents a collision-free path from the 

starting point S to the target point T. 

 p = (p1|p2|p3|...|pi−1|pi)                  (1) 

4.2 Initial Path Optimization 

In order to eliminate the redundant bypass path in the 

initial individuals, an integrated method is proposed to 

optimize initial paths. Finding out all the feasible nodes 

after the current node in an individual, we discard the 

first feasible node and the redundant nodes among the 

first feasible node and the last feasible node. After 

simplifying the path, the initial path for genetic 

operation is mainly located in the diagonal area between 

the initial point and the target point, effectively 

improving the convergence speed of the algorithm. For 

example, in 10 × 10 grid environment, Figure 2(a) 

shows an initial individual, and Figure 2(b) shows the 

integrated path optimized by our method. 

 

by the integrated method 

Figure 2: Illustration of integrated method for 

initial paths. 

 

4.3 Fitness Function 

We define L(p) (3) as that the length of the collision-free 

path p from the starting point S to the target point T. This 

means if the path length is shorter, the quality of a path 

is higher. 
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       (2) 

Where w denotes the number of nodes from S to T, (xi,yi) 

denotes the coordinates of point pi, (xi+1,yi+1) denotes the 

coordinates of point pi+1. 

The following is an efficient design of the fitness 

function F(L(p)) (4). Measuring the fitness f is typically 

one of the most crucial challenges in evolutionary 

optimization. In our case, we simply define the fitness 

function f as: 

                                 

                     (3) 

where c is conservative estimate cost of L(p). 

 

4.4 Elite Selection 

The genetic algorithm with elitist strategy determines 

the elite individual E only with respect to the fitness f of 

each individual. Obviously, it ignores the two 

individuals which have the same fitness rather than the 

same genotype. For example, there are some different 

routes which have the same length in the grid map, but 

it’s obvious that the path with fewer slope changes is 

more viable for the actual work of service robots. 

Therefore we propose a method of elitist selection which 

uses the individuals with the highest fitness and the least 

number of slope changes as elite individuals. 

 

4.5 Parent Selection 

The strategy of selecting the parents γ from the mating 

pool Γ to create new offspring is roulette selection. 

There is a probability that an individual selected in a 

population is proportional to its fitness and supports a 

good balance in search space exploration. 

 

4.6 Order-based Crossover 

To guarantee the continuity of recombined paths, the 

intersection nodes for the crossover operator are 

randomly selected from the overlapped nodes except S 
and T in two individuals. We utilize a hybrid crossover 

method with singlepoint or two-point crossover with the 

aim of effectively achieving a dynamic search space 

exploration while remaining sensitive to exploit local 

extrema. 

However, the issue of discontinuous paths caused by 

twopoint crossover still remains. An improved order-

based crossover operator which judges whether the 

sequence numbers of all the coincident points in the two 

paths are in ascending order in Algorithm 1. Similarly, 

the integrated method for initial paths also exploits to 

optimize the individual path after crossover. The 

improved hybrid crossover method not only increases 

the search range of the solution space but also improves 

the convergence speed of the algorithm. 

Algorithm 1 Improved crossover operator 

Input: Parents γ, crossover probability wc 

Output: offspring pc1,pc2 

1: randomly select two paths p1,p2 from γ based on wc 

2: calculate the number Nc of coincident points set C 

3: if Nc = 0 then 

  4: go back to step 1 

5: else if Nc = 1 then 

  6: set point c ⊂ C as the crossover point 

  7:    perform single-point crossover 

8: else 

  9: for each item i in Nc do 

 10:               if p1(ci) > p1(ci+1) and p2(ci) > 

p2(ci+1) then 

 11:    Nc = Nc − 1, delete ci  

 12:               end if 

 13.         end for 

 14.         repeat step 2 ∼ 7 

 15.         randomly select two crossover points 

c1,c2 ⊂ c 

 16.         perform two-point crossover 

 17. end if 

 18. integrate pc1,pc2; 

 19. return offspring pc1,pc2 

 

4.7 Mutation 

Single-point mutation operator refers to randomly 

applying small changes to the genotype where 

corresponding mutation probability wm is chosen 

reasonably small. Concerning about generating 

continuous paths and maintaining the diversity of the 

population, it’s indispensable to randomly assign the 

mutation value from the common feasible points of the 

two points before and after the mutation point. If the 

number of common feasible points is one, the mutated 

node will be reselected. 

Furthermore, the mutated individuals are similarly 

integrated to reduce the redundant nodes and are 

regenerated if its genes are exactly same with the elite 

individual E. 

5. EXPERIMENT 

The proposed algorithm and basic GA with elitist 

strategy have been tested on the MATLAB platform by 



 

 253 

the following simulated settings: We assume mobile 

service robot as a particle, then find the shortest path 

from the starting point S to the target point T in a 26 × 

35 grid map, as shown in Figure 3, where the red square 

point indicates S, and the blue circle indicates T. 

The only parameters required in our algorithm are 

population size phi, the number of iterations I, the 

crossover probability wc and the mutation probability wm. 

Note that these parameters greatly influence the required 

computation time per generation and the challenge is 

achieving a fast convergence that robustly scores 

evolutionary progress. We empirically set these 

parameters as {M,I,wc,wm} = {100,300,0.8,0.05} for the 

two genetic algorithms. To prevent the premature 

convergence of our algorithm, when the number of 

iterations is 50 times larger, the crossover probability wc 

and the mutation probability wm are adjusted to 0.9 and 

0.1, respectively. 

Firstly, we compare the flexibility and performance of 

our algorithm and basic GA with elitist strategy. Figure 

3 and Figure ii demonstrate the shortest paths searched 

by our improved GA and GA with elitist strategy in 100 

times experiments. We examine that the length of the 

shortest path represented by the solid line both are 

42.6985, and the average path length of all individuals 

are 44.4777 and 52.132 respectively in terms of our 

improved GA and GA with elitist strategy. In addition, 

comparing the polyline of two shortest paths, it can be 

observed that the optimal path generated by the 

improved GA only turns 7 times whereas the one 

generated by the GA with elitist strategy requires 12 

corners to reach T. Essentially, both algorithms reach the 

convergence in space, but the improved algorithm 

generates more viable paths and higher quality of the 

individuals in the evolutional process. 

 

Figure 3: The shortest path searched by improved 

GA in 100 times experiments 

We further investigate the robustness of our algorithm in 

100 experiments. We record the maximum length Lmax, 

the minimum length Lmin, and the average length L of the 

optimal solution and calculate the sample standard 
deviation δ. The results are listed in Table 1 and in 

Figure 5, and demonstrate that the algorithm can 

robustly evolve the optimal solution with small 

fluctuations and high concentration. 

 

Figure 4: The shortest path searched by GA with 

elitist strategy in 100 times experiments. 

Lastly, the algorithm is tested for the efficiency and 

flexibility of our algorithm. Figure 6 visualizes the 

comparison between the convergence curves of the 

shortest path and the average path for two algorithms in 

one optimal solution. It can be observed that the shortest 

path and the average path of the improved algorithm 

quickly tend to converge, and the average path length of 

the improved algorithm is always less than that of the 

elite strategy algorithm. 

Table 1: Comparision of two algorithms regarding 

Lmax, Lmin, L, δ in 100 times experiments 

GAs Lmax Lmin L δ 

improved GA 43.8701 42.6985 42.8156 0.2498 

elite strategy 

GA 

51.9706 42.6985 44.8779 1.5471 

 

Figure 5: Comparision of two algorithms regarding 

optimal solution fluctuation in 100 experiments. 
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(a) Comparision of the        (b) Comparision of the 

average path                 shortest path 

Figure 6: Comparision of the convergence cureves 

between the shortest path and the average path in 

one optimal solution. 

 

6. CONCLUSION 

This work propose a novel evolutional algorithm for 

solving path planning of wheeled mobile service robots 

in the grid map. Our algorithm is improved by four 

aspects: integrating initial path, selecting elite 

individuals according to the number of slope changes of 

the path, improving hybrid crossover operator and 

optimizing mutation operator. By analyzing the optimal 

solution, convergence rate and fluctuation of optimal 

solutions, it is verified that the improved GA has better 

efficiency, flexibility, and stability in the global path 

planning. In summary, the method can be used for global 

path planning tasks which require flexible and robust 

control of the navigation system. 

Nevertheless, the current algorithm optimizes solutions 

in the static 2D environment, ignoring the dynamic 

obstacles such as human beings. Therefore, adding 

dynamic avoidance will be considered in future. Finally, 

an implementation of this algorithm needs to be tested 

in the actual navigation system. 
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ABSTRACT 

This paper presents a novel 3D hand pose estimation 

method based on multi-view Convolutional Neural 

Networks (CNN) and Particle Swarm Optimization 

(PSO). Most of the current hybrid methods generally 

start with initial poses. However, when the initial pose 

is far from the ground truth, the performance 

significantly deteriorates. Our approach aims to obtain a 

preferable initial pose from multi-view convolutional 

neural networks. The CNNs are trained by a series of 

pose-image pairs, images of which are generated 

through projecting the original depth image onto three 

orthogonal planes of the world coordinate frame. 

Multiply outputs from CNNs are used as potential 

searching start points for the following optimization. 

Subsequently, the initial poses are employed as the 

initial particles for the PSO iterative stages. The 

powerful pose-initialization method effectively prevents 

the local optima problem caused by poor initialization 

in prediction. Experiments demonstrate that our 

approach outperforms previous methods on the 

challenging NYU dataset with large pose variations and 

occlusions. 

Categories and Subject Descriptors 

I.3.6 [Methodology and Techniques]: Interaction 

techniques 

General Terms 

Algorithms, Human Factors 

Keywords 

3D hand pose estimation, depth, CNN. 

 

1. INTRODUCTION 

Hand pose estimation is essential for vision analysis tasks such 

as human computer interaction, augmented reality, 

virtual reality, and so on. In the past few years, hand 
pose estimation has attracted much computer vision 

researchers’ attention and various methods have been 

proposed. The most common hand pose estimation 

methods can be categorized as three paradigms: 

generative method, discriminative method and hybrid 

method. Generative approaches aim at optimizing the 

hand pose by minimizing the discrepancy from the 

synthetic hand model to the observed image [11, 12, 9, 

15]. Discriminative approaches learn a direct mapping 

function to predict the hand pose parameters or the 

locations of the joints [13, 17, 10]. Hybrid approaches 

com-bine the advantages between generative and 

discriminative approaches, which use the pose 

generated by discriminative methods as initialization for 

the following model-based optimization [18, 16]. 

In this paper, we focus on hybrid methods and propose 

a novel hand pose estimation method to obtain a more 

accurate prediction, which is robust to pose variations 

and occlusions in hand pose estimation tasks. We use 

CNNs to estimate the hand pose from a depth image.  

And the CNNs, trained by a series of pose-image pairs, 

are generally treated as a mapping function from a depth 

image to a hand pose. Benefited from the pose estimated 

by CNNs, we are able to obtain a corresponding hand 

model as the initialization for the following pose 

optimization, which leads to faster convergence towards 

the ground truth than a random initialization. During the 

process of the hand pose estimation, we exploit initial 

poses generated by the CNNs. Then we utilize PSO to 

optimize the pose iteratively until convergence. The 

overview of our proposed approach is illustrated in 

Figure 1. Experimental results demonstrate that the 

proposed method is able to obtain more accurate results 

in hand pose estimation and greatly improves the 

robustness to large pose variations. 

 

2. METHOD 

We adopt the 24 degrees of freedom (DoF) hand 

motion model like one proposed in [12]: global 

orientation is represented as a normalized quaternion (4 

DoFs) and each finger has 4 DoFs, which are 

represented as the commonly used ’Euler angles’. Given 
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an initial pose, we want to estimate the hand pose from 

a depth image I. Assuming the existence of hand 

segmentation and wrist position detection algorithms 

(like the Kinect skeletal tracker), we divide the full hand 

pose estimation problem into two sub problems: First, 

we need to find the mapping between the depth image 

space and the pose parameter space. Second, we want to 

optimize pose parameters to minimize the defined 

energy function. 

We can solve hand pose estimation problem by 

dealing with two sub problems in order. For the first sub 

problem, we can train the CNNs to generate multiple full 

pose parameters as the initial poses. Then, for the second 

sub problem, we use initial poses to optimize the energy 

function by PSO. 

With a poor pose initialization, particle swarm 

optimization could be fallen into a poor local optima 

easily. Recently, Convolutional Neural Network exerts 

significant influence on computer vision tasks [8], so it 

is natural to apply the CNNs to construct a mapping 

from depth image to multiple pose hypotheses, and our 

CNNs perform remarkably well when applied to our 

task. In our approach, we train CNNs architecture to 

generate multiple corresponding pose hypotheses to 

obtain more accurate initial poses.  

2.1 CNNs Structure for Hand Pose estimation 

Intuitively, the pose variations of palm severely affect 

one finger pose. In other words, a large number of 

variations in the finger poses are related to the pose 

variations of palm, other than fingers themselves. It 

naturally motivates us to deal with the palm and fingers 

in a different way. Following the idea, we need the 

CNNs to generate two outputs for the poses of palm and 

finger separately. 

Firstly, we consider the Residual Network 

architecture [5] to deal with this problem, whose 
architecture appears to be one of the best performing 

models. However, ResNet is proposed for image 

classification originally while we want to process depth 

image, not colorful one. Therefore, we can’t take the 

architecture to fit our pose estimating problem directly. 

We modify the original Residual Network for our target, 

and the stride of convolutional kernel is usually set to 1 

without specification. 

For the palm pose, it causes great changes in the 

hand’s appearance and it is easy to learn. We thus train 

a classifier to predict the global rotation, which is 

represented as a normalized quaternion and quantized 

into 128 discrete bins. For the pose of fingers, we train 

a regressor to estimate the finger pose roughly but more 

robustly. Different from classifier, the regressor 

removes the global average pooling and adds two fully-

connected layers. The classifier and regressor share the 

same convolution features from the bone Residual 

Network architecture. To reduce the size of network 

parameters without sacrificing much accuracy, we adopt 

the idea of depth-wise separable convolutions in 

residual modules, similar to mobilenet [6]. It’s worth 

noting that the full-connected layer used for classifier or 

regressor doesn’t need the dropout layer. 

2.2  Data Preprocessing and CNNs Training 

2.2.1 Multi-view data generating and preprocessing 

The image is cropped and resized to 96 × 96 patch. 

The original depth values are normalized to [0, 1], of 

which the background pixels are set to 1. The 

normalization is key to achieve certain depth invariance. 

CNNs are just good at extracting 2D information and the 

depth information is not fully utilized. Inspired from [4], 

we projected an input depth image onto three orthogonal 

planes, of which their normals are aligned with axes of 

the world coordinate frame. In order to use the 3D 

information hidden in depth image explicitly, we feed 

three projected images to three parallel same CNNs, and 

the output feature maps of these CNNs are fused by 

Figure 1. Overview of our method for estimating the hand pose from a depth image. Front view, top 

view, and side view are projected by original depth image along three axes of the world coordinate 

frame. CNNs generate multiple hypotheses as initial poses in the following PSO iterative procedure. 
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concatenating them all before classifier and regressor. 

To reduce the loss of regressor’s accuracy caused by 

downsample, we put t we put the regressor in more front 

position than the classifier. We demonstrate one branch 

of the final CNNs architecture in Figure 2. 

2.2.2  CNNs Two-phase training and testing 

As discussed before, the palm pose is more stable to 

variations of appearance. The weight parameters of 

CNNs are easier to learn and their training converge 

faster than learning to regress the full hand pose 

parameters. Due to this observation, we can train the 

classifier to predict the rough but stable global rotation 

pose over discrete labels in the first training phase. The 

training data for phase one is thus a set of {I, label}, 

where label ∈{ 0, …, 127 } represents the nearest 

rotation bin to the hand global rotation. Secondly, the 

finger poses are learnt with the palm pose which is 

generated by the classifier. During the training process 

of phase two, we fix all network weights except for the 

regressor. The technique of multiple outputs has been 

proved to create more accurate and robust hypotheses. 

The high quality of hypotheses avoid poor local optima 

by attracting more particles to more promising areas. So, 

at test time, the CNNs generate M palm pose hypotheses 

and poses of five finger once time, and we concatenate 

each of M palm pose hypotheses with five finger poses 

to create M full hand pose parameters separately.  

2.3  PSO for Full Hand Pose Estimation 

Particle Swarm Optimization (PSO) [7, 2] has been 
recognized as the most efficient and typical optimization 

strategy for the problem of hand pose estimation [16]. It 

looks like a standard black box solver and only requires 

function evaluations without gradients. PSO can explore 

the parameter space better, but the worst drawback of 

this method is that algorithm converges slowly. When 

we use the silver energy, presented by [16], it cannot 

effectively minimize the cost [12] too. Because full hand 

pose parameter has high dimensional space, the random 

searching in PSO is not efficient enough. Its particles 

could be trapped in local optimum. 

Starting from a more accurate initial pose provided by 

our CNNs, we use PSO as optimizer to minimize the 

error evaluated by silver energy at each iteration during 

the optimization phase. In the procedure of pose 

estimation, we first obtain rough estimated hand pose by 

our CNNs as a strong pose prior for the following 

iterative optimization stages. Then we employ the PSO 

to update the current hand pose step by step. 

3. EXPERIMENTS 

This section reports the experimental results on NYU 

Hand Pose Dataset [18]. NYU Hand Pose dataset [18] 

contains 72757 training and 8252 testing images, 

captured by PrimeSense camera. As it is collected by a 

structured light-based sensor and the depth maps have 

missing values and many noisy outlines, it is recognized 

as the most challenging dataset. Therefore, we use it to 

evaluate the performance for hand pose estimation 

comparing with other works. 

Its ground truth annotations contain J = 36 joints, 

however [18] uses only J = 14 joints. Because our results 

don’t include the positions for three locations on the 

palm, we use a common subset of ten joint positions 

(two per digit) to compute error in each frame. 

Experiments are conducted on a Windows 10 

workstation with an Intel Xeon E5 2630 2.4Ghz, 32GB 

of RAM, and an NVidia GeForce 1070 GPU, 

implemented in Caffe and Matlab2017b. 

3.1 Evaluation Metrics 

We use two different metrics to evaluate the 

performance: first, we evaluate the average joint error 

over all test frames as the accuracy of pose estimation. 

This is the most commonly used metric in literature, and 

it is of simplicity to compare with other works. Second, 

the proportion of frames whose maximum joint error is 

below a threshold is a more challenging and strict metric, 

as a single dislocated joint degrades the accuracy. 

3.2 Parameter Choices 

We report here only the results of the best performing 

settings of hyperparameters. Our CNNs are trained 

Figure 2: The front-view branch of our architecture for 

estimate the hand pose. C denotes a convolutional layer with 

the number of filters and the filter size inscribed, and S denotes 

the stride of the convolutional kernel. R denotes a residual 

module mixed with the idea of depth-wise separable 

convolutions. FC is a fully-connected layer with the number of 

neuron and the probability of dropping a neuron, which is set 

to 0.3. P is a global average pooling layer with its filter size set 

to 1 × 1. 
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using SGD with a batch size 144 for 60 epochs, and the 

learning rate, momentum and regularization term is set 

to 0.005, 0.9 and 0.0005, respectively. The learning rate 

decays 0.1 times per 10 epochs. The maximum 

generation of PSO is set to 5, and the number of particles 

is dependent on the M hypotheses output of CNNs. We 

choose M = 15, 25 and 50, then the accuracies of global 

pose classifier are 85%, 92%, 97%. Therefore, during 

the process of PSO, M, that is the number of particles, is 

set to 15. 

3.3 Comparison with Prior Works 

To evaluate the effect of the proposed method, we 

compare our best initialization and final result with other 

methods’ ones on NYU Hand Pose Dataset [18]. We 

only use the depth data captured in the front view. The 

results of the compared methods are obtained from the 

reported accuracies. Table 1 reports the average joint 3D 

error in mm on the test set of dataset with all compared 

methods, indicating that our method is more robust than 

other methods. We also compare our method with other 

approaches in second evaluation metrics. Figure 3 

demonstrate the fraction of frames with maximum joint 

error below certain threshold. 

Table 18. Comparison with other works 

Methods Average 3D error 

Oberweger (DeepPrior) 

[10] 

19.8 mm 

Deng (Hand3D) [1] 17.6 mm 

Zhou (DeepModel) [20] 16.9 mm 

Fourure (JTSC) [3] 16.8 mm 

Zhang [19] 18.3 mm 

our work 15.6 mm 

Results in Figure 3 show that the result of our 

initialization is comparable with Tompson’s method. It 

proves that our initialization has great impact on the 

estimation results so that the final result clearly 

outperforms Tompson’s method. Our estimation result is 

better than the other methods, for example, an 

improvement of 2.1 % and 6.7 % within threshold = 

40mm, respectively. And our method achieves roughly 

the same accuracy with DeepModel [20] when threshold 

= 50mm. The examples of our approach are shown in 

Figure 4. 

 

4. CONCLUSIONS 

In this paper, we propose a novel hand pose estimation 

method based on the better start points of searching 

space which is established by our multi-view CNNs. 

Our proposed powerful hand pose prior effectively 

avoids the local optima due to poor initializations and 

improves the robustness to large pose variations and 

occlusions in depth images. We hope that we can 

abandon the PSO stage and integrate the pose refining 

stage into neural networks to reduce the high time cost 

caused by PSO. 
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ABSTRACT 

From the late 1990s, there are a lot of researches on 

robotic assistance devices for rehabilitation by robot-

mediated therapy produced improvements on recovery 

of motor capacity. But until now, the robots haven’t been 

shown a better qualitative benefit than classical 

therapist-led training sessions which has a good 

performance of the quantity of movements. The modern 

upper-limb exoskeletons which have Multi degree-of-

freedom robots and provide new capabilities within 

standard rehabilitation sessions potentially, can make a 

interaction on the rehabilitation limb and obtain a huge 

of sensory data resulting from the feedback of the 

rehabilitation limb. To our surprise, most of the articles 

of the exoskeleton only focused on mechanical design 

for the rehabilitation devices and the control strategy 

were little considered. But, it is known that the control 

side is very important for robots potentiality. Therefore, 

the aim of this paper gives a review that is to provide a 

taxonomy of currently available control strategies for 

ex-skeletons for rehabilitation, in order to formulate 

appropriate questions toward the development of 

innovative and improved control strategies.  

Categories and Subject Descriptors 

B.8.2 [Performance and Reliability]: Performance 

Analysis and Design Aids. 

General Terms 

Theory; Design 

Keywords 

control strategies, rehabilitation, robotic exoskeletons, passive 

1. INTRODUCTION 

From the end of the 1990s, rehabilitation has a huge 
development and has a burst of research. It is known that stroke 
is a kind of the leading cause of death in the world and patient 
with stroke often acquire disability. Generally, stroke survivors 
have disabilities in leg and lose the ability of movement and 

recovery by doing rehabilitation [1]. It is very effective that 
different rehabilitation exercise can help the patient recovery 
through different intense and repeating. It is known that 
rehabilitation robot may be a good method to provide different 
intensity through the number of repetitions which the doctor gives 

the rehabilitation plan according to technology appeal and virtual 
reality. 

So far, the robot did not show extra better qualitative benefits 
than traditional therapist training class.  In order to solve the 3D 
movements and to work at the joint level, robotic exoskeletons of 
the rehabilitation are designed by researchers.  The designed 
multiple-degree-of freedom ( DOF ) structures which distributed 

physical interaction with the whole limb, can show a potential 
capabilities  of the standard rehabilitation sessions. Many upper-
limb exoskeletons have been researched and designed in the 
middle of 2000 years, however, their effects have almost been 
little researched until now, especially clinically. Exoskeleton for 
rehabilitation which is available only for commercial was only  

released at the end of 2011. Applying forces distributed along the 
assisted limbs and providing reliable joint measurements are two 
major features of the robotic exoskeletons. Although the physical 

interaction through multiple interaction points raises interest and 
fundamental questions from the control point of view. Most of the 
existing control approaches have been developed by only 
considering the end-point interactions. 

There are many reviews about robotic exoskeletons, but most 
of them are only concern about mechanical structure and features.  
It is known that the core characteristic of exoskeletons of 
rehabilitation is expressed by their control strategies on top of 

intrinsic mechanical behavior of the devices (inertia, friction, 
back drive ability, etc.) dictate the human-robot interactions. 
Manipulanda and exoskeletons [2,3,4] have high-level control 
strategies for rehabilitation robots,   but since these were not 
targeting the specificities of exoskeletons. The control approaches 
of many exoskeletons are missing. 

 

Figure.1 The rehabilitation time line 

Robot controllers should adapt to the correct phase of the 
therapy. Passive and Active are traditional mode to indicate the 
involvement of the subject during the training 

The aim of this paper is to expose the relationship of the 
interaction capabilities of robotic exoskeletons for rehabilitation 

to provide the direction, possibilities and limitations for the 
researchers in the exoskeleton rehabilitation.  
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2. CONTROL STRATEGIES 

There are ten devices tested about post stroke impaired 
subjects, but only five tests had comparisons with impaired 
subject control groups which carried out test different 
rehabilitation therapies. Up to now, there are about one-third of 
the existing structures which seems not to be researched currently 
and there are hardly main journals and conferences showing the 
results at least five years. 

The rehabilitation categories presented in [5,6,7] and the 

general  rehabilitation time line  is shown in Figure. 1. There 
are three main strategies for robotic rehabilitation: assistance, 
correction, and resistance: see Figure. 2.  

 

Figure.2  The strategies for robotic rehabilitation 
(1)We define the assistance as follow means that the robot can 
support the weight of the damaged limb and offer forces to 
complete the activity. If the patient does not do any activities, the 
work can be still finished depending on the level of assistance. 

(2)We define the correction as follow means that the 
rehabilitation state in which the robot is only working when the 
patient can’t perform the movement correctly, helping the 
impaired limb to recover the correct movement. 

 (3)We define the resistance as follow means that it represents 
the techniques in which the robot can provide opposes forces 
to the motion to make the work more complex for the robot, 
and to train his ability to correct the movement and to adapt to 

external perturbations. 

2.1 Assistive Modes  

Adopting this type of control solutions, there are three 
groups of assistive strategies which were determined passive, 

triggered passive, and partially assistive control-although there 
exist solutions which are mixed strategies. The difference 
between passive and partially assistive controls is obvious, 
because if the patient can’t attend the work, two controllers would 
have the same reaction. Generally, triggered assistance only refers 
to solution only different to start the assistance: so if the controls 
are triggered, they usually exhibit either passive or partially 
assistive activities[8,9]. 

2.1.1  Passive Control     

Passive Control: Giving a desired reference trajectory 
through position feedback control with high corrective gains is 

the simplest way to control an exoskeleton to achieve the motion. 
At early stages of the post stroke therapy, the passive technique 
is common when the damaged limb is usually unresponsive, and 

thus passive mobilization is the only feasible solution to achieve 
any result [10,11].  

1) Passive trajectory tracking: Passive control can be achieved by 
adopting many techniques. The simplest way is the use of a 

proportional-integral-derivative (PID) feedback control which 
usually regulates the position or the interaction force along a 
known reference [12],[13],and[14].   

2) Passive mirroring: there are few exoskeletons having two arms. 
For these robots passive mirroring is a further strategy. It consists 
of synchronous passive mimicking of the behavior of the healthy 
limb, in a master-slave configuration, as in [15] or in [16].  

3) Passive stretching: A different rehabilitative passive training is 

the so-called passive stretching [17,18,19]. With this strategy, 
individual joints were passively stretched by the robot in order to 
identify their individual angle-resistance torque relationships.  

2.1.2  Passive Control  

Triggered Passive Control: there is a slight difference of the 
assistive exoskeleton that is in the solutions in which the user 
triggers the exoskeleton assistance. The control loop of the brain 
machine interface (BMD) often frequently uses this technique. 
From the field of assistance to patients with non recoverable 
impairments, above approaches are directly adapted. 

2.1.3  Triggered Passive Control 

Partially Assistive Control: it is known to limited that the 
effectiveness of pure passive motions for stimulating 
neuroplasticity [20], because the patient can’t be involved in 
making any effort to finish the work. But assistance is needed to 

reduce failures at least at the beginning of the rehabilitation, thus 
maintaining exoskeleton motivation, confidence in using the 
affected limb, and to avoid negative reinforcement [21].   

1) Impedance/admittance control: we know that impedance 
control is a model based force controller with position feedback 
and admittance control is based on a position controller with force 
feedback. Impedance control is efficient for lightweight 
exoskeletons [22], [23], [24]. 

2) Attractive force-field: Kim et al. [25] adopted other approach 
that is an attractive force field to control the exoskeleton during a 
clinical rehabilitation with 15 impaired subjects.[26]  

3) Model-based assistance: In [27], under the line posture 
measurement by motion capture, authors derived a muscle force 
estimation to maintain a desired pose based on musculoskeletal 
human model.   

4) Offline adaptive control: Trial-by-trial is also a solution to 

modulate robot assistance based on different performance indexes 
in [28]. 

2.2 Corrective Modes    

As elaborated in the front section, many assistive controllers 

work based  on the trajectory followed by the subject not only 
applying forces along the orthogonal direction which is the 
domain of corrective control, but also in the direction of the 
desired motion. 

But it is very hard to give a clear explanation between pure 
assistive control laws and pure corrective ones.  Up to now, 
there exist two approaches that provide pure correction. 
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2.2.1  Tunneling  

Tunneling contains creating virtual channels for the end-
effector or the joints of the exoskeleton, in which the subject 
moves: once he/she goes out of the channels, the feedback control 
takes him back into the channel, as if a spring impedance was 
attached from the limb to the center of the virtual channel.  

2.2.2  Coordination Control  

Considering corrective modes, the main aim of the control 
law is to change the coordination [29] during the movement. It is 
a way to solve the reference time-dependence problem, which 
remain a constraining parameter of the assistive controllers by 

trying to coordinate inter joint positions or speeds 

3. DISCUDSSION  

In this paper, we reviewed the currently available control 
strategies for robotic exoskeletons for rehabilitation among about 
32 publications and about 20 existing devices. This review 

allowed us to note several issues and scientific barriers potentially 
limiting to the author opinion the rehabilitative performances of 
current exoskeleton devices. In the following section, we discuss 
some of these analyses. 

3.1 Hardware Limiting Control Possibilities  

 One of the performance indexes that express the ability of 
an exoskeleton to precisely produce a programmed assistance to 
the patients is its transparency. It may be looked like 
contradictory, because transparency measures the robot ability of 
not for any assistance/resistance to free motion. But this 
performance is a good index for force precision, because 

experiment will be reproduced for any failure to reach 
transparency during a zero-resistance and act as a bias in a 
nonzero force experiment. Transparency, therefore, expresses the 
mechanical properties of the structure (weight, inertia, friction, 
etc.) , of its actuation(back drive ability, friction, etc. ) and of the 
performances of the low-level control dedicated to the 
compensations of these perturbing phenomena. 

3.2 Problem of Reference Definition 

There is a two-level problem for the reference generation. 
From the level, the exoskeleton must be met with human arm 
suitable trajectories to successfully finish the expected task, but 
considering the natural redundancy of human arms at the high 

level, the issue is to select one of the correct possibilities to 
perform the motions and finish the task. Additionally, the good 
performance reference trajectory should be customized on the 
patient characteristics, considering the specific limb physical 
features and impairments, such as spasticity, paralysis, and Joint 
limitations. It is important to emphasize how the reference 
generation is a different problem from controlling the exoskeleton. 
Actually the same controller may produce different rehabilitative 

performances by using different techniques. 

3.3 Clinical Testing Issues 

Studies and experiments based on healthy and impaired 
subjects is very limited number and it is shown in Table Il.  

Actually in all the devices, less than eight of them were clinically 
tested providing comparisons between different developed 
control strategies and/or standard therapies, with impaired subject 
control groups. Especially, only three studies, i.e., [30], [31], [32], 
and[33], involved 20 or more stroke survivors.   

However, it is very significant that every single clinical result 
has a strongly relationship for the device to select control strategy. 
Actually, each test contains a combination of the mechanical 
properties such as transparency level, available exoskeleton, the 

type of generated reference and the chosen control strategy. So, it 
is yet hard to give generic conclusions about the results of 
exoskeleton-mediated therapy.  
 

       Table. The exoskeleton tested by different 

strategies 

 

4. Conclusion  

This paper shows a review that gives different 

currently available control strategies for ex-skeletons for 

rehabilitation and shows how to choose control solution 

for rehabilitation robot.This paper can provide a 

foundation for design an appropriate rehabilitation robot.  
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ABSTRACT 

In this paper, we introduce a concept of applying a high degree of 

freedom (DOF) robotic manipulator for use in rehabilitation. A 6-
DOF parallel manipulator is proposed for upper limp rehabilitation 
that this mechanism is rarely used in a rehabilitation task. The end 
effector of this robot can translate in three dimensions space and 
can provide all rotation. This robot is the end effector type as 
opposed to the exoskeleton type, the end effector of robot is only 
attached to part of the arm, hence reduces the risk of injury to the 
patient due to misalignment and inappropriate setup. The robot can 

be programmed to generate moving paths that match appropriately 
with the patient’s physical parameters. This mechanism would suit 
perfectly as a tool to perform complexed three-dimensional motion 
as might be required for some existing cases of rehabilitation or 
could be used as the research tool to study new ways to perform 
effective rehabilitation treatment. 

Keywords 

parallel manipulator, upper limp rehabilitation, assistive 

technology 

1. INTRODUCTION 

Patients who are recovering from stroke, medical surgery or injury 
are usually required some scheme(s) of physiotherapy. Upper limb 
rehabilitation is one of the most common treatment. The upper limb 
rehabilitation can be divided into three types of treatment: passive, 
active and interactive [1].  Robotic assisted system falls into the 
passive and/or interactive categories. Many rehabilitation robotic 

systems have been developed. For example, the Swedish Helparm 
is a mechanism that supports the weight of the patient’s arm by rope 
and pulley. This robot is used for activities of daily living )ADLs(. 
Baltimore Therapeutic )BTE( is a 1-DOF device which uses motor 
to help move the patient’s hand.  MIT-Manas [2] is an arm therapy 
robot that uses end-effector of a planar SCARA robot attached to 
the patient’s hand and generates a physical therapy path by 
command through the robot’s controller. MIME [3] is a robotic 

system for upper limb which uses a PUMA 560 )a 6-DOF serial 
robot( to move the patient’ arm. The end effector is attached to the 
hand, then the robot will move the hand with pre-speficified path 
in three-dimensional space.  

There are two main types of upper limb rehabilitation 
robots: exoskeleton system and end-effector system [4]. The 
mechanism of the exoskeleton system [5-8] immitates the structure 
of the human arm and applies acuating joints to assist motion.  The 

main problem for this type is that it is difficult to perfectly align the 
patient joints with the robot joints. The mismatch could cause the 
arm to jam with the mechanism which will lead to accidental injury. 
However, many systems still employ this configuration. For 
example, the Planar MEDARM [5] is a 3-DOF serial robot which 

uses a cable-drive mechanism to generate the movement of the 
patient’s arm )1-DOF of shoulder, 1-DOF of elbow and 1-DOF of 
wrist( in horizontal plane. A special 5-DOF robotic exoskeleton 
device attached on a wheelchair has been proposed for shoulder and 
elbow rehabilitation [7].  The end-effector system is an alternative 
to the exoskeleton type. The advantage of this type is that the arm 
is not fully constrained to the robot, only the hand or part of the 
upper limb is attached to the robot. However, the main difficulty is 

the design of proper mechanism that is capable of performing the 
required motion tasks. It also requires complicated mathematical 
analysis for control implementation. A number of systems of this 
type can be mentioned. A 3-RRC 3-DOF parallel mechanism has 
been proposed to perform three translational motions [9]. A cable-
driven parallel manipulator [10] has been introduced as a tool for 
upper limb rehabilitation. A mixed type )end-effector base and 
exoskeleton-base( called MAHI Exo II was proposed in [11] and 
[12]. This mechanism uses exoskeleton mechanism )serial structure( 

to assists patient’s elbow motion and uses end-effector mechanism 
which is a parallel mechanism to assist the forearm and wrist’s 
motion. Nylon cables are used to drive the Neuro-Rehabilitation-
roBot )NeReBot( [13] which has 3-DOF. It was used for the upper 
limb to move the elbow and forearm of the patient.  

However, there are not many systems that offer to assist 
complete 6-DOF motion in three-dimensional space. The robotic 
technology has gone beyond 6-DOF motion.  In abundance of 

knowledge available, we should try to apply this knowledge to the 
field of rehabilitation.  In this paper, we propose to use a three-leg 
6-DOF parallel manipulator for upper limb rehabilitation. In 
section 2, conceptual design is introduced. Motion analysis is 
discussed in Section 3. Section 4 provides discussions and 
conclusions.  

 

2. CONCEPTUAL DESIGN 

2.1 Conceptual Design 

The concept of using a parallel manipulator for upper 

limp rehabilitation is illustrated in Figure 1. The main task 
of passive rehabilitation is to move part of patients arm 

along specified path (translations and rotations in three-
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dimensional space) for certain amount of time (Figure 1a). 

The path can be, for example, moving the arm up and 

down, moving the arm inward and outward, twisting the 

arm, etc.  The moving plate of the parallel manipulator 

can provide such motion required (Figure 1b). The 

mechanism has six degrees of freedom and working 

volume (workspace) large enough to cover all the motions 

required for a range of patient size. In the treatment 

process, the patient sits steadily next to the robot and part 

of an arm, either left or right, attached to the moving plate 

(Figure 1c). Based on where the patient sits and his/her 

physical parameters information, the robot can be 

programmed to move according to desired paths. 

 

2.2 Prototype Design 

Figure 2 shows the structure of the proposed parallel 

manipulator. There are three identical legs.  Each leg 

consists of three rigid links connected in series by two 

revolute joints. Each leg is attached to solid base at 

different locations by passive prismatic joint (As). The 

ends of all three legs are connected to a common moving 

plate by spherical joints (Ds). Six actuators, two for each 

leg, are installed to drive revolute joints (Bs and Cs). In 

robotic terminology, this robot is called 3- PRRS parallel 

manipulator. The moving plate will be equipped with a 

holder that holds hand or arm or part of the arm to move 

along with the moving plate. The holder can be designed 

to suit specific type of treatment depending on user’s 

conditions. As the actuators force joints Bs and Cs to 

move, passive joints As and Ds and, hence, the moving 

plate will accordingly change their position in three-

dimensional space.  

 

3. MOTION ANALYSIS 

To plan the motion of the moving platform, the relationship 
between the kinematic of the manipulator and the kinematic of the 
patient must be obtained. Consider the kinematic of patient’s arm 
as shown in Figure 3.  

 

Let frame XYZ be a stationary reference for the coordinate of the 

robot and O is the origin of the frame. Let F denote the hip joint, G 
the shoulder joint, H the elbow joint, and I the location on the 

b) parallel manipulator 

a) patient 

c) treatment concept 

Figure 1. Concept for rehabilitation 

Figure 2. Schematic description of a 3-

parallel manipulator. 

Figure 3. Skeleton diagram of a patient. 
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forearm that will be attached to the holder on the moving plate. 

Segments HI  represents the forearm and GH the arm. Then 

vector OI , representing the location of the of holder in XYZ frame, 

can be expressed as 

 0 0 0OF FG GH HIF F G
F F G F G HOI R R R R R R     (1) 

where
A
BR  is the rotation matrix which maps the coordinates from 

frame B to frame A obtained from three successive rotations: 

 , , ,
A A A A
B B Z B Y B XR R R R    (2) 

,
A
B ZR , ,

A
B YR  and ,

A
B XR are rotations matrix about Z, Y and X 

axes, respectively. Once OI  is obtained from (1), point Ds on the 

moving plate can be readily determined. The task is to find the 
revolute joint values of the robot at each leg that will force the point 
D at the end of the leg. Figure 4 shows the description of the 
kinematic of one leg of the robot. The position of Ds are related to 
the joint angles by 

 OD OB BD   (3) 

Here OB  is the vector from the origin to point B along the passive 

prismatic joint which is perpendicular to the r-s plane that the 
motion of each leg lies on. From Figure 4, the joint angles ( 1i and

2i ) which correspond to actuator command values can be 

determined by using inverse kinematic: 

 

 ri li 1i ui 1i 2iD l cos l cos( )      (4) 

 si li 1i ui 1i 2iD l sin l sin( )    
 

(5) 

 
2

i1
2i

i

1 t
tan

t
 

  
 
 
 

 (6) 

 
1 1si ui 2i

1i
ri li ui 2i

D l sin
tan tan

D l l cos






    
    

   

 

(7) 

where 
2 2 2 2

ri si li ui
i

li ui

D D l l
t .

2l l

  
  

riD and siD  are projections of point D onto the r-s plane in each 

leg. lil and uil  are the lengths of lower and upper segments of the 

leg. Therefore, for each point of moving path of point I motion, a 
series of six actuating joint value solutions will be calculated from 
(6) and (7).  

The robot can be used to force the patient’s arm to move 

in the many different exercises. Figure 5 shows examples of 
rehabilitation postures that are possible, e.g. shoulder movement, 
elbow movement, forearm twist, wrist movement: extension/ 
flexion and sideway deviation. In each movement, we need to 
specify the range of patient joint motion that must not exceed the 
safety limit. This range could be different from patient to patient 
and for each patient can also be different depending the progress of 
the treatment. Table 1 shows the full range of joint motion that 

could be considered when designing the robot. 

 

 

 

 

 

 

Figure 4. Schematic description of one leg of the 

robot 

a) shoulder 

movement 

c) forearm twist 
d) wrist movement 

(extension/flexion) 

e) wrist movement 

(sideways deviation) 

Figure 5. Example motions for arm rehabilitation 

b) elbow movement 
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    Table 1. The range of motion of joint 

Joint Movement Range The ROM of 

joint 

Shoulder Medial 0-90º  90 ,90    
Lateral 0-80º or 

0-90º 

Forearm Pronation 0-90º  90 ,90    
Supination 0-90º 

Elbow Extension 0-60º  60 ,90    
Flexion 0-90º 

Sideways 
deviation of 
wrist joint 

Rotation to 
little finger 

0-40º  20 ,40    

Rotation to 
thumb 

0-20º 

Extension 
and flexion 

of wrist joint 

Extension 0-40º  40 ,40    
Flexion 0-40º 

  

The workspace is also an important factor that will 
influence the design. The lengths of the link segments of each robot 
leg must be long enough to cover all the motion required in 
rehabilitation. However, if the link segment is too long it will affect 

the rigidity of the robot which could cause problem for operation 
and control. However, the proper length of the robot does not 
depend only on the rigidity. It also involves extensive analysis on 
the singularity and manipulability of the robot. This topic is beyond 
the scope of this paper. Refer to [14] for more information.  

The main advantage of using parallel robot instead of 
serial robot is that, for rigidity, the size of its components can be 
designed much smaller than those of serial robot. This could be an 

important advantage for rehabilitation task in terms of appealing to 
patient feeling of comfort as the equipment looks smaller and less 
intimidating.   

4. CONCLUSIONS 

In this paper, a new device based on current robotic 

technology is proposed for upper limb rehabilitation tasks. 

The robot is a three-leg 6-DOF parallel manipulator. This 

device is considered an end-effector type which has a 

holder attached to part of the patient’s arm. We believe 

that this type of robot will solve many problems for 

existing equipment. The end-effector will not cause the 

problem with joint alignment which could lead to 

accidental injury to the patient. Furthermore, the robot 

offers six degrees of freedom movement which can 

generate many kinds of motion. Therefore, this single 

robot can perform many tasks that currently require many 

existing single-task equipment. With ability to provide 

complex six-DOF motion, it could also be used as the 

research tool for physiotherapist to study new ways to 

perform effective treatment for patients. 
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ABSTRACT:  

This paper presents a new type of humanoid finger sensor that 

uses artificial skin combined with conductive liquid to realize 

the physical properties such as object temperature, 3D force 

and torque. Different fluids have different influences on signal 

attenuation, thermal conductivity. Therefore, a turbulence 

model for conducting liquids is established by FLUENT, multi-

factor orthogonal test method is used to optimize the design of 

the key parameters such as fluid viscosity, pipe diameter and 

pressure, the optimized key parameters are obtained through 

simulation analysis, so as to realize the quick response of the 

tactile signal, it lays the foundation for subsequent experiments 

to improve the accuracy of data processing.  

Key words：FLUENT, finger sensor, optimization design 

and analysis, orthogonal test 

1. INTRODUCTION 

The existing robot finger sensor has the problems of sensitivity 

and low signal accuracy, which cannot              meet the 

application of the physical properties of the robot's intelligent 

grasp and accurate perception target. It is becoming more and 

more common to use FLUENT software for numerical 

simulation to study complex flow fields, it comes with a non-

structural grid generation program, which is very effective for 

grid generation of complex geometric structures[1]. 

2. NUMERICAL MODELING 

The fluid flow is divided into laminar flow and turbulent flow, 

the laminar flow is without any interference in the fluid layer; 

the turbulent flow has interference the transfer of both quality 

and momentum in the layer[2].In the laminar flow state, the 

particle is in an orderly and non-mixed layer. However in the 

turbulent flow state, the motion form of particle is disorganized 

and swirl[3], the fundamental difference is the method of motion. 

The Reynolds number of the fluid is not fixed, it changes with 

the change of the external conditions, in this experiment, the 

model is simplified and the experimental environment is set at 

constant temperature. The inner pipe of the finger is not a straight 

pipe, and it will generate velocity in the radial direction[4].Taking 

into account the parameters such as the inner diameter of the pipe 

and the kinematic viscosity, the Reynolds number is bigger than 

2320, so the internal fluid is turbulent. 

In the finger sensor, the internal fluid component is composed of 

propylene glycol and saline, the propane can adapt to stay liquid at 

low temperature [5], and the salt water acts as conductor, the different 

viscosities is formed by mixing different proportions. The viscosity 

of the fluid is closely related to the temperature [6]. 

V.M. Lobe et al. found that the empirical formula can be used to 

obtain the best calculation result of viscosity[7].The methods of 

viscosity include mechanical methods, electrical measurement 

methods and electromagnetic induction methods[8]. 

Launder and Spalding proposed the standard k − ε  turbulence 

model, and the standard k − ε model is mainly for the flow field of 

complete turbulence [9]. 

This model uses the fluid pressure and fluid velocity as the input 

parameter of the flow inlet[10]. The boundary condition of the flow 

outlet is zero pressure; there is no slip condition on the internal solid 

wall of finger bone. 

3. SIMULATION ANALYSIS  

Using FLUENT software, the simulation results are obtained. This 

paper studies the influence of pipe diameters, pipe radians, viscosity 

parameters and internal pressure on the pressure attenuation of pipe 

outlet. The finger structure is shown in figure 1, the pipe diameter is 

2.2mm, 2.8mm and 3.5mm respectively; the radians of the pipe 

diameter are set to 0mm, 0.5mm and 1mm; the internal conductive 

liquid pressure is set to 5Pa, 10Pa and 15Pa respectively; the fluid 

viscosity is set to 0.2Cp, 0.02Cp and 0.002Cp, and then simulation 

test is carried out. Because of the excessive pressure of the joints of 

the finger bone and the fingers, it causes the internal fluid to spill, so 

by designing the finger bone and the skin joint with concave and 

convex connection to reduce the pressure at the joint, using the 

clamp on the outside of the finger to improve the overall tightness. 

mailto:2361787897@qq.com
mailto:workmailcm@126.com
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螺钉

手指盖

注射口

手指皮肤 卡箍

温度传感器 压力传感器内部通道

固定板 紧定螺钉  

Fig.1 Schematic diagram of finger sensor 

The following figure illustrates the pipe diameter with a diameter 

of 2.2mm as an example: the inlet velocity is 0.02m/s and the 

internal pressure of the finger is 5Pa.After the simulation is 

completed, the convergence graph will be obtained, and the 

simulation data will be processed in the next step to obtain the 

cloud and flow chart. If the curve is stable, its convergence is 

proved, which indicates that the numerical simulation results are 

accurate. As shown in figure 2-6. 

 

Fig.2 The convergent diagram after iteration 

    

Fig.3 Stress image    Fig.4 Press flow diagram 

     

Fig.5 Velocity image Fig.6 Velocity flow diagram 

1) The diameter of the extraction is 2.2mm, 2.8mm and 3.5mm 

respectively, the viscosity is 0.02Cp, the internal pressure of the 

finger is 10Pa, and the radian is 1mm. The recording test data is 

shown in fig.8: 
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Fig.8 The influence of pipe diameter on fluid 

2) The viscosity is 0.002Cp, 0.02 Cp, 0.2cp, and the diameter of the 

tube is 2.2mm, the internal pressure of the finger is 10Pa, and the 

radian is 1mm. The recording test data is shown in fig.9: 
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Fig.9 The effect of fluid viscosity on fluid 

3) The radians are 0mm, 0.5mm and 1mm respectively, and the 

viscosity coefficient is 0.02Cp. The internal pressure of the finger is 

10Pa and the pipe diameter is 2.2mm. The record test data is shown 

in fig.10: 
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Fig.10 The effect of radian on fluid 

4) The internal pressure of the finger is 5 Pa, 10 Pa and 15 Pa 

respectively, and the viscosity coefficient is 0.02Cp, the 
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radian is 1mm, and the pipe diameter is 2.2mm. The 

record test data is shown in fig.11:  

Fig.11 The influence of pressure on the fluid 
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From the experimental data, it can be seen that by applying the 

control variable method it can be concluded that parameters such 

as fluid viscosity, pipe diameter, pipeline radians and internal 

pressure all have influence on the pressure attenuation and velocity 

flow of the finger sensor.  

 

4. ORTHOGONAL TEST  

In order to find the proper parameters and reduce the number of 

experiments, the data processing is carried out through the 

orthogonal test method, so as to obtain the optimal internal 

parameters. In the multi-factor experiment, the importance of 

different factors is often inconsistent, so the analysis of the multi-

factor experiment is more complicated[11]. 

1) Optimization goal: 1 Pressure at the cross section 2 Internal fluid 

temperature change (set room temperature at 25°C) 3 Fluid speed 

change (Set inlet speed at 0.02 m/s) 

2) Four factors including internal pipe diameter, fluid viscosity and 

internal pressure of finger and radian are investigated. Three 

different levels are taken for each factor, and the list of factors is 

listed in table 1. 

Table1 Factor level table 

Factor 
Level           

A Pipe diameter 
（mm） 

B viscosity 
（MPa.s） 

C radian 
（mm） 

D pressure  
（Pa） 

1 
2 
3 

2.2 
2.8 
3.5 

0.002 
0.02 
0.2 

0 
0.5 
1 

5 
10 
15 

4) The orthogonal table L9(3
4) is selected. 

5) In this experiment, the factors and levels in the 

horizontal table are filled in the selected orthogonal 

table; the results are obtained through the experiment. 

The scheme and the results are shown in table 2. 

6) Calculate the range; determine the main order of the 

factors. We draw a trend graph of factors and indicators, 

it is shown in the Fig.12. 

Table2 Test plan and test result analysis

         Factor             
 
Test number 

A 
Pipe 

diameter 

B 
viscosity 

C 
radian 

D 
pressure 

Section 
pressure  

P
（KPa
） 

Fluid 
velocity 

V
（m/s） 

Fluid 
temperature 

T（℃） 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1（2.2） 
1 
1 

2（2.8） 
2 
2 

3（3.5） 
3 
3 

1
（0.002） 
2（0.02） 
3（0.2） 

1 
2 
3 
1 
2 
3 

1（0） 
2

（0.5） 
3（1） 

2 
3 
1 
3 
1 
2 

1（5） 
2（10） 
3（15） 
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Fig.12 Factors and indicators trend chart 

From the above figure we can see: C and D two factors are very 

close, but the A and B factor are very large, the order of the four 

factors is BACD. 

7) The range in factor B is the most significant, indicating that the 

greater the viscosity is, the better the resulting optimization index 

is, so choose B3.The range of factor A is slightly smaller than B. 

The smaller the diameter of the tube is, the better the effect of the 

final indicator is, so choose A1 .The other factors only have a 

significant effect on the pressure. The larger the factors are, the 

better the impact on the final indicator is, so choose C3 and D3. 

Through comprehensive analysis, the inner channel structure of the 

finger and the optimal conditions of the fluid parameters are 

selected as B3A1C3D3. 

 

5. CONCLUSION 

Through the final simulation and orthogonal experiment, the pipe 

diameter and viscosity parameters have important influence on the 

attenuation of the internal pressure of the fluid; the pipe diameter 

has a significant influence on the velocity of the fluid, and the other 

factors have less influence on the attenuation of velocity; the effects 

of four parameters on temperature change are very small. Therefore, 

the smaller pipe diameter, larger fluid viscosity and larger internal 

pipe radians are optimized parameter design schemes. 
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ABSTRACT 

Compliant Mechanism has been applied gradually in the 

field of robotics, due to its compact structure, small size 

and no friction. In the paper, the mechanical property of 

Compliant Mechanism with tape spring in the bending 

process is studied. The structure of the tape spring is the 

single layer open cylindrical shell, and its unique shell 

buckling performance can provide driving force for the 

deployment devices of the mechanism. Buckling analysis 

for tape spring was conducted by using ABAQUS finite 

element software. First, the linear analysis is carried out, 

and then the post buckling analysis with improved arc 

length method is introduced. And the influence of 

geometric imperfection on the bearing capacity of the 

mechanism is taken into account. To simulate the 

buckling state of both ends of the tape spring under the 

action of pure bending, the multi point constraint(MPC) 

on both ends of the tape spring is set and the angular 

position is applied in the paper. The relationship between 

the critical bending moment and geometric parameters of 

tape spring is also studied. The results show that the 

length and thickness of the tape spring can be 

appropriately increased according to the needs of the 

institutions to improve the bearing capacity of the system. 

Keywords 

Compliant Mechanism; Tape Spring, Nonlinear Buckling; 

Robot  

1. INTRODUCTION 

Robot technology is developing rapidly, and it also has a 

profound impact on human social life. Robots can even 

help humans do a series of complex and dangerous jobs 

independently. While expanding the field of robot 

application, the range of knowledge involved in robotics 

is also increasing.00 Compared with the traditional rigid 

robots, the research of robots with Compliant Mechanism 

has attracted the attention of many researchers. 

In the whole mechanism, the elastic deformation of some 
Compliant Mechanism is used to achieve the transfer of 

force and the expansion and closing function of the 

structure, which has become a hot application of large 

complex folding mechanism. The core part of the 

Compliant Mechanism - Flexible Hinge has been widely 

applied in various industrial fields due to their no gaps, no 

friction and high sensitivity. It has also made great 

progress in aerospace, precision instrumentation and 

robotics.[3-6]At present, the flexible hinge is mainly 

composed of two types: straight beam flexure hinge and 

circular arc flexible hinge. The circular arc flexure hinge 

revolves around the fixed axis, and the rotation range is 

relatively large. But the center of rotation will take a 

certain deflection during the movement, resulting in a 

relatively poor kinematic accuracy of the hinge. The 

straight beam flexure hinge has high motion accuracy, but 

it can only achieve small rotation, which largely limits the 

moving stroke. 0In order to make the application of 

flexure hinge more perfect, scholars have deepened the 

research of flexible hinge, and some scholars proposed 

elliptical flexure hinges and rounded flexure hinges. They 

also deduced the corresponding calculation method. 

These two hinges can simultaneously improve the motion 

accuracy and range of motion. For the circular hinge is 

simple to design and easy to product, the circular hinge is 

widely used in precision measurement, micron 

technology and nanotechnology. 

When flexure hinge is subjected to a specific load, it can 

stow elastic strain energy in the deformation process. 

Then it can enable the organization to implement the 

required expansion function. After the flexure hinge is 

completely unfolded, it can rely on its own stiffness to 

achieve self- locking.000  



 

 275 

 

Fig.1.Diagram of tape-spring driving device 

 

2. GEOMETRIC MODEL OF FLEXIBLE 

HINGES  

The spring unit (tape spring) is an important element of 

the flexure hinge. The tape spring studied in this paper is 

an open cylindrical shell with a certain length and 

thickness. The material  of tape spring is 65 Manganese 

Steel. The elastic modulus and Poisson's ratio should be 

taken into account when setting material properties. The 

parameters of standard tape spring is defined by four 

initial parameters, including the thickness of the tape 

spring, t; the axial length, L; radius of curvature of cross 

section, r; and section center angle, θ. The specific model 

is shown in Fig. 2. 

 

Fig.2. General tape spring parameters 

3. BUCKLING ANALYSIS OF A TAPE 

SPRING 

The structure itself is in a state of equilibrium under 

certain load. When a load changes gradually and reaches 

a certain value, then a small increment is added to it, the 

balance displacement of the structure will change 

obviously. The structure is transformed from the previous 

equilibrium state to another equilibrium state through the 

unstable state. This process is buckling. Buckling analysis 

consists of linear buckling and nonlinear buckling. Linear 

buckling analysis, also known as eigenvalue buckling 

analysis,  which is based on the elastic theory of small 

displacement and small strain. However, it does not take 

account of the change of the structure itself during the 

deformation process. While the load reaches the critical 

point, the structure will jump from the previous 

equilibrium state to another equilibrium state. The 

process is linear buckling before the critical point, while 

it is nonlinear buckling after the critical point. 

 

3.1 LINEAR BUCKLING ANALYSIS OF A TAPE 

SPRING 

When ABAQUS performs linear buckling analysis, the 

buckling load factor and buckling mode must be 

considered 

The stress state function in the linear static analysis is: 

([K]+[S] ){x}={F}.               (1) 

Because the analysis is linear, and the load and stress state 

are multiplied by a constant λ, equation 1 changes to 

([K]+λ[S]){x}=λ{F}.               (2) 

In the buckling model, it may appear that when the 

displacement is greater than {x+ψ}, but the load remains 

unchanged. So we can get the equation 3. 

([K]+λ[S]){x+ψ}=λ{F}             (3) 

So that Equation 4 which is used to solve linear buckling 

analysis can be obtained. 

([K] + λ[S]){ψ} = 0               (4) 

Where [K] is a linear stiffness matrix, [S] is a stress 

stiffness matrix, λ is a buckling load factor and ψ is a 

buckling mode. The critical load of buckling can be 

obtained by multiplying λ by the load exerted by the 

model. 

3.2 NONLINEAR BUCKLING ANALYSIS OF A 

TAPE SPRING 

In classical mechanics and elasticity, it is generally 

considered that strain is a small quantity, and the relation 
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between strain and displacement is linear. In the process 

of deformation, the shape of the structure will change 

discontinuously, and the large turning angle and large 

displacement will occur. Therefore, the effect of 

geometric nonlinearity should be taken into account. In 

this paper, the First-order buckling mode 1/1000 is 

introduced as the initial imperfection. 

The arc length method that adds another variable λ to the 

ordinary nonlinear equations, and adds a constraint 

equation (Equation 5).0  

∆x∆xT + ∆λ2FFT = Δl2           

 (5) 

Where ∆x  is the nodal displacement increment, F is 

external load vector, and l is fixed value. And the iteration 

path is circular arc with l radius. In the improved arc 

length method, the second terms in equation 5 usually 

have little effect on the result, even it can be ignored. So 

the equation 5 can be rewritten. 

∆x∆xT = Δl2                

(6) 

In the ABAQUS solver, the λ is solved in the first, and 

then ∆x  is solved. Then we get the solution that 

converges to the increment by continuous iteration. We 

usually need to set the initial arc length radius. It is set to 

0.1 in this paper. 

3.3 DEFORMATION OF A TAPE SPRING 

In the ABAQUS, S4R5 unit is chosen to simulate the 

three dimensional shell element. This type of element is 

suitable for analyzing large displacement and small strain 

problems. On the one end of the model, the linear 

displacement of X, Y and Z in three directions and the 

degree of freedom that rotate around the Y and the Z in 

two directions are restrained. While on the other end of 

model, the line displacement of X, Y direction and the 

rotational degree of freedom around the Y axis and Z axis 

are constrained. When the load is applied, first, two 

reference points are set up at both ends of the model. Then 

the MPC constraint (Beam Connection)is established 

based on the reference point and the model boundary, and 

the angular displacement is applied at two reference 

points. This allows the model to be in a state of pure 

bending. The deformation diagram in the bending state of 

a tape spring is shown in Fig. 3 

 

 

Fig.3. Deformation diagram of a tape spring 

4. THE EFFECT OF GEOMETRIC 

PARAMETERS ON FLEXURE HINGE  

In practical applications, we need to select the geometric 

parameters of the material to ensure the best performance 

of the mechanism. Elastic strain energy of flexure hinge 

during folding is the main energy source for driving 

device development. The radius, thickness and section 

center angle of the tape spring should be set, and the 

specific parameters are shown in Table 1. The effect of 

length on the performance of tape spring is studied by 

changing its length. 

Table 1. the geometric parameters of the tape 

spring 

Cross section 

radius 
Thickness Section center angle 

10mm 0.5mm 90° 

 

Fig.4 . The relationship between the critical bending 

moment and the length of the tape spring 
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According to the picture above, with the increase of shell 

length, the forward bending moment and the reverse 

bending moment decreases, while the range of the length 

of the tape spring is within 30~80(mm). The length of the 

tape spring is within 90~180(mm), both forward and 

reverse bending moments tend to a stable value. 

 

Fig.5. The relationship between the bending moment 

and the thickness of the tape spring 

 

Fig.6.The relationship between the bending moment 

and the section angle of tape spring 

It can be seen that the bending moment increases with the 

increase of the thickness or the section center angle of the 

tape spring in Fig.5 and Fig.6. And the change of the 

section center angle affects the bending moment of the 

tape spring more. 

 

Fig.7. Deformation diagram of a tape spring for 

different thickness 

5. COMPLIANT MECHANISM AND 

ROBOT 

With the rapid development of robot technology, the 

structural design and functional requirements of robots 

are also gradually improving. From the industrial serial 

robot to the six degree of freedom detection device based 

on parallel mechanism invented by Gough. Then the age 

of intelligent robot and bionic robot came out. The 

demand for the flexibility of the robot is getting higher 

and higher. In bionic robot, the flexible mechanism can 

replace the flexible joint to drive the robot to carry out a 

series of complex movements, such as multi legged robot 

humanoid robot, flexible waist structure etc. 

 

Fig.8 .Diagram of the tape-spring hexapod0 

 

6. CONCLUSION 

This paper introduces the unique advantage of tape spring 

as a Compliant Mechanism, and its application in folding 

mechanism and robot. In this paper, taking a single tape 

spring as an example, the mechanical properties of the 

spring forward folding and reverse folding are studied. 

Then the influence of the thickness and length of the tape 

spring on the bending moment is compared. The results 

show that the forward bending moment and the reverse 

bending moment decreases with the increase of axial 

length of the tape spring, and the bending moment 

increases with the increase of the thickness or the section 
center angle of the tape spring.Therefore, to improve the 

bearing capacity of the system, the thickness of the tape 
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spring should be appropriately increased .Or shorten the 

length of the tape spring according to the needs of the 

institutions. Because of its low price, easy processing and 

simple structure, the tape spring has good prospects in the 

development of the structure. The application prospect of 

flexure hinge in robot field also has extraordinary 

significance. 
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ABSTRACT 

In order to test the performance of the space manipulator 

in the weightlessness environment, this paper proposes a 

suspension microgravity test device. The stretching of the 

space manipulator is simulated First, the structure and 

operating theory of the space manipulator are analyzed. 

The location of the initiative lifting points on the 

manipulator are designed, and the characteristics of 

microgravity test device are obtained. The motion 

characteristics and driving theory of the device are 

analyzed according to the stretching characteristics of the 

manipulator. Afterwards, the lifting point of the hanging 

device are designed and analyzed. The control theory of 

the microgravity test device is detail described. At the 

same time, the position tracking accuracy of the control 

system is verified. Aiming at the problem of the guideway 

deformation caused by the stretching process of the 

manipulator, the beam and linear guideway of the 

microgravity test device are analyzed. The supporting 

structure is optimized by changing connections and the 

connecting distances between beams and guideways. The 

simulation results show that the optimized structure has 

high stability. The stretching accuracy of the manipulator 

can be satisfied. 

Keywords 

Space Manipulator, Microgravity Test Device, Structure Opti
mization. 

 

1. INTRODUCTION 

With the rapid development of science and technology, 

humans explore space constant. [1] Generally space 

activitiesinclude the establishment of space satellite 

launches, manned spacecraft, outer space satellite landing 

detection, meteorological navigation, and space supplies 

and so on. 

The space robot iswide application.The first space robot 
is that the manipulator of the USA’s lunar probe. The 

manipulatorexcavated the moon soil and sent it to the 

analysis system to choose the right land.In the 

international space station, the American robot astronaut 

R2 try its best to replace astronauts to do some repetitive 

and boring affairs. R2’sflexible fingers aresimilar to the 

operation precision and speed of an astronaut in a heavy 

spacesuit,which greatly improved the security.[2] 

Due to the environment difference between the space and 

the ground,aerospace Engineering R&D is difficult and 

costly.In order toensure the reliability and safety of space 

equipment, sheer number of ground tests should be 

carried out before launching. The performance of each 

system should be strictly tested.Several difficulties of 

ground test include balance gravity, simulate vacuum 

environment and space high and low temperature.[3]In 

order to ensure the normal operation of the earth's satellite 

and equipment, we need to carry out spacecraft simulation 

and microgravity test. 

The microgravity simulation system is highly valued by 

Japan, the United States, Germany and other countries, 

and the microgravity simulation technology has achieved 

breakthrough results in a few decades.[4] The main 

research has three aspects[5-8]: first, using gravity to 

create a microgravity environment. The falling tower 

method and the drop tube method are applied to the 

simple free fall motion.The free flight parabolic curve is 

the weightless aircraft method and the rocket free falling 

motion method.Second, buoyancy is used to equilibrium 

gravity. In the free fall simulated microgravity, theweight 

loss time is short. For long time weightlessness 

simulation,the simulate the buoyancy of liquid and gas 

can be used. The gas pressure forms the air film to lift the 

spacecraft to realize the required movement. The gas 

pressure’s main instrument is the precise air float platform. 

Third,the gravity is balancedmechanical and electrical 

control tension. 

The mechanical and electrical control tension mainly 

have mounted gravity compensation system and static 

balance method to realize that microgravity environment 

is 3d simulated.The mechanical testing device can 

accurately balance the gravity with cheap mechanical 
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devices. 

2. RESEARCHOBJECTIVES 

2.1 Structure and work principle of space 

manipulator 

This section mainly studiesthe space manipulator 

suspension microgravity test system. This system is 

mainly used for simulating manipulatorin normal 

temperature or high andlow temperature. The manipulator 

consists of shoulder, wrist and elbow. The shoulders and 

wrists have three joints, 1 joint at the elbow and 7 joints 

for rotation. symmetrical arrangement.  

According to the structure of the manipulator, 2 active 

lifting points are set on the arm. In the simulated 

microgravity experiment, the error in the vertical 

direction of the suspension is ±3FS and the horizontal 

error range is± 6FS. The entire arm weighs 1800N. 

During the stretching, the load torque is 900N and the 

variation error is ±3FS. The total length of the extended 

rope is about 1032mm, and the length of the original clue 

is 1000mm. 

2.2 Design of Ground Test Equipment System for 

Microgravity Environment 

According to the structure and stretching requirements of 

the space manipulator, this sectionis designed a 

suspension microgravity test device.The suspension 

gravity compensation system can balance the weight, 

gravity compensation and position tracking of the space 

manipulator. Figure 1 shows the overall structure diagram. 

The detail structure is shown in Figure 2. When the 

synchronous motor receives the electrical signal of the 

control system, it drives the synchronous belt wheel. The 

belt mounting plate installs the active hoisting point on 

the belt, so the movement of the lifting point with the belt 

is realized. The electric wire of active lifting pointis 

placed in the chainand followed by the active lifting point 

movement.So, the real-time position tracking is realized. 

To avoid damaging the manipulator, a limit switch is 

placed at the end of the guide rail.Because of the huge 

truss structure, the truss structure is omitted in this paper. 

The truss is placed on the ground and connected to the 

beam through the mounting bracket. 

 

Figure1. The general structure of gravity balance 

suspension of manipulator. 

 

Figure 2. Local detail diagram of manipulator gravity 

balance lifting structure. 

 

1-Take the initiative to lifting point, 2-The slider, 3-

Linear guide, 4-Shaped beam, 5-Synchronous belt wheel 

mounting bracket, 6-Synchronous belt, 7-Bracket, 8-drag 

chain, 9-truss mounting bracket 

The load bearing structure of the microgravity test device 

is connected by a profile beam and a linear guide way.The 

Load-bearing components is not a whole, it is easy to 

generate vibration and deformation, and affects the 

stretching accuracy. 

2.3 Structure Design and Working Principle of 

LiftingPoint 

 

Figure 3. Active lifting point structure diagram. 

 

1-encoder, 2-motor, 3-reducer, 4-installation plate, 5-

mounting bracket, 6-roller cover, 7-pulley mounting 

bracket, 8-pulley, 9-pressure sensor, 10-bearing pulley 1 

installation frame, 11-bearing pulley 1, 12-wire rope limit 

bracket, 13-rope, 14-bearing pulley 2, 15-bearing pulley 

mounts. 



 

 281 

 

Figure 4. Location tracking control process[9]. 

The active lifting point is the microgravity test system 

core structure.Figure3 shows the structure of the active 

lifting point. The limit bracket is connected to the encoder. 

The wire rope moves the limit bracket to deflect. The 

encoder turns the collection angle to the electrical signal. 

When the encoder is converted into an electrical signal 

sent to the control system, the control system calculates 

the position deviation of the manipulator by signal 

processing. The position following process is shown in 

Figure4.  

 

Figure 5.Constant tension control process[9]. 

The servo motor can adjust the tension of the wire rope. 

The pressure sensor can monitor the pulling force of the 

wire rope in real time. Servo motor and pressure sensor 

ensure the wire rope is provided to the robot arm to 

maintain the balance of the arm. The constant tension 

control process is shown in Figure5. 

E is the system control error.The response time of the 

control system is 15ms, and the maximum stretching 

speed is not more than 2.5 ° ∙ 𝑠−1 .The rope tension is 

determined by the angle of the rope and the adjustment 

error of the control system[10]. θis the deflection angle of 

the rope and the vertical direction. F isload force.Nis the 

rope tension. S is displacement of lifting point deviation. 

L is the total length of the rope during stretching. T is 

boom length. 

|𝐹 − 𝑁𝑐𝑜𝑠 | < 0.03𝐹     (1) 

|𝑁𝑠𝑖𝑛 | < 0.06𝐹               (2) 

|𝑁 − 𝐹| = 𝐸     (3) 

𝐸 ≤ 0.03𝐹            (4) 

𝑆 <  𝑠𝑖𝑛            (5) 

According to the above formula, the rope deflection can 

be obtained θ ≤ 3.4°,  S ≤61.234mm. 

S′ < 2𝑇𝑠𝑖𝑛
𝜃

2
               (6) 

S′ < 2 × 100 × 𝑠𝑖𝑛
2.5×15×10−3

2
≈ 0.65    (7) 

The formula indicates:S′is far less than S, so the position 

following precision meets the requirements. 

 

3. STRUCTURE SIMULATION AND 

RESULT ANALYSIS 

Aiming the problems mentioned of 2.2., the issue 
issolved by optimizes the structurein this section. The 
main structure of microgravity test device is the active 
lifting point and the load-bearing components. The 
load-bearing components is composed of profile 
beams, linear guides and connectors.Now, the 
deformation of the beam is analyzed by different types 
of connectors and the distance between connectors. 
And the deformation rules of the load-bearing 
componentsare discussed. 

3.1 Block connection 

 

Figure6. Beam structure of block connection 

 

Figure7. Beam maximum deformation position of 

block connection 

Figure6 is the structure of block connecting beam. The 

stress of the beamis simulated.Figure 7 is the result of the 

deformation analysis of the manipulator when the 

stretching angle is 0 deg. The deformation of the beam is 

analyzed at differentstretchingangle.These data of beam 

deformation are collectedin order to that draw out the 

distribution diagram of the deformation in the stretching 

process, as shown in Figure8. 
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Figure8.Beam deformation rules of block connection 

Through the simulation calculation, the maximum 

deformation of manipulatorseveral stretching angles is 

obtained. Based on these data, the maximum deformation 

coordinate and maximum deformation of the beam 

aredrew, such asFigure.9. From Figure 9, the maximum 

deformation of the beam is the deformation at the 

beginning.The solid line is the maximum 

deformation.The dashed line is the largest deformation 

coordinate with the initial position as its origin.It can be 

seen from the two lines that the maximum deformation 

and the maximum deformation coordinate of the beam are 

fluctuating. 

3.2 Bolt Connections  

 

Figure9. Beam structure diagram of bolt connection 

Figure 9 is a connection structurediagram with equal 

spacing between bolts at intervals of 300mm. 

 

Figure 10. Beam deformation quantity of 

Boltconnection 

Here simulation method is as same as method of 3.1. We 

get the deformation rules of the beam as show in Figure 

10, when the beamsare connected withthe bolts. The 

results show that the deformation amplitude of the beam 

is reduced.The stretching accuracy of manipulator is 

improved. Compared with Figure 8 vs Figure 10 and two 

curves, it can see that the stiffness distribution of bolted 

connection beam is more uniform and less fluctuating. So, 

the bolt connection is better than the block connection. 

3.3 Simulation Calculation and Result Analysis of 

Bolt Connection Structure Optimization 

 

Figure11. The structure optimization of the beam 

The structure is improvedthat is to add bolts at the 

endsand the bolt spacing is adjusted to 150mm.Figure 9 

is the structure optimization of the beam. The simulation 

method is as same as method of 3.1. The deformation 

rules of the optimized structure is shown in Figure 12. 



 

 283 

 

Figure12.The optimization of the beam deformation 

In Figure 12, the deformation rulesare more gently. 

Moreover, the maximum deformation of the beam is 

consistent with the movement of the lifting point, which 

is favorable for the stretching of the manipulator.So,the 

deformation law of the beam optimization more gentle 

and conducive to the stretching of the manipulator.The 

fluctuation of the structure is small with the bolt’s spacing 

closer.Therefore, this structure is used as a scheme. 

 

4. CONCLUSION 

This paper designed a microgravity test device for space 

manipulator. Manipulator microgravity test device can 

realize the stretching of manipulator in the weightlessness 

environment. The motion theory and structure 

characteristics of the manipulator microgravity test 

device are introduced. At the same time, the lifting point 

structure of the microgravity test device is introduced in 

detail.The following stretching process of active hanging 

point is analyzed. Aiming at the affection on the 

stretching accuracy of the beam deformation, the 

structural is optimized. The deformation of beams is 

analyzed according to different connection modes and 

connection distances. The results show that the 

connection type of bolt is more stable than block. The 

deformation trend of beams is more gently with the closer 

distance between connectors. The simulation results 

shown that the optimized microgravity test device has a 

higher accuracy performance of stretching. 
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ABSTRACT 

A Guide Robot based on embedded electronic System is designed 
in this paper. An embedded control system is proposed to integrate 
modules of indoor self-localization sensors, differential driving 
mechanism and multimedia interaction to build the robot. The core 
indoor self-localization function is achieved by fusing dead-

reckoning and visual measurement involving inertial measurement 
unit (IMU), a pair of hall encoders and a camera. On this basis, 
introducing audio files are embedded into the module of 
multimedia interaction, which are related with the location 
coordinates. Then the robot can leads the visitor to approach the 
visitor sites by location coordinates and plays the multimedia files 
for introducing. A prototype of the Guide Robot is developed to 
prove the rationality of the design with guiding and introducing 

service instance.   

Categories and Subject Descriptors 

D.4.7 [Operation Systems]: Organization and Design – 

Real-time systems and embedded systems.  

General Terms 

Design. 

Keywords 

Guide Robot, Embedded Control System, Indoor self-

localization, Visual measurement. 

1. INTRODUCTION 

Based on the development of embedded control system [1-

2], vision measurement[3-5] and vision SLAM[6-7], the cost 

to manufacture a service robot is much lower than before, 

making the robot more attractive to the consumers and 

entrepreneurs. A new researching wave concerning 

service robots is rising, where much more attention is paid 

to consuming demand and manufacturing cost. As a result, 

researchers are working hard in designing proper 

technical routes and building robots within cost level of 

common consumer electronics commodities, not only 
focusing on algorithms. For example, the yard grass 

mowing robot uses magnetic field stimulated by the DC 

wire loop to sense boundaries and go back to the charging 

pile[8]. And the sweeping robot in [9] applies infrared light 

signal for docking. The window cleaning robot 

recommended in [10] is by means a pair of magnet 

consisting of an inner unit and an outer unit to adhere on 

the window glasses, while performing self-localization 

and navigation with gravity meter and encoders. Both of 

them are based on low cost embedded control system.  

In this paper, a guide robot based on low cost embedded 

control system is designed, which guides indoor visitors 

and introduces the demanded destinations in indoor 

scenes such as a work center or exhibition rooms. The rest 

paper is organized as follows. In section 2, the embedded 

control system of guide robot is described. Then, the 

approach of indoor self-localization based on multi-

sensor fusion is introduced. The section 4 describes the 

process of human-robot interaction in brief. And the robot 

prototype is demonstrated with its service instance in 

section 5. The last section concludes this paper. 

2. EMBEDDED CONTROL SYSTEM  

Embedded 

Control 

Bank

Li-Battery

24V

Hall

Encoder

RS485

RS485

Right Hub

Motor

Left Motor 

Driver

Infrared  

Sensors 

24V

24V

24V

12V

Reversing 

Radar Monitor

12V RS485

Ultrasonic 

Probes

Uart

Touch

Screen

RS485

Intelligent

Camera

12V

Speaker

Audio

RS232

5V

On-Board

Blue-teeth

On-Board

IMU

UVW

UVW

Right Motor 

Driver

GPIO

Hall

Encoder

Left Hub

Motor

5

1

2

4

5

3

  

Figure 1. Framework of the Embedded Control 

System. 

Figure 1 shows the framework of the embedded control 

system designed for the indoor guide robot, which 

consists of five parts: the self-localization sensing sensors, 

the multimedia interaction module, the obstacle 
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avoidance sensors, the differential driving mechanism for 

movement, and the embedded control bank. 

Self-localization sensing sensors: these sensors 

includes an on-board inertial measurement unit (IMU) 

to measure heading course of the robot, a pair of hall 

encoders of motors whose electronic states are cloned 

for distance estimation, and a camera to capture 

landmark features and fix error of dead-reckoning for 

accurate self-localization. It is needed to point out that, 

the camera owns an independent CPU to extract the 

image feature, as helps the embedded control bank puts 

all computing power into real-time information 

integration & reliable decision making. 

 Multimedia interaction module: it consists of a Uart touchscreen, 
a speaker and an onboard Blue-teeth block. The Uart touchscreen 
is loaded with coded screen UI buttons and media files 
concerning the destination sites of guiding. Via a serial port, the 
embedded control bank reads the IDs of touched UI buttons and 

command the screen played related Medias file. And the on Blue-
teeth block enables the mobile phone of users to connect the 
embedded control bank, which would replace the Uart 
touchscreen to reduce the price of the robot for consumers. 

 Obstacle avoidance sensors: these sensors contain infrared 
(obstacle avoidance) sensors and ultrasonic probes, and they 
overcome defects of each other. For example, the infrared 
sensors can detect sound-absorbing obstacle that ultrasonic 

probes cannot sensing, and the ultrasonic probes can discover 
transparent glass which cannot trigger the infrared sensors. 

 Differential driving mechanism: it consist of two Hub motors 
with matched hall encoders and motor drivers. Benefiting from 
the hub motors, the robot could be built without complex 
transmission mechanism. It should be pointed out that the 
electronic states of the hall encoders are checked and decoded by 
the embedded control bank at the same time. And the consuming 

time between the two parts to transmit odometer distance 
increment is eliminated, which makes the self-localization 
timelier. 

 The embedded control bank is designed based on a Core MCU 
configured with CPU of STM32F429, Storage of 4G Flash, 256 
Byte EEPROM, and 32M SDRAM. The On-board IMU and 
Blue-teeth employ mechanical electronic chip of MPU9250 and 
HC06 respectively, and MCU exchange data with them via IIC 

or TTL buses. SP3232 and SP485 chips convert TTL Uart of the 
MCU into RS232/485 serial ports. TLP521 optocoupler chips are 
used to finish signal coupling between infrared sensors and GPIO 
of MCU. And the embedded control bank converts voltage for 
every parts via DC-DC chips of TPS5450 from Li-battery on 24 
Volt and 20 AH capacity.  

 

3. INDOOR SELF-LOCALIZATION  
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Figure 2. Fusion Model of Sensors for Self-

localization. 

The approach of indoor robot self-localization is based on 

multi-sensors fusion of on-board IMU, Hall encoders and 

camera. Figure 2 illustrates the fusion model of multi-

sensors. The MCU of embedded control bank decodes the 

hall encoder to get the distance increment and reader 

course angle of the robot from IMU for dead-reckoning 

(reckonnning the location coordinates of the robot 

without vision measurement). Meanwhile, if a landmark 

feature is captured by the camera, the vision measurement 

will be performed involving pixel coordinates, course 

angle of the robot and dead-reckoning results to estimate 

landmark position coordinates. And the measured result 

is used to check whether the captured landmark has been 

recorded in the database. If it has been recorded, the 

recorded location of the landmark will be used to 

calculate the drift error of dead-reckoning. Otherwise, the 

landmark database should record the new landmark with 

its estimated position coordinates. 

3.1 Dead-reckoning  

ϴ

X

Y

0

{W}

 

Figure 3. Dead-Reckoning via encoders and on-board 

IMU. 

Figure 3 is illustrated to explain process of dead-

reckoning. Each hub motor is equipped with a hall 
encoder, which outputs three electronic IO signal. These 

signal lines could form 23=8 states in theory, but only 6 
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states are outputted in practice. Once the embedded 

control bank check out that the state is switched, it means 

the hub motor moving forward or backward with a 

resolution distance Δd. And the Δd equals to the value of 

wheel circumference divided by the total states switching 

number of the encoder during a complete circle. And the 

dead-reckoning coordinates (dxt,dxy)  keeps refreshing 

with formula (1)  
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where (dxt1,dyt1) represents the last dead-reckoning 

location coordinates of the robot. Lλi and Rλi represent the 

switching states of hall encoders of left and right hub 

motors, with a value from of 1, -1, 0 that mean switching 

forward, backward or no switching. dθ is the course angle 

provided by IMU.   

3.2 sion Measurement 

When the camera captures a landmark, it sends the pixel 

coordinates (uL, vL) of its center to the embedded control 

bank. And the plane coordinates RPL (RxL,RyL) of the 

landmark in the robot coordinate system {R} is calculated 

by a mapping matrix which could be deduced based on 

the camera hole model and calibrated internal/external 

parameters[3]. But the calibration of camera is commonly 

very tedious, considering the camera distortion. Then the 

second order Taylor model is introduced to calculate RPL 

in this paper as shown in formula (2). And the second 

order Taylor model could be calculated via least squares 

method with six given pairs of pixel coordinates and the 

related plane coordinates in {R}.  
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Then the dead-reckoning coordinates (dxL, dyL) of 

landmark could be calculated with formula (3), which is 

used to query its recorded coordinates value WPL(WxL,WyL) 
based on landmark database in world coordinate system 

{W}. And the drift vector from dead-reckoning location 

value to self-localization by multi-sensor fusion value 

could be calculated. Then the coordinates (Wxt,Wyt) of the 

robot in {W} could be achieved with formula (4): 

t

t

=

W d W d

t L L

W d W d

t L L
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y x x x

       
        
      

         (4) 

 

4. HUMAN-ROBOT INTERACTION 

On the basis of indoor self-localization, the man-robot 

interaction function of the guide robot can be realized by 

means of touchscreen and the speaker. And there are two 

types of man-robot interaction function. The first type is 

during the stage of engineering deployment and happens 

between the field engineer and the robot. At the beginning, 

the screen UI buttons used to call out guiding & 

introducing missions are downloaded into the Uart 

touchscreen of the robot with the related media files such 

as pictures, audio or video files. Then the field engineer 

pushes the robot walk around the working field. When it 

closes to the destination facility or item, the field engineer 

touches the corresponding screen UI button. The Uart 

touchscreen send the ID of touched button and related 

media files to the embedded control bank. Then the 

embedded control bank combined the ID with the location 

coordinates. And the history location coordinates of the 

robot during this stage are recorded to form path map for 

navigation planning. The second type of man-robot 

interaction is between visitor and robot when the robot 

works. The visitor touches UI buttons to demand robot for 

guiding and introducing services. Then the robot finds the 

coordinates of the called introducing destination and the 

navigation paths for guilding. After arrival, the embedded 

control bank asks the Uart touchscreen to play related 

files and introduce the destination facilities or items.  

5. THE ROBOT PROTOTYPE 

CameraIMU

landmark

(a)

(b)

(c)
 

Figure 4.  The robot prototype and its embedded control bank.  
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(a) Robot prototype, (b) Embedded control bank, (c) 

Landmark captured by the camera 

According to the above design, a robot prototype and its 

embedded control bank are developed as shown in Figure 

4(a) and Figure 4(b). The Uart touchscreen and speaker 

are mounted on the top of the robot. And the last parts of 

the robot constitute an intelligent mobile platform at the 

bottom, driven by a pair of brush-less DC Hub Motors. 

The mechanical structure of the platform is optimized into 

a downward opening cavity, where the embedded control 

bank is amounted in the internal center with its camera 

facing to the floor. Benefiting from the cavity structure, 

external natural or indoor lights are shielded, and the 

camera could capture and extract pixel features of the 

landmarks much faster and stably with an inner LED. 

Figure 4(c) shows image captured by the camera, where 

the landmark is marked with a white rectangle and the 

other round light spot in picture center is the reflection of 

the lighted LED on floor. On these hardware bases, the 

robot realizes self-localization function with approach 

proposed in the section 3. And the screen UI buttons are 

designed into a screen interface as shown in Figure 5, 

every button of which is related to an indoor position 

coordinates, an introducing picture and an audio file. 

Figure 6 shows a perform service instance of the robot to 

prove rationality of the design in this paper. When the 

visitor touched UI button “Service Robot Lab” in the 

center of the screen, the robot found the navigation line 

according to the taught history locations. Then the robot 

guided the visitor to the destination and showed the 

introducing picture in Figure 6 and played the related 

introducing audio file via the Uart touchscreen with its 

speaker. 

 

Figure 5. Screen interface of the prototype. 

 

Figure 6． An introducing picture of the robot. 

 

6.  CONCLUSION     

This paper designs an indoor guiding robot based on 

embedded control system to guide visitor and introduce 

facilities or items in indoor scenes such as a work center 

or exhibition rooms. Firstly, this paper designs an 

embedded electronic system framework to build low cost 

guide robots, involving self-localization sensors, 

multimedia interaction module, obstacle avoidance sensor, 

and differential driving mechanism for motion and 

embedded control bank.  Secondly, a multi-sensor 

fusing approach to integrate the data of hall encoder, IMU 

and camera is given and completes the core function of 

indoor self-localization. At last, an indoor guiding & 

introducing service instance is performed with the 

developed robot prototype. 

 

7. ACKNOWLEDGMENTS 

This work was supported in part by the National Natural 

Science Foundation of China under Grants 61633020, and 

by the Open Foundation of the State Key Laboratory of 

Management and Control for Complex Systems, CASIA 

under Grant 20170111, and by the Shanghai national 

independent innovation demonstration Foundation under 

Grants 201705-XH-CHJ-C1088-035. Hua Lu is the 

corresponding author. 

 

8. REFERENCES 

[15] Kobyzev N P, Golubev S A, Artamonov Y G. Embedded 
control system for tracked robot, Proceedings of International 
Conference on Control in Technical Systems, 2017: 176-179. 

[16]  Xu A, Tan B C, Lian C Y, et al. Embedded control system 
design for intelligent wheeled mobile robot[J]. International 
Electronic Elements, 11:1674-6236,2008. 

[17]  Xu D, Tan M, Li Y. Visual Measurement and Control for 

Robots[M]. National Defense Industry Press, 2011. 

[18] Ye D, Yu X Y, Chen G, et al, Real-time preprocessing for 
vision measurement system on high-speed cooperative target, 



 

 288 

Proceedings of IEEE International Conference on 
Mechatronics and Control, 2014: 817-822. 

[19] Jia Z, Wang B, Liu W, et al. An improved image acquiring 
method for machine vision measurement of hot formed 
parts[J], Journal of Materials Processing Technology, 2010, 

210(2): 267-271. 

[20] Cheng Y, Bai J Q, Xiu C B. Improved RGB-D vision SLAM 
algorithm for mobile robot, Proceedings of Chinese Control 
and Decision Conference, 2017: 5419-5423. 

[21] Al-Mutib K N, Mattar E A, Alsulaiman M M, Ramdane H. 
Stereo vision SLAM based indoor autonomous mobile robot 
navigation, Proceedings of IEEE International Conference on 
Robotics and Biomimetics, 2014: 1584-1589. 

[22] http://www.zzrobot.com/cgal/qzdgcjqr/ 

[23] Shen Q, Shen L. Going Back And Charging System For 
Sweeping Robot And Method For Controlling The Same: 
EP3170436[P]. 2017. 

[24] Choi Y H, Jung K M. Windoro: The world's first 

commercialized window cleaning robot for domestic use.  
Proceedings of IEEE International Conference on Ubiquitous 
Robots and Ambient Intelligence, 2012: 131-136. 

 

  

http://www.zzrobot.com/cgal/qzdgcjqr/


 

 289 

Dynamic Modeling and Simulation for Space Long Span Flexible Robot 

Capturing Failure Satellite 

Zou Huaiwu 

Aerospace System Engineering 
Shanghai  

 Open Project of Shanghai Key 
Laboratory of Spacecraft Mechanism 

No.3888 Yuanjiang road Minhang 
district, Shanghai 
+86 13817025698 

shanshuijun@163.com

Zhang Lingxuan 

Aerospace System Engineering 
Shanghai  

 Open Project of Shanghai Key 
Laboratory of Spacecraft Mechanism 

No.3888 Yuanjiang road Minhang 
district, Shanghai 
+86 13761266495 

amyindut@hotmail.com 

Li Ning 

Aerospace System Engineering 
Shanghai  

 Open Project of Shanghai Key 
Laboratory of Spacecraft Mechanism 

No.3888 Yuanjiang road Minhang 
district, Shanghai 
+86 18721676563 

Lining_20080513@126.com 

ABSTRACT 

Space long span flexible robot is used to perform maintenance on the 
ineffective satellites. This robot employs three-dimensional pointing 
mechanism at the root for spatial positioning, stretching mechanism 
for rolling / stretching straining rod, and claw-type capturing 

mechanism at the rear end to capture targeted satellites. It has more 
than 10m stretching distance. The flexible feature of the robot is 
significant and its topological structure is adaptive during the 
stretching process. The flexible multi-body dynamic modeling 
theory features high calculating accuracy, represented by floating 
coordinate system and absolute nodal coordinate method. However, 
when it is applied to the controlling variable topology flexible multi-
body mechanism, the computation efficiency is not high. In this 

paper, Adams discrete beam element is used to simulate the variable 
topology flexible robot. Based on Simulink, the motion control 
model is established, and the whole process simulation and 
performance analysis of the flexible robot’s stretching, capturing and 
retrieving targeted satellites are realized. 

Keywords 

Flexible capture mechanism, Dynamic modeling, Simulation 

1. INTRODUCTION 

Spacecraft manufacturing costs are very high, failure or damage 

would disable the aircraft for further usage, resulting in huge 
economic losses. Long-range stretch Flexible Robot is one of the 
possible ways to capture a failed space aircraft closer for 
maintenance. Space remote capture should feature not only the 
capability to capture targeted objects within a wide range of space 
movement but also the accurate positioning function on the 
stretching end. Limited by the size and weight, the long-distance 
extension robot must feature an excel flexibility when stretching a 

long distance. The flexible dynamic process of stretching, capturing 
and retrieving is complicated. The end positioning is realized by the 
space motion servo control. Space remote capturing has drawn 
extensive attention globally, and has triggered a lot of research on the 
dynamic modeling and simulation analysis of space capturing. 

Space remote capturing targeted satellite has caused widespread 
concern and attention. A lot of research has been carried out on the 
dynamic modeling and simulation analysis of space arrest(arresting). 

Reference [2] has posed a new recursive technique for construction 
of dynamic equations for flexile multibody manipulator based on the 
Jourdain principle. Reference [3] has established the parameterized 
variable topology multi-rigid body dynamics system model including 
a satellite body, stretching arms and hoop struss by using the natural 
coordinate formulation and the constraint switching technique . 
Reference [4] has established a deployment dynamic model for 
flexible tethered-assisted deorbit system based on the microelement 

method. For the complicated nonlinear and strongly coupled 
dynamic equations, the dynamic model is discredited to obtain 
numerical solution by Galerkin method. Reference [5] has 
established an integrated simulation of dynamics and controlling 
models on aerocraft and 7-Dof rigid-flexible coupling robot by 
Simulink and ADAMS .The 7-Dof rigid-flexible robot topology is 
fixed.  In Reference [6],  the  flexible sugarcane model is 
established by using 3 methods, "Discrete Flexible Link", "Flex" and 

"AutoFlex" in ADAMS. The simulation results on theoretical are 
compared with the actual experimental results.  

In this paper, a large-span flexible arm for space-failed satellite 
maintenance is introduced. The arresting process is a coupling of 
large-span flexible dynamics and spatial motion servo control. 
Flexible multi-body dynamics modeling methods (such as floating 
coordinate method, absolute node coordinate method) are providing 
high precision, but the calculation efficiency is low, which is not 

suitable for union simulation with control system. Based on ADAMS, 
the mechanism dynamic model is established. The variable 
topological flexible strain rod is simulated by discrete beam elements, 
the motion control model is established. The simulation and analysis 
on flexible robot extension, satellite capturing and retrieving process 
are carried out. 

2. The Principle of Space Span Flexible 

Robot 

Flexible robot mechanism principle is shown in figure 1. 
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Figure 1. The principle of flexible robot 

The flexible robot consists of a three-dimensional pointing 
mechanism, a strain bar extension mechanism and a claw-type 
catching mechanism. Three-dimensional pointing mechanism is used 
to achieve spatial positioning, including pitch joint, yaw joint and roll 
joint. The stretching mechanism is composed of a roller mechanism 
and a strain rod to achieve long span extension and retraction. The 
claw-type catching mechanism is mounted at the end of the strain rod 
and is holding of two claws to achieve the arrest of the satellite truss 

structure. The flexible robot has a four-degrees motion function, the 
end arresting mechanism has a large catching range to adapt to the 
deviation of the other two degrees of freedom. The pod-type thin-
walled rod can retract in a circle, and can reach more than 10m when 
it stretches out. It features light weight. The topology adaptiveness in 
the process of stretching, and the flexible feature are significant when 
it stretches a certain length. 

2.1 The Main Performance Parameters of the Strain 

Rod 

Large span extension mechanism uses pod-type rod to achieve its 
targeted functions. Thin-walled section shape and pavement design 
are shown in Figure 2, pavement is [+45/-45/0/-45/+45]. Single layer 
thickness is 0.06mm.The two sides plate shape and pavement is 

[+45/-45/0/-45/+45/+45/-45/0/-45/+45] 。 

  

Figure2. Strip size and shape of the rod 

Table 19. Performance Parameters of the strain Rod 

Material properties 

 

parameter 

density(g/cm3) 1.6 

0°Tensile modulus  (GPa) 138.3 

90°Tensile modulus  (GPa) 5.8 

Poisson's ratio 0.3 

Shear modulus  (GPa) 2.5 

2.2 Adams Model of Flex Robot 

The strain rod is simulated by the discrete beam in ADAMS as figure 
3. Contact is defined between the Beam elements and the diameter-

matching cylinder which simulate the curl of the strain rod. The 

portion of the stretching-out beam of the cylinder is not limited by 
the contact. The flexible features are simulated by beam force. 

 

Figure3. Adams Model of strain rod 

The beam force between two elements. 
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 “E” is Elastic Modulus, ”L” is the length of the beam unit, “I “is the 
moment of inertia, “G” is the shear modulus. Damping matrix 
defined by the material frequency characteristics would assume the 
default value. 

Table 2. Parameters of the beam element 

variable name 

 

 

Parameter 

DV_Ixx 1.317 E+005 

DV_Iyy 7.6701 E+005 

DV_Izz 1.6567 E+005 

DV_YSR 2.2 

DV_ZSR 1.3 

DV_Yme 5.6E+004 

DV_Sme 5500.0 

Length（L） 200（mm） 

DV_area（A） 197.3（mm2） 

 

2.3 Simulation Performance of Strain Rod 

Take the 10m long strain bar as an example. One end fixed and 
force/torque at the other end is applied to analyze its vibration 
response. The contrast between the beam model of ADAMS and the 
finite element modal analysis are performed as below. 
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Figure4. Comparison of vibration response results 

Table3. Comparison of response results 

Beam model Analysis of FEM 

Ax=0.062° Ax=0.065° 

fx=43.7Hz fx=43.4Hz 

Ay=737.3mm Ay=753mm 

fy=0.86Hz fy=0.84Hz 

Ay=3074mm Ay=3104mm 

fz=0.42Hz fz=0.4Hz 

 “Ax”is amplitude about X axis，“fx”is first order frequency on 

x axis. 

It can be seen from the above results that the flexibility of the strain 
bar is consistent with that of the finite element analysis. 

 

3. The control system model of flexible 

arresting robot 

DH coordinates and parameters are shown in Table 4. 

Table 4. DH Parameters 

i αi-1 ai-1

（mm） 
θi di

（mm） 1 0° 0 0° 0 

2 -90° 126  -90° 0 

3 -90° 0 0° 0 
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Inverse solution calculation process. 

The trajectory planning is carried out by 5 polynomials. 
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4. Simulation results analysis 

Flexible robot extension, capturing and retrieving simulation process 
is shown in firure8. The flexible robot extends from the crimp state, 
and the extension process is carried out by a 5 polynomial path 
planning. After the movement to the specified position, the end-
catching mechanism performs the target catch / lock, Then the 
flexible robot pulls the target satellite back. 

1.准备 2.伸出

3.抓捕

4.拉回

 

Figure5. Simulation results of the Capture and pullback process 

1）movement trajectory of flexible robot  

 

Figure6. movement trajectory of flexible robot 

In first100s it stretches to 10m away to the capture position. Between 
100s-115s , the flexible robot remain fixed, the end of the arresting 
mechanism to achieve the target , arrest and lock it. Between 115s-
215s, the flexible robot pull back target satellite from the 10m 
distance position. 

2）Arresting movement  

It drives mechanism from 0 ° to 55 °, the two claws are driven closer 
to achieve the capture between100s ~ 101.2s, between 101.2s ~ 

Initial state 

 
Stretching process 

Capturing process 

Pulling back process 
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110.2s, the driving mechanism from 55 ° to 77.3 ° to achieve the 
locking of the satellite trusses, the catching mechanism pressing the 
reed to press the target contact together. 

 

Figure7.  Arresting movement 

抱爪

卫星桁架

压紧簧片

 

Figure8. Locked state of the capture mechanism 

3）Contact force for capture 

 

Figure12. Contact force for arrest 

During the arrest process, the claws, the satellite trusses and the claw 
mechanism press spring interacts with each other, andform an 
internal force. The maximum impact force is up to 2092N, after 
locked, the clamping force is 1765N.  

4）vibration displacement of the rear 

X向位移

Y向位移

 

Figure9. x/y vibration displacement of the rear 

X-axis amplitude peak is 43mm, y-direction peak is 18mm, in the 
pullback process, the vibration gradually decay. 

 

Figure10. Force between the beam elements 

5）Force between the beam elements 

When the arresting mechanism catches the target, the peak force 
between the strain beam elements is 83N. It decays to 5N during in 
the pullback process, and the peak torque reaches to 28Nm. 

 

5. Conclusions 

This paper establishes a dynamic model of space large span 

flexible capturing robot, and realizes the joint simulation of 

dynamic and control based on ADAMS and Simulink. The 

flexible dynamic characteristics of large span flexible 

arrest robot are simulated by Beam elements. The kinetic 

vibration characteristics are consistent with the finite 

element modal analysis results, and the model features high 

level of reliability. A simulation method of dynamic control 

of space large span flexible arrest robot is explored. 

The maximum lateral vibration amplitude is 46.6mm, the 

peak force of the strain rod is 83N, the peak torque reaches 

28Nm, and the vibration amplitude of the large-span 

flexible arrest robot is affected by the target quality 

characteristic during the process of arresting and pulling 

back. The amplitude of vibration satisfies the design 

specifications. Space long span flexible arrest robot has 

functions of long-range stretching, arresting,  and 

retrieving targeted satellite, with space application 

prospects. It is  possible to used for arresting  space  

failure satellite. 
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ABSTRACT 

Applications of human centered robots are significantly 

increased in our ordinary life recently. Toward these 

robots systems, the multi-sensor information fusion 

technology is widely discussed. This technology 

integrates the information measured by multiple sensors. 

The final decision is generally based on the fused 

information results. The outputs of the sensors include 

both human sensors and non-human sensors in the human 

centered robots. Human sensors information is hard to 

measure, since the human can be considered a “soft 

sensor”. In other words, the information system is 

incomplete usually. However, human sensors information 

is quite important and effective for the final decision. 

Using Grey theory to fill the incomplete parameters is 

way for incomplete information problem. A method based 

on the grey theory to complete the non-detected 

information for human centered robot is discussed in this 

paper. A simple example is presented to illustrate the 

proposed method.  

Keywords 

Human centered robots; grey theory; similarity index; 

multi-sensor information fusion 

1. INTRODUCTION 

Recently, applications of human centered robots are 

significantly increased in our ordinary life. These robots 

work in non-industrial environments such as private 

homes, hospitals and service areas. They are often called 

“human centered” or “human-friendly” systems, because 

the robot involves the close interaction between robotic 

manipulation systems and human beings. This close 

interaction can include a contact-free sharing of a 

common workspace, or a direct mechanical human-

machine contact 000. In comparison to the traditional 

metrics of performance, human centered robots should 

also have natural communication channels including not 

only language but also facial gestures and expressions. 

Human centered intelligent robots aim to understand the 

increasing couplings among humans and robots. 

Although much progress has already been made to solve 

these challenges and issues for human centered robots, 

much work remains 00. 

Multi-sensor information fusion is a technology to enable 

combining information from several sources in order to 

form a unified picture. The data fusion systems are now 

widely used in robotics area 00. The final decision is 

usually based on the fused information results. The 

outputs of the sensors include both human sensors and 

non-human sensors in the human centered robots. The 

human sensors information is hard to measure, since the 

human can be considered a “soft sensor” 0. 

Grey system theory 00, proposed by Deng, simulates the 

cognition process of human beings using the uncertain 

information. The Grey Incidence Analysis can measure 

the similarity between two data sequences to determine 

whether their relation is closer or not by investigating 

their ‘shapes’ but not ‘distance’. The similarity model is 

based on the Grey Incidence Analysis which was defined 

by Deng and developed by Liu et al. 0. This model is 

applied in the Multi-Attributes Decision Making 

problems 00.  

Toward a human centered robot system, unsurprisingly, 

the information of all sensors may be incomplete. 

However, the human sensors information is very 

important and effective to the final decision. Toward the 

uncertainty, some adaptive algorithms are described 0. 

Using Grey theory to estimate the parameters is another 

way to overcome this type of problem 00. However, there 

are few work to discuss this problem by using the Grey 

Incidence Analysis. In this paper, to overcome the 

decision making problem under incomplete multi-sensor 

information fusion, a method based on the Gray theory is 

discussed in this paper.  

mailto:wangweijun@sh-motor.com.cn
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The outline of the paper is organized as follows: Section 

2 discusses the potential incomplete information 

problems in multi-sensor data fusion for human centered 

robots. The theoretical background on Grey Incidence 

Analysis and the proposed method are introduced in Sec. 

3. An illustrative example is given in Sec. 4 to highlight 

the contributions of this paper. Conclusions and future 

work are presented in Sec. 5. 

2. MULTI-SENSOR FOR HUMAN 

CENTERED ROBOTS 

The human centered robots are used to help human beings 

both by improving the safety, and then also by improving 

the productivity and the quality of life. The user gives an 

action command to the robot and the user wants to teach 

the robot which requires that the robot observes the user’s 

actions. A new view of multi-sensor data fusion that seeks 

to address these new trends and explicitly consider the 

active role of a human user is presented in 0. The inputs 

to the data fusion process as comprising three pillars: 

traditional sensing resources, dynamic communities of 

human observers and resources via the Internet. The new 

approach explicitly considers the role of human observers 

as a major source of input that augments traditional sensor 

systems. Toward the human centered robots, the 

traditional sensing resources and resources via the 

Internet can be considered as non-human sensors, while 

the dynamic communities of human observers can be 

considered as human sensors. The information fusion 

system integrates these three types of information, as 

show in Figure 1. 

 

Figure 1. Human and non-human sensors 0 

Toward a human centered robot system, unsurprisingly, 

the information of all sensors may be incomplete. 

However, human sensors information is very important 

and effective to the final decision. In many applications 

of human centered robots, to study detection and 

realization of the user’s movement intention instead of a 

predefined motion is essential. As the robot working in a 

complex situation, it has become apparent that the robot 

usually does not have complete information about all 

aspects of the environment and the human’s intention. In 

other words, some sensors are unable to measure the right 

information，including incomplete information about the 

initial conditions, the effects of actions, the discerning 

power of perceptual systems, etc.  

3. PROPOSED METHOD  

3.1 Grey system theory 

Grey System theory was initiated in 198200. As far as 

information is concerned, the systems which lack 

information are regarded as Grey Systems. For example, 

the human body, agriculture, economy, etc., are Grey 

Systems. The goal of Grey System and its applications is 

to bridge the gap existing between social science and 

natural science. As the case stands, the development of 

the Grey System as well as theoretical topic is coupled 

with clear applications of the theory in assorted fields.  

3.2 Grey Incidence Analysis 

In decision making or pattern recognition, as many other 

‘distance-based’ models, the ‘deviation model’ also 

encounters a dilemma that when several alternatives have 

the same measured distance or deviation to the aspired 

goal, the alternatives cannot be differentiated, as shown 

in Figure 2. Curve 1 and Curve 2 have the same deviation 

extent to the aspired goal, Curve 0. To differentiate the 

two alternatives, a similarity analysis is proposed. 

The similarity model is based on the Grey Incidence 

Analysis which was defined by Deng and developed by 

Liu et al.0. Grey Incidence Analysis can measure the 

similarity between two data sequences to determine 

whether their relation is closer or not by investigating 

their ‘shapes’ but not ‘distance’. More details can be 

found in 00. Hence, this model could be used to proceed 

multi-sensor information for further decision making 

support. 

 

 

Figure 2 Alternatives with the same ‘distance’ to the 

goal 0 
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3.3 Proposed method  

Toward the multi-sensor information fusion problem of 

human centered robots, it is assumed that there are n+k 

sensors in the system, including the human and non-

human sensors. The traditional sensing resources are non-

human sensors, and the data of them could be detected all 

the time. However, the data of human sensors could not 

be detected continually. To make a data fusion, all the data 

should be measured. Moreover, the mathematical 

relationship amongst all the sensors is hard to be 

expressed explicitly. In other words, it is a black-box 

problem. To make an effective data fusion for this type of 

problem, a new method is discussed here. The main steps 

of this proposed method are: 

Step 1: Modeling the multi-sensor information fusion 

problem. In this step, a description of the measured 

phenomenon is obtained after the outputs of the n sensors 

are processed. All the outputs of the sensors should be 

mathematically represented if possible, as well as the 

expression of the data fusion should be described. With 

an n sensors system, , 1, 2,...iS i n  present the 

conventional sensors outputs,
, , 1, 2,...h iS i k  present the 

human sensors, 
,( , )i h iGoal f S S  present the data fusion 

results. 

Step 2: Training the model. Due to the mathematically 

relationship amongst all the sensors and the Goal is hard 

to form. In this step, the training is necessary. Obviously, 

the number of training times is larger, the final estimated 

goal is better. All the complete information, both 

, 1, 2,...iS i n  and 
, , 1, 2,...h iS i k  are supplied, all of which 

could be considered as training data. The number of the 

trained group is N. 

Step 3: Identify the measure sensors. Toward an 

incomplete information problem, in other words, only

, 1, 2,...iS i n  is supplied, parts of 
, , 1, 2,...h iS i k  is detected 

or no 
, , 1, 2,...h iS i k  is detected. 

Step 4: Complete the non-detected information. In this 

step, toward an incomplete outputs, compare its similarity 

with the training data N one by one. All the similarity 

indices: 
, , 1,2,...e iSI i N , are  obtained. The similarity 

index is calculated based on the Grey Incidence Analysis 

Method (GIAM) in 00. The maximum of them is selected 

to be considered as the most similar one, and the 

incomplete information could be estimated from this most 

similar one. 

Step 5: Expression of the data fusion. If the similarity 

index is 1, the result is perfect and the final goal is quite 

reliable. However, the result is never one hundred percent 

correct. If the similarity index is less than 1, the smaller, 

the more unreliable. 

The above five steps are the main estimation procedure 

for the proposed method. The next section will present an 

example to illustrate this method. 

4. ILLUSTRATIVE EXAMPLE 

4.1 Problems description 

An emotionally intelligent, social, service robot for care 

of the elderly is developed in 0. There are many sensors 

in this system, including the RGB-D camera, microphone, 

tactile sensor, wearable body devices that measure blood 

pressure, heart pulse, motion acceleration and so on. 

Toward this system, the sensors of the care robot are used 

together to create a final decision for the monitoring 

system. 

 

Figure 3.  Sensors in a human centered care-robot system 0  

A multi-sensor for human centered robots problem is 

assumed that there are 8 sensors, including the human and 

non-human sensors. The sensors present the dynamic 

situation for the HCR robots. There are many possibilities 

for the situations. To simulate them, an 8-city TSP 

problem is referred. There are 8 cities, corresponding, 

there are 40320 possibilities. There are 6 objectives 

toward to each one solution, including the total travel 

distance\total cost\pollution emission\risk grade\fatigue 

grad and so on. These objectives represent the 6 sensors, 

for example: 4 non-human sensors: RGB-D camera, 

microphone, tactile sensor, motion acceleration; 2 human 

sensors: blood pressure, heart pulse. 

More detail on TSP problems can be found in 0. Here, it 

is assumed that m m m

i i iP X Y（ ， ） denotes the city position 

in the m-th plane, 
,

2 2

i j

m m m m m

i j i jc X X Y Y （ - ) +（ - ） is the 

Euclidean distance between the ith and j th cities in the m th 

plane. 
,( ,  )   

i j

m m

i j AS c   is the total objective values for 

one solution, A is the set of  the possible order of the 

cities in the corresponding solution.  The goal of the data 

fusion is set as the average value of the six objective 

values
mS : 

, 1,2, 6( , )= m

i h i mGoal f S S S   ， . 
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4.2 Results Analysis 

Assumed city positions in the planes are presented in 

Table 1. Based on this table, 10000 possibilities 

(N=10000) are generated randomly in MATALB, to 

denote the trained data. In comparison with the 40320 

possibilities, 10000 possibilities are 24.8%.  

Another 100 possible solutions are generated randomly in 

Matlab. These solutions are considered as Tested sensors 

data, as shown in Figure 4. The values of the sensor 1, 2, 

3, 4 present the detected results of the 4 non-human 

sensors. The values of the sensor 5, 6 present the detected 

results of the 2 human sensors. The values of the sensor 7 

present the fusion results of all the sensors. They are the 

average values of the sensors 1 to 6.   

Table 20. Table captions should be placed above the table 

C

it

y 

M1 M2 M3 M4 M5 M6 

X Y X Y X Y X Y X Y X Y 

1 10 1 6 3 11 8 6 6 2 8 1 2 

2 6 2 9 9 8 2 8 6 11 7 9 6 

3 5 9 2 2 3 5 9 9 2 5 6 5 

4 8 7 4 5 1 11 3 2 5 3 6 4 

5 11 10 2 8 4 5 6 10 5 11 4 8 

6 8 6 8 8 3 2 11 3 1 7 10 8 

7 3 5 6 11 3 10 7 5 3 5 6 2 

8 7 3 5 7 4 4 7 4 9 11 8 4 

 

Figure 4. Tested sensors data: 100 possible solutions 

 

Figure 5.  Maximum of SI Tested sensors data 

 

Figure 6.  The different estimated solutions of the 37th tested 

Solution  

Toward each solution, it is assumed that only several 

sensors are detected, and the others should be estimated 

by the proposed method. All the SIs are obtained, and the 

maximum of them is selected as the most similar situation, 

and the incomplete information could be estimated from 

the most similar one. Then the estimated solution could 

be obtained. If all the values of the sensors 1 to 7 of the 

estimated solution are same as the original tested solution, 

this estimated one could be considered as a successful 

estimation by the proposed method. 

When the number of detected sensors is 3 or 4 or 5 

respectively, all the numbers of successful estimated 

results are 37. In other words, the correction of the tested 

results is 37%. If the number of the trained group 

N=20000, in comparison with the 40320 possibilities, 

20000 possibilities is 49.6%. For a better understanding, 

another tested experiment is done, toward the same 100 

possible solutions, the correction of the tested results is 

57% while N= 20000. For sure, the large the number of 

the trained group, the more successful of the estimation. 

Note that, besides the 37 successful estimated results 

(N=10000), their SIs are less than 1. Figure 5 shows that 

toward the same solution, the more numbers of sensors, 

the smaller of the calculated SI.    

One of the tested solutions, the 37th Solution, is selected 

to be analyzed. Corresponding to the number of detected 
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sensors is 3 or 4 or 5, the corresponding SI equals to 0.96, 

0.92, 0.89 respectively. The matched data is different, as 

shown in Figure 6. The results show that, if the SI is less 

than 1, the estimated solution just can find a solution 

closer to the tested data. The results is not very reliable. 

Moreover, even the SI equals to one, the result still may 

be incorrect. Due to that, it is possible that toward 2 

solutions, their former sensors outputs are same, while the 

later sensors outputs are not.  

5. CONCLUSION  

Toward the multi-sensor information fusion of human 

centered robots, much work remains. Grey theory, thanks 

to its unique way of processing signals, can effectively 

solve the incomplete information problem in the human 

centered robots. This paper proposes a new method based 

on grey theory to deal with incomplete information 

problem of the multi-sensor information fusion of human 

centered robots. This model can complete the insufficient 

outputs of the sensor by the similarity index. If the 

similarity index equals to one, the result is quiet reliable. 

If the similarity index is less than 1, the smaller, the less 

reliable. A simulation example is discussed. The results 

show that this method can provide a new and effective 

way for this type problem in this field in some cases.  
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ABSTRACT 

For service robots in mundane environments, grasping unknown 
objects from clutter is an essential, yet complex, capability. In this 
work, we build on the recently popular Grasp Pose Detector system 
for generating grasp locations and propose multiple algorithmic 
improvements to achieve better performance with more complex 
gripper geometry. We validate the method in grasping experiments 
where objects are presented in isolation as well as in dense clutter, 
and demonstrate a 20% improvement in success rate of attempted 

grasps over the unmodified Grasp Pose Detector, achieving a rate 
of 91.1% in our setup. Additionally, our system can generate 
feasible grasp candidates that do not collide with the support 
surface in cases where the original method failed to grasp. 

Categories and Subject Descriptors 

D.3.3 [Programming Languages]: Language Constructs 

and Features – abstract data types, polymorphism, control 
structures. This is just an example, please use the correct 

category and subject descriptors for your submission. The 

ACM Computing Classification Scheme: 

http://www.acm.org/class/1998/ 

General Terms 

Your general terms must be any of the following 16 

designated terms: Algorithms, Management, 

Measurement, Documentation, Performance, Design, 

Economics, Reliability, Experimentation, Security, 

Human Factors, Standardization, Languages, Theory, 

Legal Aspects, Verification. 

Keywords 

grasp pose detection; point clouds. 

1. INTRODUCTION 

The past decades have seen a lot of research that enables robots to 
grasp objects under controlled laboratory conditions as well as in 
mundane environments. In practice it remains difficult to generate 

stable grasp poses for unknown objects in cluttered environments. 

One common approach to implement this relies on a perception 
module to extract useful grasp poses from vision data. The resulting 
grasps are then used with traditional motion planning algorithms to 
pick up the object. Given a specific gripper geometry and models 

of graspable objects, one can define and approximate the grasp 
wrench space to judge whether or not a given candidate grasp will 
be stable [3]. Popular methods in recent years use neural networks 
to judge the quality of given grasps [5, 9]. However, in order to 
make use of such estimators for grasp stability, a major bottleneck 
is the generation of reasonable candidate grasps. Moreover the 
representation of the grasps for the estimator plays an important 
role. To get stable results with a tractable number of sampling 

attempts, most published approaches therefore restrict the set of 
possible grasp poses to a useful subset, for example top grasps [7, 
8] or 2D variations around a low number of grasp points [10]. 

This paper describes several algorithmic contributions to enhance 
the generation and selection of efficient unrestricted grasps from 
point cloud data. Whereas a lot of previous work restricts grasps to 
lower-dimensional manifolds by reducing the degrees of freedom 
of the grasp description, we retain the full 6D pose description, but 

instead sample more grasp points in regions of the point cloud that 
are easier to reach by the manipulator. To get a collision-free grasp, 
we use a suitable selection of approach position. To explore more 
grasp poses in close vicinity we utilize a threedimensional grid 
search and restrict suitable approach directions to avoid collisions 
with the support surface. Furthermore, in the final selection of the 
executed grasp we favor grasps that remain stable under small 
pertubations by considering the local neighborhood of a candidate 

in its quality value. 

We evaluated these proposed methods in a series of experiments in 
the setup depicted in Figure 1. The results demonstrate that our 
improved algorithm provides significantly more successful 
candidate grasps and improves overall grasp performance. 

2. RELATED WORK 

In the past, analytical methods have been applied to analyze the 
geometry of the environment in sensor data and generate force 
closure grasps for giving friction coefficients [2, 6]. More research 
focuses on using data-driven methods to generate fast and robust 
grasps for unknown objects 

http://www.acm.org/class/1998/
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 (a) (b) 

Figure 1: Experimental setup for grasping unknown 

objects. (a) Grasp in dense cluster. (b) Objects used in 

our experiment. 

[1]. Saxena et al. were among the first to use a neural network to 
generate grasp candidates directly from vision where the network 
was trained on a synthetic corpus. Klingbeil et al. identify good 
grasps in point cloud data by looking for regions which resemble 
the interior of their gripper for given orientation and gripper spread. 
Recently, ten Pas et al. [10] proposed the grasp pose generation 
method (GPG) which samples a number of candidate grasps in a 
3D point cloud and a grasp pose detection (GPD) method that 

assigns quality scores to each generated candidate through a 
convolutional neural network. Their proposed generator yields 
many useful, but also many infeasible candidate grasps. After 
including a number of technical refinements in their final grasp 
selection strategy, they achieve a grasp success rate of up to 93% 
in their setup. Note that this high grasp success rate is based on a 
multi-view point cloud from a mobile camera that is generated 
through computationally expensive SLAM methods. 

 

3. GRASP DETECTION 

The grasp detection approach [4, 10] proceeds by first sampling 
points in the input cloud and generating candidate grasps around 
them. The generated candidates are encoded and their quality is 

estimated by a previously trained CNN. Eventually, a heuristic 
method chooses a grasp from the topscoring candidate set that is 
executed on the robot. The following subsections describe our 
optimizations to GPG/GPD in detail. 

3.1 Data Preprocessing 

Single acquired point cloud view from RGB-D cameras generally 

include a non-negligible level of noise and data outside our defined 
region of interest. Here we denoise the input clouds by voxelizing, 
remove outliers and clip the cloud around a defined region of 
interest. Notably, this last step removes the support surface of 
graspable objects from the input. We don’t segment objects from 
these point clouds because we generate grasp candidates using 
geometry information rather than the pose and the shape of an 
object. 

3.2 Candidate generation 

In this subsection, we describe four modifications for the 
generation process that facilitate the generation of more high-
quality candidates. 

3.2.1 Attentional sampling process 

As already noted in [10], in cluttered scenes top grasps 

show a higher success rate than side grasps. Also, grasps 

are not allowed to collide with the support surface. 

Whereas previous work exploited this information only 

during candidate selection, we modify the sampling 

process already. We divide the workspace p into three 

parts, pt, pm and pb, where pb denotes the point cloud from 

the bottom up to the gripper height of p, pt denotes a 

similar margin of the point cloud from the top of p, and 

pm denotes the remaining part of p excluding pb and pt. If 

the height of p exceeds three times the gripper height, we 

uniformly sample 60% of all candidate points randomly 

from pt and the rest from pm. Otherwise, we uniformly 

sample all points from pt ∪ pm. Figure 2 illustrates the 

different parts of a point cloud and an example grasp pose 

F with the hand superimposed at the origin. As 

demonstrated in Figure 3, this process samples more 

candidates in the top region of the point cloud. 

 

Figure 2: Grasp coordinate frame F(i) in sample point 

i with hand superimposed at the origin. Different areas 

pt, pm and pb as defined in this work are indicated. 

3.2.2 Three-dimensional grid search 

For each point i that is sampled from the input cloud we 

compute a local reference frame F(i). To improve the 

variance of generated grasps for this point, GPG performs 

a two-dimensional grid search along the y axis and around 

z. To cover even more local variations, we extend this grid 

search to three dimensions and also include rotations 

around the y axis. Figure 3 illustrates positive grasp 

candidates generated for 5 sample points by the two 

methods. As can be seen, the extended grid search in 3(a) 

yields a higher number of grasp candidates which are 

better distributed over the graspable object surface. Even 

so, it also generates a number of infeasible grasps that 

have to be taken into account later on. Some of these will 

be corrected in the next step and some remain to support 

the neighbor-based selection described below. 

3.2.3 Projection of invalid candidates 

One remaining issue with the generated candidates is that 

while they respect possible collisions of the fingers and 

the environment, they do not always allow for feasible 
gripper approaches. In particular, the system generates 

grasps that approach objects from below, enclosing an 
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angle of less than 90◦ between the approach direction and 

the normal of the support surface. In these cases we 

simply project the infeasible candidates to align their 

approach direction to the support surface. This is 

illustrated in Figure 4. 

3.2.4 Conservative approach depth 

 

 (a) (b) 

Figure 3: Candidate grasps generated by different 

methods. (a) Grasps sampled by attentional sampling 

and 3D grid search method. (b) Grasps sampled by 

uniform sampling and 2D grid search method. 

 

 (a) (b) 

Figure 4: Example of invalid candidate projection. (a) 

A grasp candidate generated by original GPG. (b) The 

candidate projected to support surface. 

To fully define the sampled grasp, the last missing parameter 
specifies how far the respective grasp point should penetrate the 
volume inside the gripper. In original GPG, the gripper is pushed 

forward until it would collide with the perceived point cloud in 
order to generate a maximally stable grasp that encloses as much as 
possible of the object with the gripper. While this strategy can 
generate very secure grasps, this mostly applies to two-finger 
parallel grippers with limited finger length. When the length of the 
fingers exceeds the typical size of individual objects in a scenario, 
the fingers will often collide with unobserved parts of the scene and 
more often pick multiple objects in unstable grasps. Additionally, 
most adaptive grippers focus on a stable grasp volume between the 

fingertips, but not necessarily within the whole volume inside the 
gripper. This is the case for the 3-finger adaptive Robotiq gripper 
visible in Figure 1(a) when used for precision grasps. 

In order to avoid these problems in a general way, we compute the 
approach depth by pushing the gripper further forward either until 
no collision with the perceived point cloud or until no further points 
are added to the volume inside the gripper. Figure 5 contrasts both 
criteria. Obviously, the modified strategy in Figure 5(a) is less 

aggressive and keeps the fingers of the gripper further away from 
possibly unseen obstacles. 

3.3 Neighbor-based selection strategy 

As previously discussed, good heuristics for the creation 

of the set of candidates are essential, because the final 

grasp is selected based on them. To rank these candidates, 

we apply the same strategy as GPD: candidates are 

represented by 15-channel images and assigned scores 

Scnn by a pre-trained four-layer convolutional neural 

network. 

To further improve the quality of this ranking, we notice 

 

 (a) (b) 

Figure 5: Variations of approach depths: (a) 

Conservative strategy and (b) GPG’s greedy strategy. 

that robust grasps should remain good under minor local deviations. 
To account for this, we propose a neighbor-based extension to the 
overall scoring. If the single best pose is close to a region of low-

scoring grasps, that pose should be penalized, whereas poses which 
are surrounded by other high-scoring grasps should be preferred. 

We choose the final grasp as follows. First, we cluster the top Ns 
highest-scoring grasps based on distance and orientation. 
Candidates that are close to each other and roughly aligned in 
orientation are grouped together. For each cluster with a size below 
some nc, we generate additional candidates nearby that are also 
scored and become part of the cluster. For each cluster, we also add 
the mean grasp pose as an additional grasp candidate. In contrast to 

the original GPD method, we retain the original set of candidates 
together with these average grasps to retain local variance. We 
define the average score of a cluster as Sk. 

To apply neighbor-based scoring, we define the final 

scoring function of a grasp S(g) as the weighted sum of its 

individual score Scnn and its cluster’s average score Sk, 

also shown in Equation 1. 

 S(g) = αScnn(g) + (1 − α)Sk(g) (1) 

In all experiments, we used a value of α = 0.7. Eventually, 

the grasp with the highest score S(g) will be selected. 

 

4. EXPERIMENTS 

We validated the efficiency and flexibility of our algorithm in two 
experimental conditions: Objects were presented to the robot in 
isolation as well as in a cluttered scenario. The experiments were 
carried out on a UR5 robotic arm with an attached Robotiq 3-finger 
adaptive robot gripper. We manipulated 8 different, previously 
unseen toys between 3cm and 10cm. The robotic setup and the 
objects can be seen in Figure 1. Input point cloud data is captured 

by a Kinect2 RGB-D camera from one fixed view. The whole 
system is implemented using the ROS framework and was tested 
on an Intel i9-7900X 3.30 GHz system with 128GB RAM. Inverse 
kinematics uses an analytical solver based on IKFast and Motion 
planning was implemented via the MoveIt! library. 
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4.1 Objects Presented in Isolation 

We ran 10 trials for each object presented in isolation on the table. 
The results shown in Table 1 demonstrate that our improvements 
result in more grasp attempts and a higher success rate. Note that 
the number of attempts of some low objects (in this dataset the 
potato and the banana) is zero. In these cases we let the algorithm 
run for 5 minutes but no actionable grasp was generated. This is   

mainly because all generated grasp candidates would collide with 
the table below the object. In contrast the conservative approach 

depth avoids these collisions and manages to grasp the objects. 

4.2 Objects Presented in Dense Clutter 

In the dense clutter condition we randomly put all objects in a heap 
and let the system pick them successively. We ran 10 trials in this 

Table 2: Grasp test on cluster objects 

GPD 

Success/Attempts 

Num grasped/total objects 

Success rate of attempted grasps 

32/45 

44/80 

71.1% 

 Completion rate 55% 

Improved 

GPD 

Success/Attempts 

Num grasped/total objects 

Success rate of attempted grasps 

51/56 

63/80 

91.1% 

 Completion rate 78.8% 

task and the results can be found in Table 2. The improved GPD 
method achieved a success rate of 91.1% for attempted grasps and 
picked 78.8% of all objects. For both metrics, this clearly 

outperforms the original GPD implementation by at least 20%. 

Note that the number of successes differs from the number of 
grasped objects in both cases. In some cases the gripper grasps 
more than one object at once, but as there is no concept of an object 
in the entire grasp generation process, this is an expected 
phenomenon. 

 

5. CONCLUSIONS 

This work proposed an improved grasp detection algorithm for the 
task of robust grasp planning for unknown objects. We sample 
grasp points via an attentional process in order to generate more 
grasp candidates in the graspable region of cluttered space. 

Searching grasp candidates by 3D grid search significantly boost 
the number of grasp candidates and a conservative estimation of the 
grasp depth effectively avoids collisions of the gripper with 
obstacles. Moreover, the projection of the approach direction of 

infeasible grasps also improves the quality of grasp candidates. 
Finally, a neighbor-based ranking strategy is used and supports the 
selection of robust grasps. 

The experimental results demonstrate that our improvements can 
increase the number of attempted grasps, as well as achieve higher 
success rates for attempts and completion rate for pick tasks. 
Overall the improvements generate more robust and reliable grasp 
candidates. 

Even so, it leaves many alternative pathways untouched. While 
sampling of candidates allows for more intuitive internal dynamics, 

it also requires a lot of computation. Creating 3D occupancy grid 
maps will be considered in future. An alternative improvement 
could update and verify grasp scores during grasp attempts to abort 
as soon as mistakes in the quality estimate become apparent. 

 

6. ACKNOWLEDGMENTS 

This research was funded by the German Research Foundation 
(DFG) and the National Science Foundation of China (NSFC) in 
project Crossmodal Learning, TRR-169. And it was partially 
supported by project STEP2DYNA (691154). 

 

7. REFERENCES 

[1] J. Bohg, A. Morales, T. Asfour, and D. Kragic. 

Data-Driven Grasp Synthesis-A Survey. IEEE 

Transactions on Robotics, 30(2):289–309, apr 

2014. 

[2] C. Borst, M. Fischer, and G. Hirzinger. Grasping 

the dice by dicing the grasp. In International 

Conference on Intelligent Robots and Systems, 

volume 4, pages 3692–3697. IEEE, 2003. 

[3] C. Borst, M. Fischer, and G. Hirzinger. Grasp 

planning: How to choose a suitable task wrench 

space. In Robotics and Automation, 2004. 

Proceedings. ICRA’04. 2004 IEEE International 

Conference on, volume 1, pages 319–325. IEEE, 

2004. 

Table 1: Grasp test on isolated object 

 
Objects to pick Ball Potato Frog Sponge Onion Banana Melon Bear Total 

GPD 

Success/Attempts 

Success rate of grasp 

attempts 

8/10 

80% 

0/0 

Null 

7/10 

70% 

7/10 

70% 

10/10 

100% 
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Success rate of grasp 

attempts 

10/10 

100% 

10/10 

100% 

8/10 

80% 

10/10 

100% 

10/10 

100% 

7/10 

70% 

9/10 

90% 

8/10 

80% 

72/80 

90% 

 



 

 303 

[4] M. Gualtieri, A. ten Pas, K. Saenko, and R. Platt. 

High precision grasp pose detection in dense clutter. 

In 2016 IEEE/RSJ International Conference 

on Intelligent Robots and Systems (IROS), 

volume 2016-Novem, pages 598–605. IEEE, 

oct 2016. 

[5] E. Klingbeil, D. Rao, B. Carpenter, V. Ganapathi, 

A. Y. Ng, and O. Khatib. Grasping with application 

to an autonomous checkout robot. In 2011 IEEE 

International Conference on Robotics and 

Automation, pages 2837–2844. IEEE, may 2011. 

[6] M. Li, K. Hang, D. Kragic, and A. Billard. 

Dexterous grasping under shape uncertainty. 

Robotics and Autonomous Systems, 75:352–364, 

2016. 

[7] J. Mahler, J. Liang, S. Niyaz, M. Laskey, R. Doan, 

X. Liu, J. A. Ojea, and K. Goldberg. Dex-Net 2.0: 

Deep Learning to Plan Robust Grasps with 

Synthetic Point Clouds and Analytic Grasp 

Metrics. Robotics: 

Science and Systems (RSS), 37(3):301–316, mar 2017. 

[8] L. Pinto and A. Gupta. Supersizing self-

supervision: 

Learning to grasp from 50K tries and 700 robot 

hours. In 2016 IEEE International Conference on 

Robotics and Automation (ICRA), pages 3406–3413. 

IEEE, may 2016. 

[9] A. Saxena, J. Driemeyer, and A. Y. Ng. Robotic 

grasping of novel objects using vision. 

International Journal of Robotics Research, 

27(2):157–173, 2008. 

[10] A. ten Pas, M. Gualtieri, K. Saenko, and R. Platt. 

Grasp Pose Detection in Point Clouds. The 

International Journal of Robotics Research, 36(13-

14):1455–1473, dec 2017. 

  



 

 304 

CNN-based method for Crowd Counting with additional learning of 

Image semantic understanding 

Sa Jia 

Beijing Lab of Intelligence Information 
Technology 

Beijing Institute of technology 

2120150971@bit.edu.cn                        

Qingjie Zhao 

Beijing Lab of Intelligence Information 
Technology 

Beijing Institute of technology 

zhaoqj@bit.edu.cn

ABSTRACT 

In this paper, we proposed a method which is able to 

estimate the number of peoples in an extremely 

crowded scene. Our model is based on CNN 

architecture with an additional learning of the image 

sematic understanding. The application of CNN 

structure is to capture the characteristics of people in 

the image and the additional learning of image 

sematic understanding is for getting the border 

information of people and background in the image. 

Our method obtains a model for the density map of 

the crowd in the original image by which we can get 

the number of people in the image. Experimental 

evaluations performed on classical datasets show 

that the proposed method achieves better results 

compared with the others.  

Categories and Subject Descriptors 

I.4.9 [IMAGE PROCESSING AND COMP
UTER VI- SION]: Applications 

General Terms 

Algorithms. 

Keywords 

Crowd counting; CNN; image understanding 

1. INTRODUCTION 

Computer vision has shown great popularity in recent 

years, and it has many applications, such as video 

surveillance, public safety, and traffic control. Thus, 

many laboratories are conducting related research on 

computer vision. Crowd analysis is an application of 

computer vision. If we take a picture for a large concert, 

it is difficult for us to find out the number of people with 

our naked eyes. Therefore, some people decided to use 

computer vision to solve this problem. We have 
conducted some research on the dense crowd counting of 

single pictures. 

 

Figure 1:  Samples crowd images from the datasets 

In crowd counting, some early traditional methods can 

only solve low-density crowd scenes, many CNN-based 

methods have been developed for high-density crowd 

scenes. The recent CNN-based method has done a lot of 

research on the problem of crowd density scale, and have 

made relatively good progress on the classical dataset. 

However, when CNN method extracts high-dimensional 

features, it will erroneously count people in some non-

human areas. One potential method is to get the edge of 

crowd from the location of crowd information and count 

the crowd within the edge which we get. 

In the dense and crowded pictures, crowds are always 

clustered and gathered in an irregular range. The method 

we proposed is to learn this irregular range through 

learning. The aim to learn the range is to concentrate the 

calculations of the crowd in one area and avoid the 

calculation of areas without people. Our method is 

divided into two parts. One part is to get the basic 

population density through learning the features by CNN 

of the image; the other part is to get irregular crowd edge 

maps by learning from the edge of the crowd. After that, 

the two parts generate the model of crowd counting. 

mailto:2120150971@bit.edu.cn
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2. RELATED WORK 

Since the focus of this work is on CNN-based approaches, 

in this section, we briefly review the approaches using 

hand-crafted features for the sake of completeness. There 

are three traditional approaches for crowd counting in 

single images, (1) detection-based methods (2) cluster- 

based methods (3) regression-based methods. These 

methods extract low level features. 

Detection-based methods like [6] count the number of 

people by dividing and detecting. As long as pedestrians 

can be divided, they can get an estimate of the counting 

for people. For detecting, there are some detections such 

as head detection, head and shoulder detection, and 

pedestrian detection. Head detection, head and shoulder 

detection are parts-based detections. These approach use 

the classification to learning the features we extracted, 

such as Support Vector Machines (SVM). For low density 

image, extracting features perform well when occlusion 

is not severe. For high density crowd, however, in many 

scenes, people are occluded by each other and it is 

difficult to obtain correct results in this situation. 

Cluster-based methods are often used to estimate 

population flow in dense areas. Due to the large 

population flow in dense areas, the number of in-flows 

and out-flows is analyzed at the entrance of the area, and 

the total number of people can be used to estimate the 

number of people within the area. For example, Conte et 

al. [3] and Liang et al. [4] used the clustering method to 

solve the problem of intensive population estimation. 

Liang et al. used the SURF feature to calculate, and then 

used Density Based Spatial Clustering of Application 

with Noise method to describe the feature points of 

pedestrians in sports. 

Regression-based methods [2] overcome the issues of 

occlusion and high background clutter, learn a mapping 

between features extracted from local image patches to 

their counts. These methods have two major components: 

low-level feature extraction and regression modeling. 

Also, because these approaches have so far been more 

accurate and faster, com- pared to the other two, it is the 

state-of-the-art before CNN-based methods. 

Recently, due to the success of the CNN-based method in 

other fields of computer vision, there are some CNN-

based methods appeared to solve the task of crowd 

counting. Zhang et al. [10] proposed a CNN-based 

approach to predict the density maps of images, which 

needs to be trained by a learning program uses two 

different loss functions. Then, Zhang et al. [11] proposed 
a multi-column architecture to extract features at different 

scales. The same year, Onoro et al. [5] addressed the scale 

problem by proposing a scale-aware counting model 

called Hydra CNN. Sindagi et al. [9] proposed to learn a 

high-level prior and perform density estimation in a 

cascaded setting and it is an end-to-end network of CNN 

to learn crowd counting. Sam et al. [7] proposed a 

Switching-CNN network that intelligently chooses the 

most optimal regressors among several independent 

regressors for a particular input patch. 

Recent works using multi-scale and multi-column 

architectures [5, 11, 9] have demonstrated considerable 

success in achieving lower count errors. We have 

compared and observed several recent methods, these 

methods learn human characteristics through the CNN 

method, but do not explicitly analyze the boundaries 

between people and the background. This leads to a 

problem in where outside the crowd will misidentify 

people. In view of these observations, we propose a 

method to learn the boundaries between the crowd and the 

background for getting better counting results and reduce 

the miscounting in the background. 

 

Figure 2:  Overview of the proposed architecture 

 

3. PROPOSED METHOD 

The main idea of our method is to design a CNN network 

that can identify the boundaries of people and 

backgrounds. While capturing high-level feature maps, 

we can identify the boundaries of people and backgrounds 

and avoid calculating the background incorrectly when 

generating density maps. In this section, first we will 

introduce the CNN structure which we used, and then we 

will focus on the introduction of the boundary 

identification section. The following subsections discuss 

the details of all the components of the proposed network. 

3.1 Deep learning architecture 

We introduce the deep learning architecture we used in 

this section. Following the idea in [5], we choose the 

Hydra CNN as the deep learning architecture because of 

its success in the different scale of the very crowded 

scenarios. The author used the Hydra CNN to learn the 

representation for a particular scale from the input 
pyramid of the image.  In our work, we use the Hydra 2s 

CNN. And the architecture   is showing at Figure 2. 



 

 306 

For the Hydra 2s CNN, it contains two counting CNN 

models and each model consists of 5 convolutional layers. 

Conv1 and Conv2 layers have a filter with size 7×7, the 

depth is 32, then following a max-pooling layer. The 

Conv3 layer has 5×5 filters and also followed by a max-

pooling layer. Conv4 and Conv5 layers have a filer with 

size 1×1.  Then, the output of two counting CNN 

models are passed to the 3 full-connected layers. Besides, 

The Fc6 and Fc7 followed by a RELU layer and the Fc8 

ended the deep learning architecture. We use the Caffe 

model to train the architecture. 

The network was designed for visual saliency estimation. 

And inspired by the idea, we developed an additional 

learning for the crowd counting network. 

3.2 Additional learning 

The Hydra CNN will learn the visual saliency of the 

images, here is the characteristics of people. And then the 

CNN architecture can generate a density map of the 

crowd. When extracting distinctive features, the CNN 

architecture maybe learn some points of interest, but not 

people in the image. To solve this problem, we have added 

an additional learning to the Hydra CNN architecture. 

First of all, we observe that people are always gathered in 

dense crowd pictures. The crowd gathered to form an 

irregular edge, which often depends on the shape of the 

crowd and the background building. This means that we 

can learn this irregular edge to limit the range of crowd 

counting. 

Table 1:  The two datasets 

dataset No. of images Resolution Min Ave Max Total count 

UCF  CC 50 50 Varied 94 1279 4543 63974 

ShanghaiTech Part A 482 Varied 33 501 3139 241677 

ShanghaiTech Part B 716 768*1024 9 123 578 88488 

This task includes the learning and extraction of image 

edge information. When we extract the crowd’s edge 

information, we can limit the crowd counting to this edge. 

Here, we use image semantic segmentation to extract this 

edge range. This additional learning is analogous to 

finding region of interest (ROI) in the image, in some data 

sets, such as UCSD dataset[2], because the scene is fixed, 

so the region of interest is given, but for a large number 

of complex images, almost every background is different, 

the region of interest needs our own  extraction. 

In this case, we use image semantic segmentation to 

extract this edge range. In order to learn the task, a VGG-

16[8] based network is used to the segmentation. In other 

works like CrowdNet [1], the authors use the first 13 

layers from VGG-16 and add a 1×1 convolutional layer 

as output layer. Other architecture, such as [7], uses VGG-

16 as the density level classifier for labeling input images 

before set them to the most suitable column of MCNN. 

In the proposed method, we use the VGG-16-based model 

to do image semantic understanding, input the original 

image into the model, and finally get a result of semantic 

understanding. As shown in the Figure 2, we fuse this 

result with the results of Hydra CNN. We use a fully 

connected layer for fusion, and finally we can get a dense 

population density map. 

 

 

 

 

Figure 3: Density map results on ShanghaiTech 

dataset. The first column is input image and the 

second is output. 
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Table 2:  Estimate errors on ShanghaiTech dataset 

 Part A Part B 

Method MAE MSE MAE MSE 
Zhang  et al.[10] 181.8 277.7 32.0 49.8 
MCNN [11] 110.2 173.2 26.4 41.3 
Cascade-MTL[9] 101.3 152.4 20.0 31.1 
Switching-
CNN[7] 

90.4 135.0 21.6 33.4 

Proposed method 91.9 135.9 17.1 29.3 

 

4. EXPERIMENTAL RESULTS  

We demonstrate our approach in two different public 

datasets. As show in Table 1, the two datasets are high 

density crowd images. For evaluation, the mean absolute 

error (MAE) and the mean square error (MSE) are used 

for evaluation which are defined as: 

MAE =
1

𝑁
∑|𝐶𝑖 − 𝐶𝑖

𝐺𝑇|

𝑁

𝑖=1

 

MSE = √
1

𝑁
∑|𝐶𝑖 − 𝐶𝑖

𝐺𝑇|2
𝑁

𝑖=1

 

Where N is the number of images in one test list, Ci
GT is 

the ground truth of counting and Ci is the estimated count 

in the test images. 

4.1 Shanghaitech dataset 

ShanghaiTech dataset [10] contains 1198 images and the 

total number of persons is 330165. There are two parts in 

ShanghaiTech dataset.  As show in table1, Part A 

contains 482 images and Part B has 716 images. Both of 

two parts are already divided into training set and testing 

set.  The proposed method is evaluated and compared to 

the other works and the results are in the Table 2. 

Compared to other works, our method achieve the best or 

sub-optimal results. And we can observe the results of the 

experiment from the pictures. In Figure 3, the first column 

is the original picture, and the second column is the 

experimental density map. From the density map, we can 

find that the additional learning of semantic 

understanding is effective. The buildings or trees in the 

images are not marked as crowds. The estimated counting 

in ShanghaiTech part A is contrasted with the groundtruth 

in Figure 4, we can find that the trend of the two curves is 

consistent. 

4.2 UCF_CC_50 dataset 

UCF_CC_50 dataset only has 50 images, but it’s an 

extremely difficult dataset. There is a large variation in 

resolutions, density and aspects. As show in Table 1, the 

number of per image ranges from 94 to 4543. The images 

contain very crowded scenes, such as concerts. There are 

several challenges. First, the training set is small 

compared to the ShanghaiTech. Second, the scenes are 

different from each other and because of the different 

resolution, it make a big difficult. Results list in the Table 

3.  As we can see, the results of the UCF_CC_50 dataset 

is the sub-optimal. The Figure 5 shows the intuitive 

results of this dataset. In contrast, the quality of 

UCF_CC_50 dataset’s density map is not as good as 

Shanghaitech dataset’s, and maybe because the training 

set is small. Similarly, from Figure 5, we can observe that 

buildings in the original image are not marked in the 

density map. 

 

Table 3:  Estimate errors on UCF_CC_50 dataset 

Method MAE MSE 
Zhang et al. 467.0 498.5 
MCNN 377.6 509.1 
Onoro et al.  Hydra 2s 333.7 425.2 
Onoro et al.  Hydra 3s 465.7 371.8 
Cascade-MTL 322.8 397.9 
Switching-CNN 318.1 439.2 
Proposed method 322.4 477.2 

 

Figure 4: Contrast of the goundtruth and 

counting 
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5. CONCLUSIONS 

In this paper, we proposed a CNN network for 

learning crowd counting and generating a density 

map. By additional learning of image semantic 

information, we can avoid to mistakenly identify the 

background as a crowd when extracting features. 

Taking advantage of image semantic information, it 

can have a good reflection on the density map. We 

demonstrated our approach in two crowd counting 

datasets with a good performance. In the future, we 

can try other different sematic understanding 

structures for crowd counting. 
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ABSTRACT 

The Dual-arm Humanoid Mobile Cooking Robot 

(DHMCR) is designed to cook Chinese dishes in an 

ordinary home kitchen. DHMCR has two 6-DOF 

manipulators, a dual-wheel driving platform, and 2-DOF 

head. In order to achieve the motion in the cooking job, 

the two arms need to move in different ways, for example, 

moving in line or along a circle. Kinematic control is the 

basic step to realize these complex functions. It includes 

kinematics and inverse kinematics. In the application, 

inverse kinematics needs to consider the numerical 

boundary condition. Simulations in MATLAB and 

application in MFC are performed, and experiments show 

that the kinematic control system can satisfy the 

requirements for moving line or circle. 

Keywords 

Inverse Kinematic, Dual-arm, Cooking Robot 

1. INTRODUCTION 

Humanoid Robot has become a focus recently. Research 

on robots designed for housework is more and more 

reported.  To obtain a reliable home robot system, the 

key problems including innovative mechanical designing, 

walking stable, autonomous decision, and hand-eye 

coordination need to break through.  Theory research of 

flexibility in the movement, motion planning, and 

coordination control of redundancy DOF manipulator 

with mobile platform should have a further study. Multi-

sensor information fusion is also an important technology 

to improve the intelligent of the robot. The technology 

like tele-operation, near field communication can 

improve the capability in the environment of ordinary 

kitchen, even extending the service area such as elderly 

service. 

Robotics Institute of Shanghai Jiao Tong University 

has developed a cooking robot for traditional Chinese 

cuisine, which can cook up to fifty kinds of dishes with 

high quality[1-2]. It uses a pan closed by a pot cover. When 

cooking the dishes, the pot cover and pan toss together to 
turn the material in order to heat in balance. Following the 

study of Anna University, an autonomous chef-bot 

cooking southern Indian dishes is developed[3], which 

appearance looks like a refrigerator. The report [4] 

introduce three cooking robot, including Robovie-II 

developed by Advanced Telecommunications Research 

Institute International, HRP-2 by University of Tokyo, 

and Mahru by Korea Institute of Science and Technology,  

which can do some simple work in kitchen like handing 

materials, washing vegetables, and heating in microwave. 

Yaskawa Electric Corporation demonstrated a cooking 

robot system including two regular manipulators, which 

can cook a pancake[5]. Technical University of Munich 

report another cooking robot to do the same job[6]. Two 

manipulators are used to make a pancake using remote 

instructions from internet. While the robot plans in the 

scenario are all percept-guided, they are also limited in 

different ways and rely on manually implemented sub-

plans for parts of the task. The humanoid robot with stereo 

camera and force sensors is developed by University of 

Tokyo to assist chef in kitchen, which can cut vegetable 

and make salad[7].  

This paper presents a Dual-arm Humanoid Mobile 

Cooking Robot developed for cooking Chinese cuisine in 

the ordinary home kitchen. The rest of the paper is 

organized as follows. In Sect. 2 introduce the mechanical 

design and the control system. Sect. 3 discusses the 

kinematic analysis, and Sect. 4 inverse kinematic analysis 

is implemented considering numerical computation. The 

simulation and experiment verifying the results of the 

method are given in Sect. 5. Finally, conclusions are 

drawn in Sect. 5. 

 

2. Prototype of DHMCR 

The mechanical model of DHMCR is shown in Fig. 1. It’s 

consisted of two 6-DOF manipulators, a dual-wheel 

driving platform, and 2-DOF head. There is a touch 

screen installed in the front of the body to interact with 

human, and a group of stereo camera in the eye. The arm 

has six DOFs with maximum payload 2Kg. Each hand of 

two arms is equipped with force sensors to measure the 
instantaneous force and moment. Ultrasonic transducers 

and infrared sensor also equip on DHMCR to measure 
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distance of obstacle. A gyroscope is used for robot’s 

navigation. The robot is powered by a 48V battery, which 

can provide energy working two hours long. 

 

Figure. 12. The Dual-arm Humanoid Mobile Cooking Robot 

The main hardware structure of the control system of 

DHMCR is shown in Fig. 2. The control system is 

composed of an industrial personal computer, servo 

drivers, servo motors, stereo camera, sensor system, and 

software. Communication link between IPC and drivers 

or sensor is established by CAN bus. 

……

CAN BUS

Ultrasound 
transducer

Infrared
 sensor

Sensor system
CameraIPC

Motor Driver

EncoderMotorBrake

Limited switch

Motor control system

Gyroscope

 

Fig. 13. The structure of hardware system 

3. Forward Kinematic Analysis of DHMCR 

Kinematic is the basic step of motion control. Normally, 

robot is modeled using D-H coordinate[8], which map 

joint space to 3-dimensional Cartesian space. The model 

of gripper is deduced relative to body. In order to reduce 

the computational complexity, the coordinate of left arm 

and right arm is configurated as the same, so the 

kinematic model of each arm is equivalent. The arm and 

coordinate configuration is shown in Fig. 3.  

 

Fig. 14. The coordinate configuration of the left arm 

D-H parameter of the left arm is shown in Table. 1. The 

right arm has the same coordinate configuration as the left 

arm, so the D-H parameter is the same. 

 J1 J2 J3 J4 J5 J6 J7 

a i-1 0 0 A2 0 0 0 0 

αi-1 0 90° 0 -90° 90° -90° 0 

di 0 0 0 D4 0 0 D7 

θi θ1 θ2+90° θ3-90° θ4 θ5 θ6 0 

PLim 180° 122.5° 148° 180° 135° 360°  

NLim -180° -122.5° -148° -180° -135° -360°  

Table 21. Denavit-Hartenberg parameters of the left arm 

The forward kinematic solution is the product of each 

joint‘s transform matrices, which is H below. 

11 12 13 14

21 22 23 24

31 32 33 34

0 0 0 1

H H H H

H H H H
H

H H H H

 
 
 
 
 
   

Where 

1 23 4 5 6 4 6 23 5 6 1 4 5 6 61 41 ( ( - ) ) - ( )c c c c c s s s s c s s c c c sH    

1 23 4 5 6 4 6 23 5 6 1 4 61 5 62 4( (- - ) ) ( - )c c c c s s c s s s s s c s c cH  

 
1 23 4 5 23 5 1 43 51 - ( )c c c s s c s sH s 

 
1 2 2 314 4 2(- - )c A s D sH 

 
1 23 4 5 6 4 6 23 5 6 12 4 5 6 4 61 ( ( - ) ) ( )s c c c c s s s s c c c c sH s c  

 
1 23 4 5 6 4 6 23 5 6 1 4 62 5 62 4( (- - ) ) ( - )s c c c s s c s s s c s c s c cH  
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Lxyz is defined as the base coordinate related to left arm, 

and Rxyz as right arm. The base coordinate of the robot 

body is OXYZ, which is based on the middle point of two 
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wheels.  The original point of Lxyz, Rxyz and OXYZ is 

in the same plane.  The geometric relationship of the 

three coordinates is shown in Fig. 4. 

 

Fig. 15. The relationship of the coordinates between two 

arms and the robot body 

The homogeneous transformation matrix between left 

arm’s coordinate frame Lxyz respects to the body’s 

coordinate system OXYZ is OTL0, and OTR0 is the 

homogeneous matrix which Rxyz respect to OXYZ. D0 is 

the distance between the original point of Lxyz or Rxyz 

to the symmetrical plane of the robot body, and H0 is the 

height of the original point of Lxyz or Rxyz to OXYZ. 

Then we can get 
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Then the homogeneous transformation matrix of end-

effecter in the left arm and right arm is obtained by 

6 0

O O

L LT T H  and 
6 0

O O

R RT T H  

4. The Numerical Solution of Inverse 

Kinematic 

Normally there is a standard method to solve the inverse 

kinematic, but in the program implementing, there are lots 

of boundary conditions, which lead to get a false result.  

This part will analyze numerical inverse kinematic, which 

consider the singular situation in all possible ways. In the 

actual working conditions, this is important to the robot’s 

reliability. There are some general concerns in numerical 

solution such as the denominator approaching to zero, the 

absolute value of sine or cosine derived from equation 

being more than 1 because of numerical burr, and the 

multiplier near zero leading to the product’s distortion. 

According to the Sect. 3, the same part of two arms in 

inverse kinematic is to solve θ1 toθ6 based on the 

homogeneous transformation matrix H, so we only 

discuss the solution of H this section. Based on freedom 

theory, the first three jointsθ1, θ2,   θ3  determine 

the position of the end-effecter, and the next three joints

θ4, θ5, θ6 determine the orientation. Then the inverse 

kinematic algorithm is decomposed to two parts, where 

part I to solve the position, and part II to solve the 

orientation. 

 PART I: Solve The Position 

H14, H24, H34 is the position of the end-effecter, 

which is used to solveθ1, θ2, θ3 next. The formulas 

are shown below. 

1 2 2 314 4 2(- - )c A s D sH   

1 2 2 324 4 2(- - )s A s D sH   

2 2 4 2334H A c D c  

We can get  

   2 2 2 2 2

3 34 14 24 2 4 2 4/ 2c H H H A D A D    
 

Here, we need to consider if absolute value of c3 is 

more than 1 caused by truncation errors. After clear the 

burr, two possible solutions ofθ 3  can got through 

arccosine. 

If H14 and H24 is not approach to zero at the same 

time, we can get 

1 14 24cot( ) /H H   or 
1 24 14tan( ) /H H   

Two possible solutions ofθ1 can got through 

arctangent function, but only one remains after checking.  

Based onθ1 andθ3, we get c23 and s23: 

2 3 34 14 1 24 1 2 3 4
23 2

34 14 1 24 1 14 1 24 1

- ( )( )

( )( )

A s H H c H s A c D
s

H H c H s H c H s

 


  
 

2 3 14 1 24 1 34 2 3 4
23 2

34 14 1 24 1 14 1 24 1

( ) ( )

( )( )

A s H c H s H A c D
c

H H c H s H c H s

  


  

 

θ23 can got, andθ2=θ23 -θ3. 

In consideration of H14 and H24 are both close to zero, 

the value of H14 and H24 may distort because of the effects 

of singular value. The value ofθ1 obtained from either 

arc tangent or arc cotangent contains considerable error. 

Now define 

2 2 4 23- -xyP A s D s  

And the accuracy requirement ofθ1 satisfy the 

constraints below: 
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1 14cos( ) PrxyP H Pos ecision  
 

1 24sin( ) PrxyP H Pos ecision  
 

In the case of this paper, we define the positional accuracy 

PosPrecision=0.0001, which is 0.1 mm. so 

14 1 14

24 1 24

( r ) / cos( ) ( r ) /

( r ) / sin( ) ( r ) /

xy xy

xy xy

PosP ecision H P PosP ecision H P

PosP ecision H P PosP ecision H P





    

    

 

when 0xyP 
,
 

Or  

14 1 14

24 1 24

( r ) / cos( ) ( r ) /

( r ) / sin( ) ( r ) /

xy xy

xy xy

PosP ecision H P PosP ecision H P

PosP ecision H P PosP ecision H P





    

    

 

when 0xyP   

The solution region ofθ1 can be obtained, that is all the 

value of θ 1  in this region satisfy the accuracy 

requirement. Considering collision detection, according 

to the principle of minimum energy, one value can be 

chosen as the most appropriate solution. 

On the basis of  
2 2 4 2334H A c D c  

and  
3 , we can get 

2 34 2 3 4 2 3 4( ) / ( )c H s s D A c D    

And thenθ2 can be obtained by solving the quadratic 

equation. 

While H14 and H24 are both equal to zero, the solution of

θ1 will become uncertain, which means the value ofθ1  

is arbitrary. Considering collision detection, θ1 is valued 

nearest to the previous angle. And the method to obtainθ
3 is the same as before. 

 PART II: Solve The Orientation 

According to the freedom theory, θ 4, θ 5, θ 6 can 

realize all possible orientation. After obtain the values of  

θ1, θ2, θ3 , the solution of θ4, θ5, θ6 can be 

obtain through homogeneous transformation matrix. 

Due to coordinate system the joint4, joint5 and joint6 

share the same origin point, the homogeneous 

transformation matrix is one type of Euler method in [8]. 

So the angle can obtain with the Euler formula. 

According to 1 2 3 4 5

1 2 3 4 5 6

OH T T T T T T , when 
4 0   

the 

Euler Angle expression of  the axis of Joint4, Joint5, 

Joint6 are: 
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θ5 can got below: 
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That means, when
5 0  , only the result of  

4 6    can 

be confirmed; when 
5  , only the result of  

4 6   

can be confirmed. According to the principle of minimum 

energy, an optimal solution can be obtained. 

 

5. Simulation and Application 

The kinematics simulation was conducted in Matlab, 

and the configuration of computer is: CPU: Intel Core i3 

2.40GHz, RAM 4GB, OS windows7 64 bit. 

If the angles of the joins in left and right arms are given, 

forward kinematics calculation time is 0.005 s, which has 

satisfied the requirement of real-time position updating 

during system operational process. 



 

 313 

 

Fig. 16. The actual robot experiment platform 

For a set of nonsingular value, the running time of part I
 

is 0.029s, the running time of part II is 0.022s, so the total 

inverse kinematics cost 0.051 second. For a set of singular 

value, the running time of part I
 
is 0.055s, the calculation 

time of part II is 0.022s, so the total inverse kinematics 

running time is 0.077s. The velocity for inverse solution 

can reach 13 times per second, which satisfy the 

requirement for practical application. Due to C++ has a 

higher efficiency in calculation compared with Matalab, 

this robot is controlled by C++ program in practical case, 

which ensure the real-time. The actual robot experiment 

platform is shown in Fig. 5. 

Based on this prototype, experiments are performed to 

verify the algorithm. The system can accurately calculate 

kinematics with high efficiency and good real-time 

performance, which satisfies the requirement of control. 

 

6. Conclusion 

In this paper, kinematic control system of DHMCR was 

presented. Firstly, the mechanical structure and hardware 

framework was introduced. Then, defined the D-H 

parameter of the robot and deduced the robot forward 

kinematics. In combination with the numerical 

characteristics, considering the particularity of singular 

solution, the inverse solution of solving method is 

proposed. The efficiency of the algorithm was examined 

by simulation testing. As a result, the software to control 

DHMCR was developed. 
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Many industrial assembly tasks, especially for medium 

and small size production, are still performed manually as 

robotic systems lack the necessary flexibility for cost 

efficient automation. This motivates the idea of creating 

hybrid systems that combine the flexibility of human 

workers with the efficiency of machines. In this paper we 

propose and evaluate an interaction concept, which is 

applicable in industrial scenarios, with an assembly task. 

The proposed interaction concept implements guidelines 

for an efficient collaboration, namely ”interaction at eye 

level”, ”adapted data representation” and ”separation of 

locally bound and locally unbound information”. This 

interaction concept can be implemented within modern 

system architectures that allow abstraction of actions. For 

this paper, it was implemented on top of a skill-based 

architecture, which also ensures flexibility at 

programming level. 

CCS Concepts: • Human-centered computing → 

Human computer interaction (HCI); Interaction 

paradigms; Collaborative interaction 

KEYWORDS 

Human Robot Collaboration, Augmented Reality, 

Industrial Automation 

1. INTRODUCTION 

Society demands a more flexible production with 

decreasing lot sizes. Current manufacturing processes are 

still not capable to do that even with latest technology 

proposed in Industry 4.0.The cause for this problem lie in 

the huge programming effort production plants demand in 

order to work reliably all day. Flexible solutions that 

allow compact specification and greater re-usability of 

tasks while encapsulating complex algorithms for 

planning and perception have been proposed. However, 

this flexibility comes at the prize of more complex 

systems with harder to control environmental conditions 

that influence the system, which consequently results 

higher error rates. Enabling workers to bring in their 

flexibility and intuition to solve unforeseen events is 

therefore key for successful production systems. Hence 
an interaction concept, like described in this paper, is 

required to combine the strength, endurance and cost 

effectiveness of autonomous machines with the flexibility, 

intuition, perceptive strengths and the ability to make 

decisions of human workers. This concept has to integrate 

seamlessly into the autonomous system architecture and 

provide the same flexibility and re-usability as the 

underlying framework in order to maintain the desired 

properties. Additionally, it has to implement a rather 

human-centered approach to motivate and enable the 

workers to bring in their strengths. There are several 

aspects to be considered in such a system, like safety or 

ease of setup. However, communication between the two 

parties is the crucial key to a valuable collaboration. On 

the one hand, this requires the system to provide internal 

data in a way that is easily interpretable even for non-

experts. On the other hand, the user has to be able to 

influence the system in an intuitive way. Additionally, the 

overall system has only true impact if it is applicable in 

industrial applications. The contribution of this paper is 

the implementation of an interaction concept that allows 

an efficient communication between human and machine 

bringing together strengths of both parties. It can easily 

be integrated in different planning or execution 

architectures. A state of the art skill architecture, which 

already enables autonomous assembly for certain 

scenarios, is used as an underlying framework in our 

example. The capabilities of this framework are extended 
to allow a more reliable and efficient operation as well as 

a broader field of application. 

Fig. 1. Visualization of the system state during a 

"pick and place" operation. Safety regions 

(red/yellow), start (gripper symbol) and goal (target 

symbol) positions as well as a textual description of 

the action are provided. 
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2. RELATED WORK 

The interaction concept presented in this paper is related 

to a broad range of previous work including robot safety, 

human-robot collaboration and frameworks for task 

specification and programming. Safety measurements as 

well as safe operation and control are an enabler for all 

human-robot applications. While hand-in-hand 

collaboration requires specifically designed control 

strategies [4], cooperation can be implemented 

application independently due to recent standardization [6] 

and respective hard- and software implementing those 

rules. Thus by choosing suitable hardware and focusing 

rather on cooperation than on collaboration flexible 

industrial applications are possible today. One strand of 

related work deals with human-robot cooperation 

neglecting graphical user interfaces. Key aspects 

discussed in those papers are psychological aspects on 

how humans react to robots in general and when sharing 

a common workspace in particular [10]. Additionally, in 

order for the autonomous system to react appropriately, 

future actions and intentions of the user are estimated [1]. 

There are various intentions for human-robot interaction, 

that result in different areas of responsibilities for the 

human and the robot. Teleoperating systems or methods 

for teach-in are human-centered [2,7], while some 

frameworks, that utilize workers as additional resources 

solving scheduled tasks [5] are rather machine-centered. 

Graphical user interfaces are well established while new 

technology improved applicability in robotic scenarios by 

making augmented reality applications easily available. 

Using these new technologies allows a seemingly close 

positioning of projected information and real world 

objects. The resulting intuitive representation of 

information makes it a valuable tool for communication 

with untrained staff. Augmented reality techniques are 

utilized for more efficient presentation of manuals [3] that 

enrich the working area with instructions on how to build 

a certain work piece and highlight the storage areas that 

contain the necessary parts. Another scenario is presented 

in [11] using projections on the working area in two 

different ways. On the one hand, the former mentioned 

safety requirement is implemented by a projected figure 

enclosing all dangerous parts of the cell. A camera is used 

to detect any object that is crossing that line by comparing 

the estimated and measured projections. On the other 

hand, additional information can be displayed in order to 

interact with the user using icons and virtual touch buttons. 

Recent work in task specification and planning, e.g., skill 

frameworks or combined task and motion planning [9, 12] 

targets flexible and widely applicable modules, which 

control certain aspects of different autonomous systems. 

The skills enclose continuous actions that on their own 
are both hard to visualize and hard to program. Note that 

in task and motion planning the transitions between 

symbolic states can be utilized for visualization, too. Thus, 

these new techniques demand a certain level of flexibility 

from the visualization components while allowing re-

usability and providing abstractions of task information. 

3. INTERACTION CONCEPT 

The interaction concept presented in this paper is based 

on three key guidelines, which allow for efficient 

collaboration between human and machine. These 

guidelines are discussed in the following, starting with the 

most abstract and most widely applicable guideline to the 

more specific ones. 

3.1  Cooperation at Eye Level 

In classical systems the process of a robot can, once set 

up by an expert, hardly be influenced by a worker. 

Normally only resuming after an error, starting or 

stopping is possible. This way the worker is unable to 

bring in valuable flexibility and experiences to improve 

the performance of the team. On the other hand, 

teleoperating systems are of use in hazardous 

environments, but will not provide huge improvements in 

cost-effectiveness or reduced fatigue in most assembly 

domains. Therefore, the goal is to set up an architecture 

where both, human and the autonomous system, are an 

integral part of the team. For different reasons it is quite 

important that each member of the team can fulfill most 

of the tasks, which may occur. With more tasks, that the 

machine can execute the cost effectiveness of the overall 

team is increased. On the other hand, the human should 

be able to handle as much as possible as well, in order to 

temporarily take over as soon as the machine fails. 

Additionally, monotonous work is prevented with more 

tasks that the human can fulfill, especially when he is able 

to choose which tasks to take over. This paradigm can be 

applied to most autonomous systems, regardless of the 

architecture of autonomy and application domain. 

3.2  Adapted Presentation of Information 

A key aspect of communication is to find the right level 

of detail for the information. Too much detail carries the 

risk to hide the important aspects that should be 

communicated.  

On the opposite, the communication becomes worthless 

as soon as a too high abstraction level is chosen as only 

little information is conveyed. Both extremes can be seen 

in classical user interfaces in production. On the too 

detailed level, every movement of the machine has to be 

defined, which is possible for experts only.  

The more abstract level is already the job, that is currently 

fulfilled, which is too abstract for collaboration. Modern 
planning frameworks have some natural intermediate 

goals, which are perfectly suitable to be used as abstracted 
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information, since they contain still a lot of information. 

This way, a right level of detail enabling effective 

communication is available for collaboration with 

workers. An example for such an abstracted presentation 

of information is depicted in figure Fig. 1. The low-level 

movement of the arm and gripper is abstracted to the 

symbolic actions of picking and placing, which are then 

visualized. As soon as persons with a different kind of 

user role approach the machine, this level of abstraction 

should change, to provide relevant data. For example, a 

manager might be interested in different sets of 

information than the worker on the shop floor. This 

guideline is applicable for most advanced, model-based 

systems, as abstractions in the controllers or planning 

algorithms may be used for communication. For classic 

automated systems, these abstractions need to be 

manually added specifically for the visualization. 

  

 

3.3 

Separation of Locally Bound and Unbound 

Information 

A vital part in user interface design is the layout in which 

information is presented. This is especially important 

when technology is used, that is capable of spatial 

presentation of information. 

The guideline to separate locally bound and unbound 

information is specifically designed for setups that 

include augmented and virtual reality. It states that 

information, which is tied to a specific object or region 

within the working area, should be visualized close to that 

position. All other information, however, should be 

presented in dedicated places. This separation can be seen 

in figure Fig. 2. Information with local bindings, such as 

the safety regions, and pick and place positions are 

marked in yellow. The dedicated area for unbound 

information, which provides the textual descriptions of 

the current state, is marked in blue. 

The intention of that guideline is to take advantage of 

augmented reality techniques while minimizing 

downsides that might occur with a poorly designed 

information layout. The advantages include increased 

safety, as there is no need for the worker to look away 

from the moving robot for information retrieval, as well 

as making use of position as a meta data, which hardly 

comes across with other channels and makes the system 

more intuitive to use. Typical examples for such 

information are the currently manipulated objects, the 

corresponding safety zones and task instructions to the 

user. However, other information comes with fewer 

spatial data or none at all, thus it is tied rather to the whole 

working cell than to a specific position. Examples for 

such data are error states, performance data or input 

prompts. Such general information should therefore be 

shown in a dedicated area, such that workers can quickly 

check for any necessary intervention without the need to 

search for all fragments of information in the whole 

working area. 

3.4  Integration with modern frameworks 

A key point of this paper is to emphasize the importance 

of integrating an interaction concept to modern task 

specification and planning frameworks. While in classic 

automation all capabilities are programmed in a static 

manner on a low level of abstraction, current skill 

architectures and task and motion planning algorithms are 

based on some kind of abstraction of actions, which 

provides the basis for a close integration of the user 

interface. 

Depending on the underlying architecture, there are 

different ways of integrating the user interface. One 

possibility is to have a parameterizable visualization for 

each action the system is capable of. This 

parameterization is then deducted as soon as the related 

action is used thus the correct visualization is shown. The 

downside of this approach is that there is no warning time 

prior to the execution. A second approach is to use 

independent actions that do nothing but visualizing the 
upcoming movement.  

As they do not directly contribute to the execution success, 

Fig. 2. Visualization of different spatial regions, locally 

bound (yellow) and unbound (blue). 

Fig. 3. Visualization of possible plans to be chosen by the 

user. Objects are highlighted in different colors depending 

on the plan they belong to. 
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there are two ways of enforcing their usage. The first one 

is to define preconditions on the actions that should be 

visualized, which makes them more domain-dependent.  

The other approach would be to use a cost function, which 

considers the expected execution time. This means in 

particular that if the user is prepared to the upcoming 

actions he can react faster if required .For a more human-

centered approach the planning algorithm has to be able 

to identify alternative solutions thus the human worker is 

able to choose from different behaviors during runtime 

like depicted in figure Fig. 3. 

4. EXPERIMENT 

The interaction concept for an efficient human-robot interface is 

evaluated in an experiment, which is described in this section. 

4.1  Experimental Setup 

The software in this experiment is based on a skill 

framework, similar to [8] and technology that is suitable 

for industrial applications. The hardware setup is depicted 

in figure Fig. 4 which includes a robotic arm that is 

capable of safe human-robot cooperation and is equipped 

with an industrial grade perception system in order to 

fulfill tasks on an advanced level of autonomy. 

No augmented or virtual reality glasses are used here 

since they constrain the workers too much. Instead, a 

projector augments the working area and enables spacial 

presentation of information. As a simple but flexible input 

channel virtual touch buttons are used, which are 

implemented with a combination of a depth camera and 

the projector. 

Two different test scenarios are evaluated. In the first 

scenario the test persons can get used to the system and 

only need to interact as soon as an induced error occurs. 

In the error case they should identify the problem and re-

establish a state from which the system can continue its 

execution. 

The second scenario allows the worker to choose from 

different possible execution paths and therefore modify 

the nominal behavior of the system. This scenario is 

human-centered and allows bringing in the test persons 

intuition and the experience they collected previously. 

The experiment was conducted with ten persons, a single 

person at a time, who were shortly introduced in the 

system without providing specific information about the 

task. The setup uses small icon sizes and additional 

textual descriptions to make it as self-explanatory as 

possible. 

During the experiment the reactions on the system and the 

interactions were observed. Additionally, they were asked 

in an informal form about their impression on the system 

after the test runs. 

4.2  Results 

For the first scenario all but one test person, who needed 

additional hints, solved the induced errors with the 

information provided by the system. We could observe by 

their viewing directions during the runs, that the concept 

of separating locally bound and unbound information was 

understood and taken advantage of. 

In the feedback the test persons suggested cosmetically 

improvements only. Some would like smaller, some larger 

texts or symbols, others would prefer different symbols. 

The modularity of our approach easily allows such user-

specific preferences, thus in an industrial setup a worker 

would be able to do such individual adjustments quickly.  

The second scenario emphasized that the test persons 

understood the interaction concept and quickly decided 

which path of execution to choose. Nevertheless, it took 

several runs until they gathered enough experience to 

develop a favorite execution path. An experienced worker 

might have deeper knowledge about the relevant 

processes in production and therefore stronger 

preferences can be expected. 

Overall, it is observed that the general human skepticism 

regarding motions of autonomous robotic arms is 

decreased due to the foreseeable actions of the system. 

This is especially important since most systems for 

flexible control of robot arms are based on randomized 

planners. 

5. CONCLUSIONS 

In this paper we proposed three guidelines for an efficient 

interaction concept, which can be combined with modern 
flexible architectures for autonomous machines. This 

combination allows for a human-centered cooperation 

Fig. 4. Hardware used in the experiment. Projector, 3d-

camera, 2d-camera and robotic arm are highlighted. 
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which can be integrated in modern planning architectures, 

which enables flexible and cost effective industrial 

applications. 

In a short experiment an example implementation based 

on a skill-framework is presented, which enables 

untrained persons to interact with the system to improve 

overall performance with respect to failure tolerance. 
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ABSTRACT 

This study presents a wearable exoskeleton robotics for 

lower limbs which can enhance the motion capability of 

human. This robotics can be used to assist the healthy 

human in running for the aim of increasing the running 

speed, enhancing the endurance, and augmenting the 

strength. To control the robotics, this study presents the 

passive dynamic model and realizes the bipedal classic 

passive running gait of the exoskeleton robotics. 

Meanwhile, the dynamic mechanism of bipedal running 

is also researched and analyzed. Based on the achieved 

dynamic mechanisms, we presented the passive control 

strategy for the exoskeleton robotics. This control 

strategy not only can make the robotics run with passive 

stable status to decrease the active control input and the 

energy dissipation, but also can be used to recover to the 

stable status when encountering the disturbances. 

Categories and Subject Descriptors 

B.8.2 [Performance and Reliability]: Performance 

Analysis and Design Aids. 

General Terms 

Design, Theory 

Keywords 

Exoskeleton robotics; passive dynamic model; passive 

control strategy; physical activity enhancement; 

1. INTRODUCTION 

The legged robotics and the exoskeleton robotics will 

play the key role under the extreme conditions, especially 

for the exoskeleton robotics which is controlled and 

coordinated by the motion of human. The lower leg 

exoskeleton robotics also collects the attention of 

researchers from all over the world. The most famous 

lower leg exoskeleton robotics is from the Berkeley 

whose name is BLEEX. BLEEX is the first field-

operational robotic system which can realize the task of 
carrying the significant load with the human under 

extreme terrain [1]. Many indexes are very excellent, 

however, BLEEX is not used widely because the heavy 

weight and the lower payload capacity. Thus, UCB and 

LMT presents an improved version which is named 

HULC on the basis of BLEEX [2]. HULC are more 

portable and flexible compared with the BLEEX. 

Meanwhile, the load ability and the allowable top speed 

of HULC are all enhanced. The operator can crouch, jog, 

and creep with HULC. In addition, SARCOS’s XOS 

series [3], Tsukuba University’s HAL series [4], and 

REWALK series [5] can realize various functions to 

achieve the aim of human enhancement. However, nearly 

all current produces of the lower limb exoskeleton 

robotics focus on designing mechanical structure and 

controlling the motion. Few of them study the dynamic 

characteristics of the exoskeleton robotics during running 

with human. 

This paper will present a lower limb exoskeleton robotics 

which can realize enhancing the motion function of the 

healthy human. Besides, according to the mechanical 

structure of the exoskeleton robotics, we apply the current 

spring loaded inverted pendulum model (SLIP) to study 

the dynamic properties of the exoskeleton robotics during 

running. The fundamental dynamic laws will be achieved 

from analyzing the relation between output and input 

variables. Based on the attained dynamic properties, we 

present the passive control strategy to stabilize the 

running gait and make the robotics run with a passive 

stable status. As a result, the active control input and the 

energy dissipation of robotics and human will be 

decreased. Furthermore, based on the control strategy, the 

instable running status will be stabilized when the 

robotics encounters disturbance. 

2. MECHANICAL DESIGN  

As shown in Fig. 1, the motion of lower limb is 

decomposed into two motions: one is the revolve motion, 

the other is the linear motion. As a result, there are three 

joints designed in one leg: the first is the hip which is a 

revolute pair; the second is the knee joint which is a 

sliding pair; the last is the ankle joint which is a spherical 

pair. The hip and knee joint are active respectively driven 
by motor (10) and (9), the ankle joint is absolutely passive 

joint. The hip joint is directly driven by motor (10) which 
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is reduced by the harmonic reducer (6). The drive system 

of knee joint is more complex comparatively, which is 

comprised by motor (9), harmonic reducer (5), sheave (4), 

fixed pulley (11), wire rope (12), guide rail (14), slide 

block (16), and Spring (15). The linear motion of knee 

joint is converted to the revolve motion by the drive 

system. The flexion motion of knee joint is realized by the 

motor (9) and the tension of wire rope (12), yet the 

extension motion is achieved by the spring (15). The mass 

of the driver is concentrated in the hip joint through the 

design which can reduce the rotational inertia of leg and 

the drive force of the hip joint motor. 

The exoskeleton robotics is worn by the belt 1 and the foot 

18, other parts are not fixed with human body. If a healthy 

human runs with a smooth speed and a common gesture, 

this robotics can provide the active force to help human 

to swing the lower limbs reciprocally. Thus, this 

exoskeleton robotics can increase the force of legs and 

decrease the feelings of fatigue. As a result, the running 

speed, endurance, and strength during running will be 

enhanced. 

 

Fig. 1 Mechanical structure of the exoskeleton 

robotics. 

1. Wearable belt; 2. Fix splint; 3. Fix board; 4. Sheave; 

5. Harmonic reducer; 6. Harmonic reducer; 7. Motor 

base; 8. Mounting flange; 9. Knee motor; 10. Hip 

motor; 11. Fixed pulley; 12. Wire rope; 13. Femur; 14. 

Guide rail; 15. Spring; 16. Slide block; 17. Tibia; 18. 

Foot. 

 

3. DYNAMIC MODEL 

If the robotics runs with a passive stable cyclic gait, the 

control input will be decreased and the energy will also 
be economized [6]. Thus, we will study the passive 

dynamics of the robotics in which the active force and 

torque are all neglected. The passive dynamic model is 

simplified into the SLIP model according to the structure 

and function of the exoskeleton robotics. The SLIP model 

is widely used to study the monopodia [7], bipedal [8] and 

quadruped running [9]. As shown in Fig. 2, the body is 

simplified into a mass and the leg is simplified into a 

linear spring. The mass and leg is connected by a revolute 

pair. The mathematical model is shown in Eq. 1. 

 

Fig. 2 The simplified passive dynamic model. 

                                 (1) 

Where, q is the generalized coordinates of the mass-

spring system. M is the matrix of mass. B is the matrix 

comprised by force with velocity, elastic force, and the 

gravity.  is the angle between the leg and the vertical line. 

l is the length of the leg during the stance phase, and l0 is 

the initial length of leg that is the free length. represents 

the contact status of the leg. x is the horizontal coordinates 

of the mass center; z is the vertical coordinates of the mass 

center; k is stiffness of the leg spring. 

                                  (2) 

                                (3) 

                                   

 (4) 

                      (5) 

              (6) 

                          (7) 

                                  

(8) 

                          (9) 

 

4. THE PASSIVE DYNAMIC ANALYSIS 

For achieving the dynamic law of the running gait, we 
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realize the classic running gait like human. That is the two 

legs contact the ground alternatively, and there is no times 

for the two legs contacting the ground simultaneously. 

The stable and cyclic running gait of human is shown as 

Fig. 3. Under the stable and cyclic status, vx decreases as 

the leg touches down the ground and then recovers to the 

initial velocity; z also decreases as the leg touchdown and 

then recovers to the initial height. From the curves, there 

are no changes in the vx during the leg lifts off the ground; 

and the top height of the z is at a same level. As a result, 

the robotics and human running with this stable gait will 

save energy and drive force. 

 

Fig. 3 The stable cycle of dynamic running with 

classic gait. 

As shown in Fig. 3, the stable and cyclic running gait will 

be achieved when the touchdown angle (td) is equal to 

the liftoff angle (lo) [10]. The relationships between the 

input variables (stiffness, initial leg length, mass) and the 

stability are analyzed. From Fig. 4, one dynamic law is 

exposed that the absolute values of loand td expose the 

negative correlation relationship. For the stiffness k and 

initial leg length l0 (Fig. 4(a)(b)), the relation between k 

(l0) and the stabletd (lo) are also negative correlation, 

that is if the k (l0) is increased, the stable td will decrease. 

For the mass m (Fig. 4(c)), the relation between m and the 

stable td are positive correlation, that is, if the m is 

increased, the stable td will increase too. 

 

Fig. 4 The variation of the stable touchdown angle. 

Besides, we also analyze the variation laws of the other 

output variables with the input variable td and k. For zpeak 

and vz, the law is much simpler (Fig. 5 (c) (d)), that is, 

they will increase as the input variables (k and td) 

increase. For the vx (Fig.5 (b)), the variation trend is also 

monotonous: the vx will decrease as k and td increase 

gradually. For xpeak (Fig. 5(a)), the variation rules are not 

so clearly and monotonously especially when the td and 

k are larger relatively. 

 

Fig. 5 The variation of the output parameters against the 

variable input parameters. (a) x-coordinate when center 

of mass reaches the top point during flight phase; (b) 

velocity along the x-coordinate during flight phase. (c) z-

coordinate when center of mass reaches the top point 

during flight phase; (d) velocity along the z-coordinate at 

liftoff event. 
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5. THE PASSIVE CONTROL STRATEGY 

From the analysis at the last section, the relations between 

vx (zpeak) and td (k) are absolutely monotonous. As a result, 

the running gait can be adjusted to the stable status 

(td=lo) by changing the value of input variables (td and 

k) to save the energy and the active control input. 

Furthermore, if the running status is instable when it 

encounters disturbance, the running gait can be stabilized 

again by adjusting the passive input variables. 

The stable running status will be disturbed when the 

robotics steps into the puddles or steps on the bricks. Fig. 

6 (a) shows the velocity deviation curve of vpeak along 

with the height variation (h) of the brick and the depth (h) 

of the puddles. The negative value represents the robotics 

stepping into puddles and the positive value represents the 

robotics stepping on the brick. The vpeak will be larger than 

the initial velocity if the robotics steps into the puddles. 

Oppositely, the vpeak will be smaller than the initial 

velocity if the robotics steps on the brick. Besides, the 

vpeak will decrease continuously as the height increase. 

 

Fig. 6 Stability control strategy of the running gait. (a) 

Stability deviation caused by the external disturbance; (b) 

compensating the instable posture with leg stiffness; (c) 

compensating the instable posture with touchdown angle. 

At the intersection of the imaginary line, the robotics can 

run with a stable and cyclic status (Fig. 6). The instable 

running gait when encountering disturbance can be 

stabilized by adjusting the stiffness k and touchdown 

angle td. According to the achieved dynamic tendency, 

adjusting the larger velocity for equaling to the initial 

velocity needs larger leg stiffness and larger touchdown 

angle (Fig. 5 (b)) (Fig. 6 (b) (c)), and vice versa. Therefore, 

the curves of k and td needed by stabilizing the running 

gait are also continuous and decreasing monotonously 

(Fig. 6 (b) (c)). 

 

6. CONCLUSION 

This paper presents a lower limb exoskeleton robotics 

which can be used to enhance the motion ability of the 

healthy human. There are two active joints in per leg, one 

is the rotational hip joint, and the other is the translational 

knee joint. As a result, the exoskeleton robotics can 

realize adjusting the leg stiffness and touchdown angle 

even leg free length by the designed robotics leg structure. 

Against to the loss of the dynamic analysis for the 

exoskeleton robotics, we cite the SLIP model for the 

exoskeleton robotics solely to simulate the classic running 

gait of human. The dynamic laws are achieved by 

analyzing the relation between output and input variables. 

Based on the achieved dynamic laws, the passive control 

strategy is presented to stabilize running gait as 

encountering external disturbances. 
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ABSTRACT 

Recently, population ageing has become a series problem 

at many countries, especially in advanced countries. 

Onthe contrarythe number of young care workers 

decrease gradually, and care burden increases. In this 

study, aiming to reduce the burden of wheelchair care,we 

develop a new power add-on driving unit (PAU) for the 

caregivers (attendants).Compared to the traditional 

electric powered wheelchairs, PAU has a lot of merits, e.g. 

in size, cost, and portability.It can be easily attached to 

the most of traditional manual wheelchairs so that the 

manual wheelchairs can be simply powered, and it can 

also be easily detached from the wheelchairs. With regard 

to control, we propose a new control method which is able 

to adapt the speed of the powered wheelchair according 

to attendant’s force exerted to the wheelchair, in which, 

the attendant’s force is not directly acquired by expensive 

multiple axes force/torque sensor, instead, the force is 

estimated by our proposed disturbance observer. 

Experiments are implemented and the effectiveness of our 

developed PAU and proposed power assistance control 

approach are verified. 

Categories and Subject Descriptors 

K.4.2 [Computers and Society]: Social Issue – Assistive 

technologies for persons with disabilities. 

General Terms 

Measurement, Design,Experimentation, Verification 

Keywords 

Power Assistance, Force Observer, Electric Wheelchair, 

Care burden 

1. INTRODUCTION 

In recent years, a number of advanced countries are facing 

population ageing problem [1]. Since the elder’s walking 

ability is declining with age or injury, the number of users 

of manual wheelchair increases. Especially, Japan has the 

highest percentage of the elderly in the world. From the 

census research [1], nearly 70% of caregivers are the 

people who are over 60’s. Caregiver is a very tough job 

especially for elderly and women. There had many people 

who quit their jobs because of the care’s toughness. To 

reduce the care burden, many powered wheelchairs have 

been developed ([2]-[4]). 

Generally, thepowered wheelchairs can be classified into 

two types, self-propelled powered wheelchair (SPW) and 

attendant-propelled powered wheelchair 

(APW).SPWsare usually multifunctional and over 

performance in comparison with the APWs.Mostly SPWs 

is controlled via joystick by the user of wheelchair. Since 

SPW runs without any attendant, it needs a large power 

to drive at all times, and a large capacity of battery to 

supply to the motor and other mechanisms toachieve the 

various functions. On the other hand, APW runs with 

attendant’s help and it does not need a large motor power, 

norlarge battery capacity and other functions. In general, 

SPWs are larger and heavier than APWs. For caregivers, 

APW is more useful than SPW. In wheelchair care 

situation, the caregiver will always help the caretakers 

control the wheelchair, so the large power of motor is not 

necessary. To go a distant place, car is a major way and 

the powered wheelchair should be compact enough to be 

put into the trunk of the car. Therefore,small size and light 

weight are essential for wheelchairs in care use. For this 

purpose,up to now, many of compact and light weight 

power add-on driving units (PAU) have been developed 

[4], [5]. Moreover, PAU is much cheaper so that it would 

be affordable for many people to purchase it.  

However, there still have some problems for PAUs. First, 

themost of developed PAUs are attached to and detached 
from the manual wheelchair via brackets, while the 

brackets are pre-installed to the manual wheelchair by 
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specific technicians, not by the user of the PAU or 

wheelchair. Second, with regards to control, the attendant 

commonly controls the speed of PAU via buttons or 

joystick of controller. Though this control method seems 

simple and easy,but from the viewpoint of the attendant, 

this method is difficult for the attendant to operate the 

wheelchair. First, while in running, the attendant has to 

adjust the speed from controller by their fingers according 

to the road situation. Second, the speed of the PAU (or the 

powered wheelchair) is usually pre-designed and 

therefore controlled in several different discrete values. 

Consequently, the attendant has to walk at the pre-set 

speed of the powered wheelchair, and cannot walk with 

his/her own intent according to the conditions such as 

load, road, and etc.With above reasons, not only the 

mechanical mechanism, but alsothe control method of 

PAU must be improved.In this study to make PAU change 

the speed adaptively,a new powerassistance 

approachisproposedand realized bysensorless control. In 

this control, a disturbance observer is developed, and it is 

used to estimate the force exerted by the attendant on the 

wheelchair. Hence, expensive multiple axes force/torque 

sensor, which is usually used for force control or power 

assistance control in previous researches, is not required 

anymore. 

In this paper, we develop a novel PAU and propose its 

new control method. In the Section II, we introduce the 

development concept of PAU. In the Section III, the 

control method and force observer are proposed. In the 

Section IV, a power assistance experiment is performed 

to validate the proposed control method. Finally, Section 

V provides the conclusion of this study. 

2. THE PAUMECHANISM 

The development of PAU is based on the following three 

concepts:the PAU to be developed 

1) can be very easily attachedto and detached from the 

manual wheelchair only by attendant’s hands, any 

tools like wrenches, screw drivers, and so on, are not 

needed. 

2) have compatibility with most of the commercialized 

manual wheelchairs on the market. 

3) have a low price.  

Under the above concepts, a new type of power add-on 

driving unit (PAU) is developed as shown in Figure 1. 

This new PAU consists of hub-motor, control box, battery, 

controller and caster simplistically. Amanual wheelchair 

after our PAU attached to is shown in Figure 2. To 

achieve the first and the second concepts,  

 

Figure 1.Thedeveloped PAU 

 

Figure 2.A manual wheelchair with the attached our 

developed PAU 

 

Figure 3. Adjustment mechanism of PAU 

we notice the tipping levers exist in manual wheelchairs 

commonly and they are used for climbing over steps. In 

our PAU, there exist two clamps and a lever. The 

attendant can easily adjust the length of the clamps and 

the height of the lever to fit for the different widths and 

different heights of the different manual wheelchairs by 

putting the clamps into the tipping levers of the manual 

wheelchair and fastening the clamps and the lever (Figure 

3). In this way, our PAU has the great compatibility with 

the most of the commercialized manual wheelchairs on 

the market. 

3. SENSORLESS POWER ASSISTANCE 

SYSTEM 

Here we introduce the whole sensorless power assistance 

control. In the PAU, a DC hub-motor is used to make 

PAU compact. However, there is no encoder in the hub 

motor, so that the running speed of the motor (saying, the 
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PAU) cannot be directly obtained. Since speed 

information is important for safety and force estimation 

(that is discussed later), we employ a speed observer to 

estimate the speed of the PAU. The speed observer is 

introduced and the speed estimation result is verified in 

the Section 3.1. The force estimation model and the whole 

power assistance model are constructed in Section 3.2 and 

Section 3.3, respectively.  

3.1 Speed Observer 

Since a DC hub-motor is used in the PAU, the DC motor 

model as shown in Figure 4 (a) can be formularized as  

 𝒗 = 𝑳
𝒅𝒊

𝒅𝒕
+ 𝑹𝒊 + 𝒗𝒆 (1) 

where,𝒗 is the terminal voltage of the motor, 𝑳 is the 

inductance of the motor coil, 𝑹 is the internal resistance 

of the motor, 𝒗𝒆 is the back emf voltage of the motor and 

𝒊 is the armature current of the motor. The back emf 

voltage is proportional to the speed of the motor as 

follows 

 𝒗𝒆 = 𝒌𝒆 ⋅ 𝛚 (2) 

where, 𝑘𝑒  is the back emf voltage proportional 

coefficient and 𝜔 is the angular velocity of the motor. 

Since the inductance of a small motor is sosmall, it can be 

neglected.  

 

     (a) Model for speed observer  (b) Model for force 

observer 

Figure 4. ADC motor models for observer 

Therefore, from (1) and (2), the angular velocity 𝜔 can 

be obtained as follows 

 𝝎 =
𝒗 −𝑹𝒊

𝑲𝒆
 (3) 

In(3), the resistance   and the back emf voltage 

proportional coefficient 𝑘𝑒  are constant, hence the 

angular velocity 𝜔 can be estimated from the measured 

motor voltage   and motor current𝑖.In PAU, the motor 

voltage and motor current can be obtained from the motor 

driver.If constant   and 𝐾𝑒  are identified, then𝜔 can 

be estimated. Further, to verify the above estimated𝜔, we 
put a slit on the hub motor and a photoreflector on the 

stand as shown in Figure 5, and they are used as an 

encoder to measure the actual speed of the motor. The 

measured speed is used to compare with the estimated 

speed. 

The result is shown in Figure 6. From this result, we can 

find that the speed estimation is accurate enough even if 

the speed changes rapidly.  

3.2 Force Observer 

The external force exerted on the wheelchair is estimated 

through estimating the torque applying on the motor by 

force observer. The force estimation model is based on the 

DC motor model as shown in Figure 4 (b). This model can 

be formularized as  

 
𝐓𝐌 = 𝑲𝝉𝒊 = 𝑱

𝒅𝝎

𝒅𝒕
+𝑫𝝎+𝑻𝒇

+ 𝑻𝑳 

(4) 

where, 𝑇𝑀  is the motor torque, 𝐾𝜏 is the torque 

coefficient, 𝐽 is the moment of inertia of the motor, 𝐷 

is the viscous friction constant and 𝑇𝑓 is dry friction 

torque. These parameters are identified from 

identification experiments.  

The force model of a manual wheelchair with the attached 

PAU is shown in Figure 7. In this model, 𝐹𝑥  is the 

attendant’s applied force to the wheelchair, m is the total 

mass including the wheelchair with PAU and caretaker, 

𝐹  is the frictional torque of  

 

Figure 5. Hub-motor with encoder 

 

Figure 6. Result of speed estimation by observer 
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Figure 7. Force model of manual wheelchair with PAU 

the wheelchair, 𝐹𝐿is the traction force of the PAU, and F 

is the resultant force of whole wheelchair. This model can 

be formularized as 

 𝑭 = 𝒎𝒂 = 𝑭𝒙 +𝑭𝑳 − 𝑭𝒓 (5) 

In this model, frictional force is commonly assumed to be 

the total of the rolling resistance and the viscous friction. 

Hence, the frictional force 𝐹  can be rewritten as  

 𝑭𝒓 = 𝒅𝒓𝝎+ 𝒄𝒎𝒈 (6) 

wherethe viscous friction coefficient is d, the radius of the 

wheel is 𝑟, the dry frictional coefficient is 𝑐 , and the 

acceleration of gravity is 𝑔. These parameters are also 

identified from identification experiments. After that, 

from (4), (5) and (6), the force estimation (or saying, force 

observer) can be expressed as 

 
𝑭𝒙 = 𝑭−𝑭𝑳 +𝑭𝒓 = 𝒎𝒓

𝒅𝝎

𝒅𝒕
+ 𝒅𝒓𝝎+ 𝒄𝒎𝒈

−
𝟏

𝒓
(𝑲𝝉𝒊 − 𝑱

𝒅𝝎

𝒅𝒕
−𝑫𝝎− 𝑻𝒇 ) 

(7) 

3.3 Power Assistance System 

Now, we introduce the power assistance control for the 

PAU. Firstly, we define the power assistance rate𝛼 as 

 𝜶 =
𝑭𝑳

𝑭𝑳 +𝑭𝒙
 (8) 

where, 𝐹𝐿 is traction force of the PAU, and 𝐹𝑥  is the 

pushing force of attendant. By reformulation of the (8), 

theassistive torque 𝑇𝐿is expressed as 

 𝑻𝑳 = 𝑭𝑳 ⋅ 𝒓 =
𝜶

𝟏 −𝜶
𝑭𝒙 ⋅ 𝒓 (9) 

(9) shows that the torque 𝑇𝐿 is proportional to𝐹𝑥, and the 

power assistance rate can be changed by adjusting𝛼.To 

control the traction force of PAU, we employ current 

control, i.e. torque control, to realize a force control, or 

saying, power assistance control. The reason to use 

current control is that, compared to the speed control, the 

current control can maintain the power assistance near the 

0 speed zone. The wholesensorless power assistance 

system is shown in Figure 8. This system consists of 5 

parts that are motor model, speed/disturbance observer, 

force estimation model, assist torque calculation model, 

and current control model.  

 

 

Figure 8. Block diagram of whole power assistance system 

 

4. POWER ASSITANCE EXPERIMENT 

In this part, we verify the force estimation accuracy and 

the effect of proposed power assistance control. In 

experiments, a50kg load is put on the wheelchair with 

PAU. For comparison with the estimated force, a 6-axes 

force/torque sensor is attached at the handle of the 

wheelchair. The experimentsare conducted on a flat 

floor.The running distance is about 20m long and a 22-

year-old man pushes the wheelchair. The experimental 

resultsare shown in Figure 9. In the figure, we can find 

that the estimated force by force observer coincides well 

with the measured force from the force sensor. For 

evaluation, we define the error rate 𝜀as 

 𝛆 =
𝑭𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 −𝑭𝒙

𝑭𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
⋅ 𝟏𝟎𝟎 [%] (10) 

where, 𝐹𝑚𝑒𝑎𝑠𝑢 𝑒𝑑 is the measured force from the force 

sensor. The error rate of estimated force is averagely 7.5% 

during running. The margin of the estimated force error is 

averagely 1.2N during running. Further, we calculate the 
attendant’s force from the estimated angular velocity and 

its angular acceleration when the power assistance of the 
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PAU is not executed. 

In Figure 10, the forces with assistance and without 

assistance are plotted, respectively. From thefigure, the 

power assistance rate is about 36%. Consequently, it can 

be said that the sensorless power assistance iseffectively 

realized, and the proposed sensorless control approach for 

PAU is confirmed. 

 

Figure 9.Power estimation result of the wheelchair with PAU 

 

Figure 10. Comparison of force with assist and without 

assist 

 

 

5. CONCLUSION 

In this paper, we developed a novel PAU for reduction of 

care burden. This PAU can be easily attached to the most 

of the manual wheelchairs. Furthermore, for easiness of 

use and low price, we proposed asensorless power 

assistancecontrol approach for the PAU. First, a speed 

observer and a force observer aredeveloped,and the 

parameters of twoobserversare identified experimentally. 

Then, with the estimated force, the necessary driving 

torque, in other word, the motor current is obtained. With 

the current control, the power assistance is realized. Thus, 

a sensorless power assistance system is constructed. 

Finally, verification experimentsareconducted, and the 

effectiveness of the proposed sensorless power assistance 

control is confirmed.  
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ABSTRACT 

This paper presents a sensorless power assistance (SPA) control 

for an upper limb exoskeleton robot. The proposed SPA control is 
realized by a disturbance observer and an admittance model. The 
disturbance observer is developed to estimate the torque that the 
wearer applies to the robot. The admittance model is used to 
calculate the target angular velocity of the exoskeleton robot. The 
power assistance experiments of the elbow joint are implemented, 
and the experimental results show that about 30[%] power 
assistance using our proposed SPA control is successfully realized. 

Categories and Subject Descriptors 

K.4.2 [Computers and Society]: Social Issue – Assistive 

technologies for persons with disabilities. 

General Terms 

Measurement, Experimentation, Verification 

Keywords 

Power assistance, Exoskeleton robot, Sensorless control, 

Disturbance observer 

1. INTRODUCTION 

Recently in advanced countries, especially in Japan, the aging 
population is increasing and birth late is decreasing. Due to the 
population declining in production ages, the elderly taking care of 
the elderly and labor shortage have become serious problems. 

Therefore, the development of wearable powered exoskeleton robot 
to reduce the human burden is explosively increased in recent years 
([1]-[3]). In some of such developed wearable powered exoskeleton 
robots, electromyography (EMG) or force/torque sensor are used 
for control. In our laboratory we also developed an exoskeleton 
robot in which EMG sensors are used for power assistance control. 
However, EMG sensors haves some problems such as perspiration 
and individual difference. Whether EMG sensors or force/torque 

are expensive, and the cost increases  

 

 

with the number of sensors. In this study, we aim to develop a 
power assistance control technology for the upper limb exoskeleton 
robot without using EMG nor force/ torque sensor. In this paper, 
we develop a torque estimation model using disturbance observer 

to estimate the torque applied by the wearer to the robot.  Further, 
with the estimated torque and our previously developed admittance 
control, the experiments of the power assistance control for elbow 
joint are conducted and the effectiveness of the proposed approach 
is confirmed. 

The remainder of this paper is organized as follows. In Section II, 
the outline of our laboratory’s upper limb exoskeleton robot suit 
(FEA2, Flexion and Extension Assist Robot 2) is introduced. In 

Section III, the method of constructing torque estimation model 
based on disturbance observer is developed. In Section IV, the 
confirmation experiments of the estimated torque are conducted. In 
Section V, outline of SPA system and its power assistance 
experiment results for the elbow joint are presented. Finally, the 
conclusions are summarized. 

2. UPPER LIMB EXOSKELETON 

ROBOT SUIT (FEA2) 

The upper limb exoskeleton robot suit (FEA2) as shown in Fig.1 
is developed in our laboratory. .The development concept is as 
follows: 

(1) The exoskeleton can realize the motion in all directions of the 
wearer for his/her elbow and shoulder joints, and it should not 
hinder the wearer’s movement. 

(2) Power assistance is only provided to the most needed degrees 
of freedom, i.e., the flexion and extension movements of elbow and 
shoulder joints are actively supported, and other two movements of 
the shoulder joints are passive. 

(3) Low cost. 

(4) Convenient for the wearer to put it on and off. 

We design the exoskeleton with 4 DoFs, flexion and extension of 
the shoulder, medially with supination and pronation of the 
shoulder, adduction and abduction of the forearm, and flexion and 
extension of the elbow. Two brushless DC motors actively support 
the flexion and extension of the shoulder and elbow; and the other 
two movements of the shoulder joints are passively implemented. 
In our exoskeleton, the previously developed extended admittance 

control is used to realize the power assistive [4]. 

Figure 1. Upper limb exoskeleton robot suit (FEA2) 

 

. 
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3. TORQUE ESTIMATION BY 

DISTURBANCE OBSERVER 

3.1 DC Motor Model 

The motion equation of the BLDC motor used in our 

FEA2 expressed as 

 JM
𝑑𝜔𝑀

𝑑𝑡
+ 𝑇 = 𝐾𝑡𝑖 𝑒𝑓  (1) 

where, 𝑖 𝑒𝑓  is motor’s armature current, 𝐾𝑡  is the 

torque efficient of the motor, 𝑇𝐿 is load torque, 𝐽𝑀 is the 

moment of inertia of the motor, and 𝜔𝑀 is the angular 

velocity of the motor. Equation (1) can be reformulated as 

Equation (2) which is a disturbance observer of the motor 

 �̂�𝑑𝑖𝑠 = 𝐾𝑡𝑛𝑖 𝑒𝑓 − 𝐽𝑀𝑛

𝑑𝜔𝑁

𝑑𝑡
 (2) 

where, �̂�𝑑𝑖𝑠 is the disturbance torque of motor and the subscripts 
‘n’ of torque coefficient and moment of inertia represents for the 
nominal value. The block diagram of Equation (1) and Equation (2) 
are illustrated in dotted line block in Figure 2, respectively. The 

disturbance torque can be estimated by this model. From the 
estimated disturbance torque, a compensation current is calculated 
and a robust control system is constructed by feedback of this 
current to the motor as shown in Fig. 2 [5] 
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3.2 Components of Disturbance Torque 

In the subsection 3.1, the disturbance torque model of 

the motor is constructed, but there are many kinds of 

disturbances which are acting on the joints of the robot. 

Here, we discuss the disturbance torque  𝑇𝑑𝑖𝑠  of robot 

joints. The summation of the disturbances can be 

expressed as 

 

𝑇𝑑𝑖𝑠 = 𝑇𝑖𝑛𝑡 + 𝑇𝑔 + 𝑇𝑒𝑥𝑡 + 𝑇𝑓 + 𝐷𝜔𝑀  

+(𝐽𝑀 − 𝐽𝑀𝑛)
𝑑𝜔𝑀

𝑑𝑡
+ (𝐾𝑡𝑛 −𝐾𝑡)𝑖 𝑒𝑓  

(3) 

where, interference torque from other joints is 𝑇𝑖𝑛𝑡 , 

torque from gravity is 𝑇𝑔, reaction torque is 𝑇𝑒𝑥𝑡 , friction 

torques including gears and motor are 𝑇𝑓 +𝐷𝜔𝑀 , 

fluctuation of moment of inertia is (𝐽𝑀 = 𝐽𝑀𝑛)
𝑑𝜔𝑀

𝑑𝑡
 , and 

torque ripple is (𝐾𝑡𝑛 −𝐾𝑡)𝑖 𝑒𝑓 . 

3.3 Estimation of Reaction Torque 

In this study, the wearer’s applying force to robot is the control 

signal of the robot FEA2. Since the reaction torque is generated 
when the wearer applies force to the robot, the reaction torque 
model is necessary for the estimation of the user’s torque. 
Assuming that the torque ripple of motor is much smaller and these 
additional torques such as interference torque from other joints, 
torque of gravity, frictional torque, fluctuation torque of moment of 
inertia are identified from experiment in advance, the reaction 

torque �̂�𝑒𝑥𝑡 can be estimated as shown in Figure 3. 

3.3.1 Dynamics model of the robot 

The length, weight, moment of inertia and other parameters of 
each link are needed for the dynamics model of the robot. Since the 

robot suit FEA2 assists in flexion and extension direction of 
shoulder and elbow, we model the robot FEA2 as a 2 degree of 
freedom manipulator in a plane. Considering the link’s center 
position of gravity, let the 𝑖-th link’ center position of gravity be 

(𝑥𝑔𝑖 ,  𝑔𝑖), the 𝑖-th distance between (𝑥𝑔𝑖 ,  𝑔𝑖) to 𝑖-th joint be 𝑙𝑔𝑖, 
𝑖 -th mass of link be 𝑚𝑖  𝑖 -th moment of inertia of link be 𝐼𝑖 , 
gravitational acceleration be 𝑔 [m/s2], and 𝑖-th torque of motor 

Figure 2. Motor model and Disturbance Observer 

 

. 

 

 

Figure 3. Estimation of Reaction torque 

 

. 

 

 

Figure 4. Two link manipulator (2DoF) 

 

. 
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be 𝜏𝑖  [Nm]. The dynamic equation of the robot can be expressed 
as 

 𝑴(𝜽)�̈� + 𝒉(𝜽, �̇�) + 𝒈(𝜽) = 𝝉 (4) 

 𝑴(𝜽) = [
𝐴11 𝐴12

𝐴21 𝐴22
] (5) 

𝐴11 = 𝑚1𝑙𝑔1
2+𝑚2𝑙1

2+𝑚2𝑙𝑔2
2+ 𝐼1 + 𝐼22𝑚2𝑙1𝑙𝑔2 cos 2 

𝐴12 = 𝑚2𝑙𝑔2
2+ 𝐼2 +𝑚2𝑙1𝑙𝑔2 cos 2 

𝐴21 = 𝑚2𝑙𝑔2
2+ 𝐼2 +𝑚2𝑙1𝑙𝑔2 cos 2 

𝐴22 = 𝑚2𝑙𝑔2
2+ 𝐼2 

 𝒉(𝜽, �̇�) = [
−𝑚2𝑙1𝑙𝑔2(2 1̇ +  2̇) 2̇ sin  2

𝑚2𝑙1𝑙𝑔2 1̇
2
sin  2

] (6) 

𝒈(𝜽) = [
(𝑚1𝑔𝑙𝑔1 +𝑚2𝑔𝑙1)cos 1 +𝑚2𝑔𝑙𝑔2 cos( 1 +  2)

𝑚2𝑔𝑙1𝑙𝑔2 cos( 1 +  2)
]   

(7) 

 

where, 𝝉 = [𝜏1 , 𝜏2]
𝑇, and 𝜽 = [ 1 ,  2]

𝑇.  From the Equation (4) 

to (8), the interference torque from the other joints, torque from 
gravity, fluctuation torque of moment of inertia can be obtained. 

3.3.2 Identification of Frictional torques 

We conduct experiments to identify the frictional torques existing 
in motor and gears. When there is no load in the output axis of the 
reduction gears and the motor rotates at a constant speed, the 
influences of gravity and the moment of inertia can be neglected. 

In this case, the motor’s driving torque is equal to the frictional 
torques as 

 𝐾𝑡𝑛𝑖 𝑒𝑓 = 𝑇𝑓 +𝐷𝜔𝑀 (8) 

In the experiments, we change the speed of the motor, therefore the 

corresponding frictional torques are obtained from Equation (8). 
The results of the frictional torque are shown in Figure 5. The 
frictional torques are shown in dotted line and its linear 
approximation is shown in solid line. The linear approximation is 
expressed as 

 𝑇𝑓 + 𝐷𝜔𝑀 = 𝑐 + 𝑑𝜔𝑀 (9) 

where, c = 20.983, and d = 0.0248. 

4. TORQUE ESTIMATION OF ELBOW 

JOINT 

With the above results, the torque estimation 

experiments of elbow joint are conducted. As shown in 
Figure 6, a force sensor is attached on the tip of our robot 

FEA2 to confirm the estimated torque. In the experiments, 

we pull the force sensor and flex the elbow joint form 0° 

to 90°. This movement is conducted twice. The 

experimental results are shown in Figure 7. From the 

figure, we can find that the estimated torque and the 

measured torque (calculated from the measured force) 

coincides very well. Therefore, the effectiveness of the 

estimation approach is verified. 

 

 

 

 

 

 

 

 

5. SENSORLESS POWER ASSISTANCE 

With the estimated torque, SPA control is constructed and the 
power assistance experiments of flexion and extension of the elbow 
joint are conducted. 

Figure 6. Experiment method of torque estimation 

 

. 

 

 

Figure 7. Comparison of estimated torque and measured 

torque from force sensor 

 

. 

 

 

Figure 5. Result of frictional torque 

 

. 
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5.1 Control Block 

The block diagram of the control is shown in Figure 8. 

The estimated torque of the wearer applied to the robot is 

the input of our proposed extended admittance model 

developed in our previous study[4][6][7]. The admittance 

model generates the target angular velocity of the robot 

joint and is controlled by a simple PID control. 

5.2 Extended admittance model 

The extended admittance model is shown in Eq.(10) and 

Fig.9. 

 𝜏ℎ − 𝜏0 = 𝐼�̇� + 𝐷𝜔 (10) 

where, 𝜏ℎ is the input torque of the wearer applied to the 

robot; 𝐼 and 𝐷 are the virtual moment of inertia and the 

virtual coefficient of damping, respectively, which can be 

arbitrarily set in advanced; 𝜏0  represents the human's 

necessary joint torque to keep the load. By changed 𝐼, the 

responses of the robot can be changed. Moreover, by 

changed 𝐷, it is possible to adjust the load feeling of the 

operator, and hence to change the assist ratio. 

The three modes are as follows: 

flexion mode as  𝜏ℎ > 𝜏0 ⟹ 𝜔𝑑 > 0, 

keeping mode as  𝜏ℎ = 𝜏0 ⟹𝜔𝑑 = 0, 

extension mode as  𝜏ℎ < 𝜏0 ⟹ 𝜔𝑑 < 0, 

Our extended admittance control can seamlessly realize 

the switching of the three control modes, as stated above 

[4][6][7]. 

Ex. Admittance model

ωd ω



PID Motor Driver Robot
+

τh

τ0



Torque estimation model
+

 

 

 

 

Flexion

Extension

 

 

5.3 Power Assistance Experiment of the Elbow Joint 

Here, power assistance experiment of the elbow joint is 

performed using the constructed SPA system. 

5.3.1 Experiment method 

The experiment method is shown in Figure 10. The wearer is a 
male in twenties and holding 5.1[kg] of dumbbell as a load.  Task 
is so designed that wearer flexes his elbow joint from 0°to 90°and 
keeps in rest, and extends from 90° to 0°. In experiments, we 
simultaneously measure EMG signals of the biceps brachii muscle. 

The experiments are consisted for four trials, and each trial is 
implemented with the above task. 

5.3.2 Experiment result 

The experiment results are shown in Figure 11. The average of 
EMG of four trials without PA is about 0.18 [mV], and the average 
of EMG of four trials with PA is about 0.12 [mV]. Therefore, the 
decreased average of EMG is about 32 [%], this means the wearer’s 
burden is decreased by about 32%. The purpose of power assistance 
by sensorless control is achieved.  

6. CONCLUSION 

In this paper, a sensorless power assistance (SPA) 

control for an upper limb exoskeleton robot is developed. 

This control is constructed by a disturbance observer and 

an admittance model. The disturbance observer is for 

estimating the torque that the wearer applies to the robot. 

The admittance model is used to calculate the target 

angular velocity of the exoskeleton robot. The power 

assistance experiments of the elbow joint are 

implemented, and the proposed sensorless power 

assistance control is successfully realized. 

Figure 9. Extended admittance model 

 

. 

 

 

Figure 10. Experimental method of power assistance 

 

. 

 

 

Figure 8. SPA control block 

 

. 
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ABSTRACT 

The goal of this paper is to apply the lens distortion model 

for precise 2-D and 3-D gaze estimation for mobile gaze 

trackers. With our method, the rational lens distortion 

model is leveraged for approximating the process of back-

projecting 2-D pupil centers to their corresponding 3-D 

gaze directions. To infer the 2-D gaze point on the scene 

image, the hybrid two-view geometries derived from the 

rational lens distortion model need to be learned via the 

training data collected in two different depths. Thus, the 

2-D gaze point free of parallax error can be calculated as 

the intersection of two epipolar lines. Then the initial eye 

positions and the lens distortion coefficients can be 

analytically obtained based on the calculated hybrid two-

view geometry and 3-D gaze training data. Finally, a 

nonlinear optimization problem is formulated concerning 

the geometrical errors to refine the initial eye positions 

and lens distortion parameters. We evaluate the 

performance of our proposed approaches using simulated 

data, which demonstrates the effectiveness of our 

proposed method.  

Categories and Subject Descriptors 

I.4.9 IMAGE PROCESSING AND COMPUTER 

VISION: Applications 

General Terms 

Algorithms 

Keywords 

Human-Robot Interaction; Gaze Tracking; Calibration 

1. INTRODUCTION 

Gaze serves as an informative cue for human-

machine interactions [1]. Compared with remote gaze 

trackers, the mobile gaze trackers allow the user to move 

freely in the environment thus flourishing a body of new 

applications. In the mobile gaze trackers, a scene camera 

and eye cameras are held by the glass-like frame to 

capture the view of scene and observe eye movements, 
respectively [2]. Generally, there are two types of gaze 

estimation outputs. The first one is the 2-D point-of-

regard (POR) on the scene camera image. The second is 

the 3-D POR in the scene camera/world coordinates.  

To infer 2-D POR on the scene image, a regression 

model will be trained in the calibration process to register 

pupil centers with 2-D PORs. However, without properly 

designed regression models, 2-D POR estimation suffers 

from parallax errors caused by the spatial offset between 

the scene camera projection point and eyeball center. 

Some effective methods are explored to compensate the 

parallax error [2]-[5]. The basic idea behind them is to 

design the suitable model for approximating epipolar 

geometry of HMGT and recover it by the calibration 

process. Besides, some commercial mobile gaze trackers 

adopt the model-based approaches to compensate the 

parallax error, in which the 3D gaze directions need to be 

derived. Then 3-D POR will be calculated as the 

intersection of two visual axes. Accordingly, the 2-D 

POR can be inferred by projecting the 3-D POR onto the 

scene camera plane. However, the model-based 

approaches typically specialized hardware, such as 

multiple IR light sources and/or stereo cameras. A 

nonlinear optimization formed by the eyeball geometrical 

model is studied in [9] to relax the requirement for the 

special hardware. However, in these methods, the user 

dependent eyeball parameters should be known in 

advance. In this paper, we propose a novel unified 

framework of 2-D and 3-D POR estimation for mobile 

gaze trackers. At first, we leverage the lens distortion 

model to approximate the relations between the pupil 

centers and visual directions. Thus, the hybrid epipolar 

geometry of the mobile gaze tracker can be described by 

a hybrid fundamental matrix which is derived from the 

distortion model approximation. The hybrid fundamental 

matrix can be calibrated from the training data at two 

different depths. Accordingly, each pupil center will 

correspond to one epipolar line on the scene image, and 

the 2-D POR can be calculated as the intersection of two 

epipolar lines of both eyes. When the 3-D positions of 

PORs can be obtained in the calibration process, the 

initial eye positions and the distortion coefficients can be 

linearly solved from the hybrid fundamental matrix. Then 

the eye positions and the distortion coefficients will be 

refined by solving a nonlinear optimization problem. 
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Thus, 3-D PORs can be inferred as two 3-D visual axes 

spanned from the two eyeball centers. The merits of our 

proposed framework are three-fold: (a) The parallax error 

can be effectively compensated in the 2-D POR 

estimation. (b) 3-D POR can be calculated directly from 

2-D pupil positions. In other words, the reconstruction of 

3-D eye models is not required in our proposed 

framework. (c) For each nonlinear optimization problem, 

the initial estimations, which minimize the algebraic 

errors, are given as a closed-loop solution by solving a set 

of linear optimization problems. 

The remainder of this paper is organized as follows. 

Section II describes the model of eye and eye-camera 

system. A variety of lens distortion models are also 

briefly discussed in Section II. The details of our 

proposed framework are given in Section III. Section IV 

discusses the simulation results and V concludes this 

paper. 

2. MODEL FORMULATION 

2.1 Eye and Eye Camera 

In this section, we briefly introduce a simplified 

model which consists of the eye and the eye camera 

(EECAM). When the simplified eye model is concerned, 

EECAM shares the same mathematical model as the 

central catadioptric camera [6]. To be specific, the spatial 

locus of pupil can be treated as the unified sphere in the 

central catadioptric camera. The eyeball center and the 

projection point of the eye camera correspond to the 

effective single viewpoint and the projection center, 

respectively. As for the back-projection process in the 

central catadioptric camera, the back-projection ray, 

which connects the projection center and the image point 

on the perspective plane, will intersect the unified sphere 

twice. Thus, two incident rays correspond to one image 

point. At the same time, a variety of lens distortion 

models are studied to approximate the theoretically 

correct model of the central catadioptric camera [8][9], 

which allows the unique incident ray for each image point. 

Accordingly, the lens distortion model is investigated to 

map the image pupil centers to the visual axes. 

2.2 Lens Distortion Model 

A variety of the lens distortion models have been 

investigated to determine the 3-D ray 𝑑(𝑖, 𝑗) from which 

each pixel (𝑖, 𝑗) samples. The symmetric lens distortion 

models, such as the radial model, can effectively a 

distortion radially symmetric around the distortion center, 

which is typically selected as the principle center [8]. 

However, the distortion center is unknown in the EECAM 

system. In contrast, the rational model misses the 

psychical interpretation, but cope equally with radially 

and non-radially symmetric model without requiring the 

estimation of the distortion center [12]. The rational 

models can be described as follows 

k

3 kd(i, j) A X (i, j)  (1) 

where 𝒳k is defined as the “lifting” coordinates of the 

images point, and 𝑘 is the dimension of the “lifting” 

coordinate. For example, 𝒳4 = [1, 𝑖, 𝑗, 𝑖2 + 𝑗2] and 𝒳6 = 

[1, 𝑖, 𝑗, 𝑖2, 𝑗2, 𝑖𝑗]. Based on Eq. (1), it can be noted that the 

rational models can be formulated as the linear mappings 

from the lifted coordinates of the image points, which can 

allow the closed-form initial solutions. 

3. 2-D AND 3-D POR ESTIMATION 

3.1 2-D POR Estimation 

Typically, we selected the conventional perspective 

camera as the scene camera1. For the perspective camera, 

the relation between the incident 3-D ray 𝑑(𝑖, 𝑗) and the 

corresponding image point (𝑖, 𝑗) is given by  

1 Td(i, j) K [i, j,1]  (2) 

where 𝐾 denotes the intrinsic matrix of the scene camera. 

A 3-D point viewed by the user will gives rise to a pair of 

point correspondences, i.e., the 2-D POR on the scene 

image and the pupil center on the eye image. The user’s 

visual axis 𝑑 and the back-projected rays of the image 

POR 𝑑’ will intersect at this 3-D point, which forms the 

following Essential matrix constraint, 

T 'd Ed 0  (3) 

𝐸 denotes the essential matrix. By substituting (2) and (1) 

into (3) we have 

' ' T T k

3 3 k[i , j ,1] K E A X (i, j) 0

   (4) 

where (𝑖’, 𝑗’) and (𝑖, 𝑗) represent the positions of the image 

POR and the pupil center, respectively. By setting 𝐺=𝐾-

T𝐸3×3𝐴𝑘, we can obtain the following constraint 

' ' T k

3 k[i , j ,1] G X (i, j) 0   (5) 

From (5) , we have that 𝐺3×𝑘 is a 3 × 𝑘 fundamental matrix. 

Thus, the fundamental matrix derived from the lens 

distortion model is mathematically equivalent to the 

approximation of the hybrid fundamental matrix for the 
mixture of perspective and catadioptric images in [12]. 

Thus, the fundamental matrix 𝐺3×𝑘 can be linearly 
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computed by the DLT-like approach. Therefore, 17 and 11 

correspondences are required at least to 𝐺3×6 and 𝐺3×4, 

respectively. 

The solution to minimize (5) is not directly related to the 

geometric error. Thus, the nonlinear optimization is 

formulated to minimize the Sampson errors, in which the 

distance between the point and the conic is approximated 

by the method in [12]. Meanwhile, the degeneracy of 

estimating the fundamental matrix 𝐺3×𝑘 will occur when 

the image POR can be homography transformed by the 

lifted coordinates 𝒳𝑘(𝑖, 𝑗), i.e., 

' ' T k

3 k[i , j ,1] H X (i, j):  (6) 

In practice, a homography relation can describe the 

mapping between PORs and pupil centers when the gaze 

points are located at a fixed depth. In other words, the 

calibration with at least two planes with different depths 

is necessary to avoid the degeneracy. 

After calculating the fundamental matrix, the pupil center 

(𝑖, 𝑗) can be mapped to one epipolar line L(𝑖, 𝑗) on the 

scene image by 

k

3 kL(i, j) G X (i, j):  (7) 

Then the parallax error can be compensated by 

calculating 2-D POR P2𝐷 as follows. 

r r l l

2D r lP L (i , j ) L (i , j )   (8) 

where ⊗ denotes the cross product, the superscripts 𝑟 and 

𝑙 are the values of the right and left eyes, respectively 

3.2 3-D POR Estimation 

The problem of 3-D POR estimation can be interpreted as 

the estimation of the eyeball centers w.r.t the scene 

camera and the distortion coefficient 𝐴𝑘 in Eq. (1). Since 

all visual axes pass through the eyeball center, the 

epipoles of the fundamental matrix 𝐺3×𝑘 can be considered 

as the projection of the eyeball center on the scene image. 

The epipoles [𝑒𝑥, 𝑒 , 1]𝑇 on the scene image can be 

resolved as the one-dimensional left null-space of 𝐺3×𝑘, 

i.e., [𝑒𝑥, 𝑒 , 1]𝑇𝐺3×𝑘=0. Thus, the position of the eyeball 

center w.r.t. the scene camera can be presented as 𝜆𝐾−1[𝑒𝑥, 
𝑒 , 1]𝑇 , where 𝐾 is the intrinsic matrix of the scene 

camera and 𝜆 is the distance between the eyeball center 

and the scene camera. When the 3-D positions of PORs 

in the scene camera coordinates can be obtained (e.g., by 

the PnP algorithm),  

(i) 1 T k (i) (i)

3D x y 3 k

i

(P K [e ,e ,1] ) G X (i , j ) 0

    (9) 

where 𝒫(𝑖)
3𝐷 is the 3-D positions of the 𝑖th POR, and [𝑖(𝑖), 

𝑗(𝑖)] is the corresponding positions of the pupil center. 

From Eq. (8), it can also be derived that 

3 k 3 kn 3k n 3kA G B G
 

     
(10) 

where 
(1) (2) (n) T

n 3kA [A A A ]  L , 
(i) (i) (i) T

3DA ([P ] )   

k(i)

1 k 1 k

(i) k(i)

1 k 1 k

k(i)

1 k 1 k

X 0 0

0 X 0

0 0 X

 

 

 

 
 

   
 
 

, 
(1) (2) (n) T

n 3kB [B B B ]  L , 

(i) 1 T (i)

x yB ([K [e ,e ,1] ] )

  , 3 kG


  is the vectorization of 

𝐺3×𝑘 and [ ]× denotes the corresponding skew symmetric 

matrix of the vector  . Thus, 𝜆 and 𝐺3×𝑘 can be resolved 

as the eigenvalue and eigenvector of (A𝑇A)−1A𝑇B. Since 

there are 3𝑘 eigenvalues of (A𝑇A)−1A𝑇B, we can select the 

most proper real eigenvalue considering the range of the 

distance between the eyeball center and the scene camera. 

After deriving the initial linear solutions of 𝜆 and 𝐺3×𝑘, the 

eye position e can be initialized as 𝜆K-1[𝑒𝑥, 𝑒 , 1]𝑇. A 

nonlinear optimization problem is formulated as follows 

to minimize the distance of 3-D POR 𝒫𝑖
3𝐷 and the 

corresponding gaze ray 𝐺3×𝑘𝒳𝑘(𝑖, 𝑗). 

(i) k (i) (i)

3D 3 k

(i) k (i) (i)
i 3D 3 k

(P e) G X (i , j )
0

(P e) G X (i , j )





 



  

In this work, the Levenberg Marquardt (LM) algorithm is 

applied to perform a non-linear re-estimation process 

minimizing the geometrical angular errors. After deriving 

the position of eyeball centers and the distortion 

coefficient 𝐴𝑘, the visual axis can be calculated given a 

certain pupil center. Then, 3-D POR can be calculated as 

the 3-D point closest to two visual axes. 

 

4. SIMULATION RESULT 

The MATLAB gaze tracker simulator proposed in [13] to 

evaluate our proposed calibration framework. Since the 

MATLAB gaze tracker simulator can provide us with the 

fully controlled simulation environment, the aim of 

simulation is to evaluate the HMGT epipolar model 

applied in our calibration framework. In the simulator, the 
scene camera and eye cameras are with resolutions of 

800×600 pixels and 640×512 pixels, respectively. In this 
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section, we compare the different lens distortion models 

for 2-D POR estimation. A grid of 5×5 points are placed 

at the depths of 0.4 and 1 meters as the training point. 

Meanwhile, a grid of 25×25 points are placed at the depth 

of 0.7 meters as the test data. The calibration and test grid 

share the same range of the visual angles. At first, the 

localizations of PORs and pupil centers are set to be 

noise-free, and the different range of the visual field are 

used to test the performance of different lens distortion 

models. From Fig.1, we can observe that the 3×6 hybrid 

fundamental matrix, which corresponds to 𝐺3×6𝒳6(𝑖, 𝑗), 
achieves the highest accuracy among the three lens 

distortion models. It agrees with our expectation since 

𝐺3×6𝒳6(𝑖, 𝑗) have more basis functions to capture the 

complexity in the eyeball movements. The model of 

𝐺3×4𝒳4(𝑖, 𝑗) also obtain a satisfactory precision with the 

angular error less than 0.5𝑜 when the range of the visual 

field is less than 40 degrees. In contrast, 𝐺3×3𝒳3(𝑖, 𝑗), i.e., 

without lifting the coordinates of pupil centers, cannot 

achieve a decent generalization when the user’s visual 

field becomes large. Then the observation noises are 

added to the calibration process. 
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Figure 1: Comparison of different models concerning 

different view angle ranges. Calibrated at 0.4 and 1 meters, 

tested at 0.7 meters. 
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Figure 2: Sensitivity of different models to the 

observation noise when the visual field is set as 40𝑜. Three 

values denote the standard deviation of observation noises 

of the left eye camera, right eye camera, the scene camera, 

respectively (unit: pixels). The statistics in the boxplot are 

obtained from the simulation results, each of which runs 

for 30 rounds. 

From Fig.3, it can be noted that the model of 𝐺3×4𝒳4(𝑖, 𝑗) 
appears to be robust against the observation noises while 

the overfitting phenomena can be observed in 𝐺3×6𝒳6(𝑖, 
𝑗). Similar to the evaluation of 2-D POR estimation, we 

also compare the performance of a variety of lens 

distortion models concerning the range of the visual field 

and the sensitivity to noise. Two calibration depths are set 

as 0.4 and 1 meters, respectively. As shown in Fig. 4, the 

model of 𝐺3×6𝒳6(𝑖, 𝑗) shows the better robustness against 

the observation noise. Thus, in the real application, 

𝐺3×6𝒳6(𝑖, 𝑗) may serve as a better option for 3-D POR 

estimation. 
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Figure 3: Sensitivity of different models to the 

observation noise. Three values denote the standard 

deviation of observation noises of the left eye camera, 

right eye camera, 3-D positions of training PORs. (unit: 

pixels for eye camera, meters for training POR) 

 

5. CONCLUSIONS 

In this study, we propose to apply the lens distortion 

model to approximate the relations between the visual 

directions and pupil centers. Based on this approximation, 

we derive the corresponding hybrid fundamental matrix 

to calculate the epipolar line corresponding to the given 

pupil center. Thus, 2-D POR can be calculated as the 

intersection of two epipolar lines, by which the parallax 

errors can be effectively compensated. Then, an initial 

estimation of the distortion coefficients and eye positions 

can be obtained from the hybrid fundamental, which are 

set as the sensible starting points for the nonlinear 

optimization problem minimizing the geometrical errors. 

With our method, 2-D/3-D POR can be directly calculated 

from 2-D pupil centers without the need to reconstruct the 

3-D eye models. The evaluation of our work in the real 

experiment is the focus of our future work. 
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Abstract 

To meet the demands of astronauts work in space, a 3-spherical hinge-

prismatic joint-revolute joint plus 4-revolute joint (3-SPR+4R) 6-DOF 

upper limb exoskeleton hybrid mechanism is designed, which can be worn 

on the astronaut's arm and provides support, protection and assistance. The 

part of 3-SPR+R can achieve three rotational DOFs, which are 

adduction/outreach, flexion/extension of shoulder joint and the medial 

rotation/lateral rotation of the upper arm. And the part of 3R can achieve 

the DOFs of flexion/extension of the elbow, medial rotation/lateral rotation 

of forearm and flexion/ extension of wrist. In this paper, the hybrid 

mechanism is transformed into equivalent series mechanism based on the 

kinematic characteristics of 3-SPR parallel mechanism, and the kinematics 

analysis of hybrid mechanism is carried out by equivalent method. The 

correctness of analysis is validated by ADAMS and numeral calculation 

examples. That provides a theoretical basis for the application of equivalent 

kinematics solution method for hybrid mechanism. 

Keywords 

Exoskeleton, Hybrid Mechanism, Kinematic Analysis, ADAMS 

1. Introduction 

With the development of space technology, the astronaut space exploration 

ability needs to be strengthened. Wearable exoskeleton provides greater 

possibilities for astronauts. Upper limb exoskeleton as a part of exoskeleton 

robot system can precisely locate and provide greater energy during 

operation, gripping, pushing and climbing. In recent years, many scholars 

are increasingly paying attention to the development of upper limb 

exoskeleton robot research [1-2]. But the current exoskeleton mechanism is 

generally in a less DOF series form, and the base frame of the mechanism 

is fixed [3], which is not convenient for movement. Nef. [4] developed a 6-

DOF upper limb rehabilitation robot named ARMin, fixed on wheelchair. 

Perry [5] designed a 7-DOF upper limb powered exoskeleton, which is a 

serial mechanism with fixed base frame. Wang [6] developed a 5-DOF 

upper limb rehabilitation robot system and the mechanism is fixed on the 

bearer frame, which is suitable for assisting patients’ side limb to achieve 

rehabilitation training action. Zhang [7] designed a 6-DOF hybrid 

mechanism with the DOFs of flexion/extension and outreach/abduction of 

shoulder, the rotation of upper arm, flexion/extension of elbow, the rotation 

of lower arm and the flexion/extension of wrist. But the 3-RPS parallel 

mechanism of the shoulder has a small workspace, which cannot meet the 

normal motion range of human shoulder joint.  

Regarding the problems above, a 6-DOF hybrid mechanism with the 

advantages of large workspace in shoulder joint is designed. Equivalent 

method is employed for the hybrid mechanism kinematic analysis according 

to the motion characteristics of the parallel mechanism. The parameter 

relationship between the equivalent and parallel mechanism, and the 

geometric constraints of the parallel mechanism are analyzed. The 

correctness of theoretical analysis is verified. 

2. Design of Hybrid Mechanism 

The human body upper limbs include 7-DOF, which are the 

adduction/outreach 1 and flexion/extension 2 of shoulder, the rotations 

3  of upper arm and the rotations 5  of lower arm, flexion/extension 4  

of the elbow, and the flexion / extension 6   and adduction/outreach 7

of the wrist [8]. Considering the fewer influence of wrist adduction/outreach 

on the range of astronauts' operation, a 6-DOF upper limb exoskeleton 

hybrid mechanism is designed, which is shown in Fig.1. 
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Figure 1. The schematic diagram of the 6 DOFs upper limb 

exoskeleton hybrid mechanism 

The traditional 3-SPR parallel mechanism [9] and the slip ring structure are 

used to simulate the flexion/extension, adduction/outreach of the shoulder 

joint, and the medial rotation/lateral rotation of the upper arm. The 

traditional 3-SPR mechanism consists of a fixed platform, three 

symmetrically arranged SPR branches and a moving platform. The radius 

of fixed platform is R , three spherical hinges are distributed at 120 degrees, 

which is denote as 1A , 2A , 3A , and the coordinate system of the center 

point is OXYZ. The coordinate system is established as shown in Fig.1, Y 

axis parallel to 2 3A A , Z axis is perpendicular to the fixed platform, and X 

axis is determined according to the right-hand rule. Three moving pairs are 

respectively arranged on the three driving rods. The radius of moving 

platform is r , and three revolute joints are distributed on the moving 

platform per 120 degree. The rotation axles of the revolute joints are parallel 

to equilateral triangle’s three sides. The rotation hinge point coordinates in 

fixed coordinate system are denote as 1a , 2a , 3a ，and coordinates in the 

moving coordinate system are denote as 1 'a , 2 'a , 3 'a . The coordinate 

system of moving platform is denote as oxyz, y axis parallel to 1a , z axis is 

perpendicular to the moving platform, and x axis is determined according 

to the right-hand rule. 

The 3-SPR parallel mechanism has three DOFs, which are rotation around 

the X-axis, rotation around Y-axis, and the translation along Z-axis. The 

rotation angles are denote as A  and B , and the displacement along z-axis 

is denote as z . The two rotational DOFs about the X-axis and Y-axis realize 

the adduction/outreach and flexion/extension of the shoulder joint, and the 

translational DOF in the Z-axis has an adaptive adjustment, which is a 

constant value for an experimenter. The slip ring mechanism can realize 

axial rotation upper arm. 

mailto:lining_20080513@126.com
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The series mechanism 3R is used to realize the DOFs of the elbow and wrist 

due to its less freedom and large space. That is linked on the shoulder joint 

mechanism with a slip ring mechanism. The series mechanism 3R is 

composed of the revolute joint, the slip ring mechanism of forearm, and the 

linkage mechanism. That achieves three DOFs of elbow’s flexion/extension, 

forearm’s rotation and wrist’s flexion/extension.  

3. Kinematic Analysis of Hybrid 

Mechanism 

The position kinematics analysis of the hybrid mechanism includes the 

forward and inverse position kinematics analysis. And the kinematics 

analysis of hybrid mechanism is carried out by equivalent method [10]. 

3.1 Forward Solution of Hybrid Mechanism 

After establishing the D-H coordinate system (in Fig. 2). of the equivalent 

mechanism, the expression between the end pose and the equivalent joint 

angle can be deduced, and then the forward solution of the hybrid 

mechanism can be obtained. According to D-H coordinate system, the 

transformation matrix is as follows, 

 
1 1 1 1 1 1 1

1 1 1 1 1 1 1

1

1 1 1

cos sin cos sin sin cos

sin cos cos cos sin sin

0 sin cos

0 0 0 1

n n n n n n n

n n n n n n n

n

n n n

a

a

d

     

     

 

      

      



  

 
 


 
 
 
 

A
  (1) 

The D-H parameter of initial state is as Table 1. The end 

pose of the equivalent mechanism in base coordinate 

system is obtained as equation (2). That is the forward 

solution of  exoskeleton. 

1 2 3 4 5 6     T A A A A A A         

(2) 
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Figure 2. The D-H coordinate systems of the 6 DOFs upper 

limb exoskeleton hybrid mechanism 

Table1. The D-H parameters of the 6 DOFs upper limb 

exoskeleton hybrid mechanism 

 θ/º d/mm a/mm α/º 

0 1-  θ1(0) 0  0  90  
1 2-  θ2(90) 0  0  90  
2 3-  θ3(0) d3 0  90  
3 4-  θ4(0) 0  0  90  
4 5-  θ5(0) d5 0  90  
5 6-  θ6(-90) 0  a6 0  

3.2 Inverse Solution of Hybrid Mechanism 

The inverse solution of the equivalent mechanism method is to solve the 

relationship from the output of hybrid mechanism end pose to the input of 

three rod length and four joint angles. Based on the forward solution, the 

relationship between the equivalent joint angle and the pose of hybrid 

mechanism end is obtained by the stepwise separation variable method. And 

the inverse solution of the hybrid mechanism is deduced according to the 

relationship between the equivalent joint angle and the rotation DOFs of the 

shoulder parallel mechanism, and the constraint relation between the end 

pose of 3-SPR and the three driving rods.  

Assuming that the end pose of the manipulator is T , which is expressed in 

4×4 matrix as equation (3), 

0 0 0 1

n o a p

n o a p

n o a p

 
 
 
 
 
 

x x x x

y y y y

z z z z

T
     (3) 

In the equivalent mechanism, three axes 0z , 1z and 2z intersect at a 

point, and there is a definite position term of the mechanism end pose.The 

inverse matrix of 4A , 5A  and 6A  are multiplied on both sides of  (2). 

Then 6    , 2    and 1     can be solved by (4), 

1 1 1

1 2 3 6 5 4

       A A A T A A A   (4) 

By the corresponding relationship between the two sides elements of the 

matrix: 6  can be solved as equation (5), 
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x y z

x y z
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  (5) 

Simplified the equation (5), and it can be denoted as equation (6), 

6 6a c b s c        (6) 

where a p o p o p o   x x y y z z+ + , 6b p n p n p n a   x x y y z z+ + - ,  

and 
 2 2 2 2 2 2

3 5 6 6 6
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x y zd d a p p p a b a
c

d

  




- - - - - +
 . 

Above all, the result can be achieved as follows, 
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    (7) 

As correspondent equal of element (3, 4), 2  is concluded, 

6 5 6 6 2 3( )p a n d c o n s c d         z z z z   (8) 
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As respectively correspondent equal of element (1,4) and element (2, 4) 

shown in equation (10), we can know that, 

6 5 6 6 1 3 2

6 5 6 6 1 3 2

( )

- ( )

p a n d c o n s c d s

p a n d c o n s s d s

        


        

x x x x

y y y y
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  (10) 

If 2 0s  , 1   is concluded as equation (11),  

6 5 6 6 6 5 6 6
1

3 2 3 2

( ) ( )
tan 2 ,

p a n d c o n s p a n d c o n s
a

d s d s


        
  

  

y y y y x x x x
- + + - + + (11) 

Separating the variables the second time as equation (12), then 5    , 3   

and 4     can be solved. 

1 1 1 1

3 4 2 1 6 5

        A A A A T A A   (12) 
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As correspondent equal of element (3, 2) , 5  is concluded. 
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As respectively correspondent equal of element (1,2) and element (2, 2) 

shown in equation (14), 3  is concluded. 
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   3 3 3tan 2( , )a s c       (15) 

As respectively correspondent equal of element (3,1) and element (3, 3), 

which is shown in equation (16), 4  is obtained. 
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4 4 4tan 2( , )a s c     (17) 

where, cos( )i ic  , sin( )i is  . 

From the equation (2) to (17), we can obtain the relationship between the 

six equivalent inputs and hybrid mechanism end pose. And from the 

relationship between the D-H coordinate system of the equivalent 

mechanism and the coordinate system of the parallel mechanism. The 

relationship between the angles of parallel mechanism and equivalent 

mechanism is expressed as equation (18). 

1

2 / 2

A

B



 




 
   (18) 

Then the expression between the end pose and the drive rod length is 

obtained as follow process. Combining it with equation (18), the value 

between 1 , 2   and the drive rod length 1l  , 2l  , 3l  are 

calculated, and the inverse solution of the hybrid mechanism is deduced. 

The position of moving platform o in the fixed coordinate system is set as

 x y z
T

. The transformation order of coordinate system oxyz is in 312, 

the moving platform coordinate system around the Z-axis of fixed 

coordinate system rotates angle C, then rotates around X-axis about angle 

A, and rotates around Y-axis about angle B, the movement platform to reach 

the target position. The rotation matrix is denote as R. 

     , , ,

cos( ) cos( ) sin( ) sin( ) sin( ) cos( ) sin( ) cos( ) sin( ) cos( ) sin( ) sin( )

cos( ) sin( ) cos( ) sin( ) sin( ) cos( ) cos( ) sin( ) sin( ) cos( ) cos( ) sin( )

cos( ) sin( ) sin( ) cos( ) cos( )

Z C X A Y B

B C A B C A C C B B A C

B C C A B A C B C B C A

A B A A B

  

 





 -  

= +

R R R R


 
 
 
 

(19) 

The coordinates of the spherical hinge point in the fixed coordinate system 

OXYZ are as follows, 

 1

2

3

0 0

0.5 0.5 3 0

0.5 0.5 3 0

R

R R

R R





    


    

 

T

T

T

A

A

A

   (20) 

The coordinates of the rotation hinge point in the moving coordinate system 

oxyz are as follows,    

 1

2

3

' 0 0

' 0.5 0.5 3 0

' 0.5 0.5 3 0

r

r r

r r





    


    

 

T

T

T

a

a

a

   (21) 

The revolute hinge joint in the coordinate of the fixed coordinate system 

OXYZ can be denoted as: 

'i i  a R a o                                             

(22) 

The initial length of the rod is 0l , and the rod length after the motion is 

recorded as il . where, 1,2,3i  . 

Then, the equation (25) is as follows, 

2 2 2

0 0

2 2 2

( )

i i i

i i x i y i z

l z R r

l l l l

  


  


  

l A a

                         

   (23) 

The extension length of each drive rod is denote as il , and can be 

calculated by equation (24), 

0i il l l                                   

    (24) 

When the end pose  , , ,x y z A B C   is known, the inverse 

solution of the parallel mechanism can be obtained by equations (19)~(24).  

And the extension of the three rods length are calculated.          

Since the mechanism has only three DOFs, which are the rotation around 

X-axis and Y-axis and the moving along the Z-axis. There are only three 

independent variables in the six variables of the end pose, and the other 

three variables satisfy a certain constraint relations with the independent 

variables. 

According to the geometrical restriction relationship of 3-SPR, the vectors 

of three rod are perpendicular to the vector direction of the corresponding 

rotation axis of the moving platform in fixed coordinate system. The 

rotation direction vector of each revolute joint is denote as iaR . Then the 

constraint relationship can be expressed as equation (25). 

  0i
i

il
  a

l
R R                  (25) 

where,  0 1 0
T

a1=R ,  cos( / 6) sin( / 6) 0 
T

a2=R ,

 cos( / 6) sin( / 6) 0 
T

a3=R , R is the rotation matrix as shown in the 

equation (19) . 

The relationship between the independent variables  , ,x y C   and 

the non-independent variables  , ,z A B   can be obtained by 

equations (19)~ (25) , which is as follows. 

2 2 2 2

2 3

2

2 2

( 1) ( ) ( 1)
tan 2( , )

( ) ( ) 1 ( ) ( ) 1

( 1) ( 3 2 ) 4 ( )

2( 1)

( ( ) (3 2) (4( ) 3) 2 ( 2) 2 )

2(

cB cA sA sB cA cB cB cA
C a

cA cB cA cB

cB cA R cB R cA z sB R cA
x

cB cA cB

R sB cB cA cB cA R sB cA cA z cB cA cB cA z sA
y

cB

          

   

        


  

                




=

-

21)cA cB cA










  

  

(26) 

where, R is the radius of fixed platform, r is the radius of moving platform, 

z is the displacement along z-axis. 
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When the three independent variables of the mechanism are known, the 

other three variables of the end can be calculated according to the equation 

(26), then the inverse solution of the mechanism can be obtained by 

substituting it into the equation (24), which is shown as equation (27).  

 

 

2 2 2

2

2 2

1 0

2 0

3

( ) ( ) ( ( ))

(0.5 0.5 ( ) 0.5 3 ) ( 0.5

0.5 3 ) (0.5 0.5 ( ) 0.5 3 )

(0.5 0.

3

3 5

x R r cB cC sA sB sC z r cA sB y r cB sC cC sA sB

y R r cB sC cC sA sB r cA cC z r cA sB

r sA R x r cB cC sA sB sC r c

l l

l l

l

A sC

y R

                

             

         

  

  

 



 
2

2
0

2

( ) 0.5 3 ) ( 0.5

0.5 3 ) (0.5 0.5 ( ) 0.5 3 )

r cB sC cC sA sB r cA cC z r cA sB

r sA R x r cB cC sA sB sC r cA sC

l
           

        



 















    

(27) 

where, sin( ), cos( ), sin( ), cos( ), sin( ), cos( )sA A cA A sB B cB B sC C cC C      . 

4. Algorithm validation 

4.1 Forward Solution Verification  

4.1.1 Forward Solution Verification of Parallel 

Mechanism 

ADAMS can be used to simulate the forward process to verify the 

correctness of inverse solution. Simple simulation model is established. The 

constraints and drive are added to 3-SPR. 

Setting the mechanism parameters as 3 313d mm , 5 237d mm , 

6 80a mm , 50R mm , 45r mm , 190z mm , and 20A  - , 

0B   , 190z mm , then   0 , 1.5077 , 69.1543C x mm y mm =  =-   

can be obtained through the theoretical equation(26). And the value of 

driving rods can be calculated by equation (27), which is as the inputs for 

simulation.  Then the movement state of 3-SPR is shown in Fig.3, and the 

end pose curve can be observed by the post-processing center, which is 

shown in Fig. 4. 

 

Figure 3. The movement state of parallel mechanism 

 

Figure 4. The end pose curve of parallel mechanism 

Compared with the measurement results and the calculated results, it can be 

seen that the position error is 0.002mm, the error is very small within the 

allowable range, and the theoretical analysis for 3-SPR is right. 

4.1.2 Forward Solution Verification of Hybrid 

Mechanism 

The correctness of forward solution for the hybrid mechanism is based on 

the correctness of inverse solution for parallel mechanism, which is verified 

in the section of 4.1. Setting the joint angles as

3 4 5 69, 0, 9, 6, 6, / 3A B        = / = = / = / = / =- , the length of the 

three driving rods are calculated by equation (27). Then simulation in 

ADAMS is driven by the inputs of three driving rods and four joint angles, 

the movement state is shown in Fig.5, and the end pose of the hybrid 

mechanism is measured as Fig.6.   

 

Figure 5. The movement state of hybrid mechanism 

 

Figure 6. The end pose curve of hybrid mechanism 

Transforming the 4×4 matrix of theoretical calculation results to the 

terminal pose according the 321 conversion order, the results can be 

obtained. Which are x=108.4442mm, y=-41.8727mm, z=417.6018mm, α=-

63.5647°, β=-19.7708°, γ=53.4329°. The simulation result is shown as in 

Fig.7. And it can be found that the position error is 0.0001mm and the 

angular error is within 0.13 degrees, which is very small within the 

allowable range, the theoretical the theoretical analysis for 3-SPR+4R is 

right. 

4.2 Inverse Solution Verification  

4.2.1 erification of the inverse solution in initial 

state 

As table 1 shows that the initial state of the joint angles are  

1 2 3 4 5 60, / 2, 0, 0, 0, / 2       = = = = = =- , Then substituting the initial 

state values into the equations (1) and (2), the end pose of the hybrid 

mechanism is acquired.  When the results are used as the input of T , 8 

groups of joint angles can be obtained by the inverse solution equation(3) 

to equation(17), shown in Table 2. 

Table2. The joint angle value of inverse solution at initial state 

angle/rad θ1 θ2 θ3 θ4 θ5 θ6 

1 0 1.57 0 3.14 0 1.57 

2 0 1.57 3.14 3.14 3.14 1.57 

3 3.14 -1.57 -2.36 3.14 -0.79 1.57 

4 3.14 -1.57 0.79 3.14 2.36 1.57 

5 0 1.57 0 0 0 -1.57 

6 0 1.57 3.14 0 3.14 -1.57 

7 3.14 -1.57 1.57 0 1.57 -1.57 

8 3.14 -1.57 -1.57 0 -1.57 -1.57 

From Table 2, it can be found that the result in group 5 is 

the same with the initial state of the mechanism. 

4.2.2 Verification of the inverse solution in a state 

Setting a group joint angle as 1 2 39, / 2, 9,     = / = = /  

4 5 66, 6, / 6     = / = / = .Substituting the values of joint angles into 

the equations (1) and (2), and the end pose of the hybrid mechanism is 

obtained. When the results are used as the input of T , 8 groups of joint 

angles can be obtained by the inverse solution equation(3) to equation(17), 
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shown in Table 3. 

Table3.The joint angle value of inverse solution at a motion state 

angle/rad θ1 θ2 θ3 θ4 θ5 θ6 

1 0.04 1.82 1.42 -0.52 -0.52 0 

2 0.04 1.82 -1.72 0.52 2.62 0 

3 -3.10 -1.82 -1.72 -0.52 -0.52 0 

4 -3.10 -1.82 1.42 0.52 2.62 0 

5 0.35 1.57 0.35 0.52 0.52 -0.52 

6 0.35 1.57 -2.79 -0.52 -2.62 -0.52 

7 -2.80 -1.57 -2.79 0.52 0.52 -0.52 

8 -2.80 -1.57 0.350 -0.52 -2.62 -0.52 

From Table 3, it can be found that the result in group 5 is consistent with 

the given driving joint angle. 

5. Conclusion 

In this paper, a 3-SPR+4R 6-DOF upper limb exoskeleton hybrid 

mechanism is designed, and the motions are simulated as follows: 

adduction/outreach and flexion/extension of shoulder, the rotation of upper 

arm, flexion/extension of the elbow, medial rotation /lateral rotation of 

forearm and flexion / extension of wrist.  Based on the kinematic 

characteristics of the parallel mechanism, the hybrid mechanism is 

equivalent to a six DOFs series mechanism. Then the forward analysis of 

the hybrid mechanism is deduced by establishing postposition D-H 

coordinate system. The inverse analysis of the hybrid mechanism is 

obtained based on forward analysis of hybrid mechanism, the parameter 

relationship between equivalent mechanism and 3-SPR, and the inverse 

analysis of 3-SPR. The theoretical kinematics analysis of end pose of the 

hybrid mechanism is verified by ADAMS and numerical verification, which 

provides a powerful basis for the application of the equivalent kinematics 

analysis method for hybrid mechanism. 
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ABSTRACT 
This paper puts forward the inverse kinematics 
method for 2-DOF space manipulator based on D-H 
parameters. We define the Axis-Invariant that can be 
determined by accurate measurement. Then the pre-
cise D-H frame and D-H parameters are obtained 
based on Axis-Invariant. It indicates that manipula-
tors don’t have to satisfy orthogonality restriction and 
have high value in engineering application with this 
method. Simulation results of 2R high gain antenna 
(HGA) on the Mars Rover have verified the correct-
ness and practicability of the principles we present. 

Keywords: Axis-Invariant, D-H parameters, in-
verse kinematics, 2R HGA

1. INTRODUCTION
In order to satisfy the demands of space explo-

ration, the space manipulator technology has devel-
oped rapidly, and multiple inverse kinematics meth-
ods have been proposed including analytic method 
[1], geometry [2-4] and iterative method [5-6] etc.  

However, the adjacent axes have to satisfy the 
orthogonal constraint to get structure parameters eas-
ily, which results in poor absolute position accuracy 
[7]. Space missions on Moon, Mars or other planets 
need manipulators to calculate the highly accurate 
position and attitude equation in real time. Therefore, 
the concept of Axis-Invariant is proposed, on the 
premise of which the precise D-H frame and D-H pa-
rameters can be obtained by accurate measurement 
[8], thus the real-time and precise inverse kinematics 
solutions of the manipulator can be calculated.  

2. AXIS-INVARIANT THEORY
We use interval symbol  ,l

l l l  l  to express

the Kinematic Chain (KC) l ll corresponding to the 

Joint Pair l lk . Wherein, l  and l  are links, l  is 

the parent of l . l ln


 is the Axis-Vector of l lk . l ln

and l ln  are coordinate vectors of l ln


 under Frame

# l  and # l  respectively. Symbol of Projection Op-

eration is noted as �| (the projection of l ln  against 

reference axis l  is denoted as |l l
ln ), which is 

equivalent to rotation transformation. l
l  represents 

the rotational angle of a vector around axis l ln


 from

Frame # l to # l .  

As shown in Figure 1, when the system is at zero 

position, 0l
l   and the orientations of Frame # l  

to # l  are aligned. The coordinate vector l ln  of 
l
ln


 observed in Frame # l  is always equal to l ln

of l ln


 under Frame # l .Therefore

|l l l l
l ll n nn 

so, l ln  or l ln  is called the Axis-Invariant. 

l

l

l
l

l
ln

Figure 1. Axis-Invariant 

Axis-Invariant has the following features: (1) It 
has radial reference direction to describe rotation. (2) 
There is no need to establish frames for each link thus 
can reduce the modeling workload. (3) Links have 
not to satisfy the orthogonal constraint, which has 
value in engineering application. 
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3. D-H FRAME AND D-H PARA-
METERS

In Figure 2, we set up the D-H frame based on 

Axis-Invariant. *lO  is the origin of the Middle 

Frame # l . lO  , determined by the axes of Joint 

Pairs l lk  and l lk , is used as the origin of Frame 

# l  . Define the direction from lz   to lz   as lx  .

*
l

l lc r   , is the Axial Offset Distance from the 

point lO   to *lO . l x
l l x   , is Rotational Angle 

from the axis l x  to l x . *l
l la r  , represents the 

Axis Distance from the point *lO  to 
l
O  . 

l z
l l z   , indicates the Torsional Angle from the 

axis l z  to l z . 

l
lk

l

Link #

lO 

l

lO 

l
l l
a r 

Link #

l
l l
c r





l x
l l x
  

l z
l l z  

l x
l l x
  

l x
l l x  

/l
l ln z 

lz  lO 

l
l l
c r




l

l l
a r



 

lz 


/l
l ln z 

lO  lx 

l
l
k

lO
 lx 



l z
l l z
  


 

lx 

Figure 2. D-H Frame based on Axis-Invariant 

We get the D-H parameters through accurate 
measurement by the laser tracker [8], after that the 
engineering D-H frame can be established. The frame 
is defined after measurement, which is opposite to the 
traditional process. 

4. INVERSE KINEMATICS OF 2R
MANIPULATOR BASED ON D-H
PARAMETERS

2R rotational Axis-Chain  , ,l
l l l l  
l is per-

formed from the initial unit vector l lSu
  to desired 

unit vector |l l
lSu

  , where, lS  is a point S  in Link 

# l . Then solve Joint Variables 
l
  and 

l
 . 

Define  C
k k
  ,  S

k k
  and l

l
k  l . 

Assume that the indices of D-H Parameters obey the 

sub-indices and |l l l l l
l lS lSl
Q u Q u    
    , so 

     
     

   
   
   

|

C S S

S C C

0

C S 0

S C

S C

l l l l l
l

l l l l l lS

l l

l l
l l

l l l l l lS

l l l l l

u

u

    

    

 

 

    

    



 

    
     
 
  
 
 
      
     

, (1) 

the last row of Eq. (1) gives: 

 

 

[2] [3] [1]|

[2] [3]| |

S

\ C

l l l l
l lS l lS l l lS

l l l l
l l lS l lS

u u u

u u

   

  

   

   

     

    
, (2) 

wherein, symbols marked on the top right represents 
location in the vector, \  indicates that the formula is 

connected to the previous line. Thus 

 [3] [2] [2] [3]2 | |

[1] [2] [3]|

[3] [2]| |

+

\ 2  .

\ 0

l l l l l l
l l lS l lS l lS l lS

l l l l
l l lS l lS l lS

l l l l
l lS l lS

u u u u

u u u

u u

    

   

 

     

   

   

      

       

    

The following univariable equation of Axis # l
is established: 

2 0l lA B C      , (3) 

wherein, 
[3] [2]| |

[2] [3]

[1]|

[2] [3]

[3] [2]| |

2

l l l l
l lS l lS

l l
l lS l lS

l l
l lS

l l
l lS l lS

l l l l
l lS l lS

A u u

u u

B u

C u u

u u

 

 



 

 

   

 

 

 

   

   

   

  

    

   

, (4) 

so, 

2atan( / 2 ),   0

= 2atan( / ),    0, 0

( , ],    0, 0, 0 
l

D A if A

C B if A B

if A B C



 

    
    

, (5) 

where, 2 4D B B AC   

The first row of Eq. (1) gives: 

     
   

[1] [3] [2]

[1] [2]| |

C

S\

+S

C

l l l
l lS l l lS l lS

l l l l
l lS l lS

u u u

u u

   

 

  

   

    

   
, (6) 

thus, 

    
 

   

[1] [2] [1]2 | |

[3] [2]

[1] [2] [1]| |

C +S +

\ 2

+\ C +S =0

l l l l l
l l lS l lS lS

l l
l l lS l lS

l l l l l
l lS l lS lS

u u u

u u

u u u

  

  

 

    

 

    

  

     

  

. 
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Obtain the univariable equation of Axis # l
2 0l lA B C        , (7) 

wherein, 

   

 
   

[1] [2] [1]| |

[3] [2]

[1] [2] [1]| |

C S

2

C S

l l l l l
l lS l lS lS

l l
l lS l lS

l l l l l
l lS l lS lS

A u u u

B u u

C u u u

 

 

 

    

 

    

     

      

     

.(8) 

As Eqs. (3) and (7) may not satisfy the second 

row of Eq. (1), 
l
  and 

l
  are possible solutions 

only. Thus, the possible solutions should be put into 
the second row of Eq. (1), and if such equation is still 
workable, real solutions can be obtained. 

5. INVERSE KINEMATIC SOLU-
TIONS OF 2R HGA

As shown in Figure 3, the rotational Axis-Chain 
of the HGA on Mars Rover is denoted as 

 , ,c
m

c d m  
l . The Axis-Invariant is ,c d

d m
n n 
  

. 

The unit vector of the ground station is denoted as
c
S
u . Solve its angle sequence ,

d m
  
  

.

m

c
Su

m
Sn

mx 

dx 

,m cz z

,c cx x  , ,c d cz z y 

/ 2

dx 

/ 2

Figure 3. 2R HGA of Mars Rover 

As specified in [8], the structure parameters are 
obtained through accurate measurement: 

[ ] [ ] [ ]= ,  = ,  =l y l z l x
l l lSn n u1 1 1 (9) 

D-H parameters of the HGA can be obtained, as

shown in Table 1, where, †
0 k
  represents zero posi-

tion reference. 

Table 1. D-H Parameters of the HGA 

No c
S

k  l /
k
rad †

0
+ /
k k

rad 

1 k d 2
d


2 k m 0 2
m

 

The parameters in this table are put into Eqs. (4) 
and (8) respectively to obtain 

，
T

[2] [1] [3],l l l l
lS lS lS lSu u u u     

, (10) 

T
[1] [3] [2]| | | |, ,l l l l l l l l

lS lS lS lSu u u u      
, (11)
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[1]|

[3] [2]|

2

l l l
lS lS

l l
lS

l l l
lS lS

A u u

B u

C u u

  

 

  

 

 

  

, (12) 

[1] [2] [1]| |

[2]

[1] [2] [1]| |

C S

2

C S

l l l l l l l
l lS l lS lS

l
lS

l l l l l l l
l lS l lS lS

A u u u

B u

C u u u

    



    

     

  

     

. (13) 

Put Eq. (12) into (5) to obtain the solutions of 

Axis # l : 

  [2] [3]|

[2] [3]|

[1]|

2atan + ,  0

+
= 2atan ,    =0, 0 

2

( , ],    0, 0, 0

l l l
lS lS

l l l
lS lS

l l l
lS

E u u if A

u u
if A B

u

if A B C



 

 

  

 

                

, (14)

where, [1] [1] 2 [2] 2 [3] 2| | |= +l l l l l l l
lS lS lS lSE u u u u           . 

Put Eq. (13) into (5) to obtain the solutions of 
Axis # l : 

 
  [2]

2atan ,   0

= 2atan 2 ,   =0, 0

( , ],   0, 0, 0

l
l lS

F G if A

H u if A B

if A B C



 



      
      

, (15) 

where, 

 
2

[2] [1] 2 [2] 2 | [1] | [2]= + C +S
S

l l l l l l l l l
lS lS l lS l lSl

F u u u u u
      
    

| [1] | [2] [1]=C Sl l l l l l l
l lS l lS lS

G u u u
    
    , 

| [1] | [2] [1]=C Sl l l l l l l
l lS l lS lS

H u u u
    
    . 

As it is necessary to put it into the second row of 
Eq. (1) for validation to obtain real solutions, so there 

are at most two sets of solutions for 
l
 . 
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Take Eqs. (10) and (11) into consideration, the 
special examples are applied to verify the correctness 
of Eqs. (14) and (15), 

| [ ] [ ]=0, =0 = , =l l x l x
l l lS lS

if u u  1 1

| [ ] [ ]=0, = = , =l l x l x
l l lS lS

if u u   1 1

 | [ ] [ ], , = 2 = , =l l y l x
l l lS lS

if u u      
1 1

 | [ ] [ ], , = 2  = , =  l l y l x
l l lS lS

if u u       
1 1

| [ ] [ ]2
= , = = , =

2 0
l l z l x

l l lS lS
if u u

 
 



       
1 1 . 

The physical significance of the equation above 
indirectly indicates the correctness of such principle 
elaborated in this paper.  

Figure 4. HGA control (yaw : -90º) 

Figure 5. HGA control (yaw : -180º) 

The simulation results of the control module in 
Mars Rover are shown in Figure 4 and Figure 5, the 
latitude and longitude of the rover is [-28.6, 40.06]º 

and yaw angle are -90º and -180º respectively. After 
the rover yawing is adjusted, the HGA control is per-
formed, and the axial direction of the antenna wave 
beam always points to the earth. Such module of this 
rover directly proves the high value in engineering 
application of this method. 

6. CONCLUSIONS
The concise expression of the symbol system of

Chain-Ordering guarantees the reliable engineering 
realization. The Axis-Invariant based structure pa-
rameters break the orthogonality restriction between 
two adjacent links to ensure the accurate determina-
tion of the D-H frame and D-H parameters. Such 
principles are essential to improve the absolute posi-
tion and attitude accuracy for manipulators. 
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ABSTRACT 
This paper mainly studies the Ju-Kane dynamics 
modeling for 2-DOF manipulator. Aiming at the 
problem that the dynamics methods presented previ-
ously are complicated and do not apply to computer 
programming, an explicit dynamics model by Ju-
Kane method is established. On the basis of this, we 
use 2-DOF manipulator to obtain the result which is 
proved correct. This method with a simple modeling 
process can be applied to the high-freedom manipu-
lators, which will bring a small computation, a high 
computing speed and high value in engineering. 

Keywords 
Dynamics, Ju-Kane method, 2-DOF manipulator 

1. INTRODUCTION
The Lagrange equation and Kane equation have

greatly contributed to the study of multi-body dynam-
ics. Since the dynamics based on the spatial operator 
algebra applies the iterative process [1-9], the calcu-
lation velocity and accuracy are improved to an ex-
tent. However, these dynamics methods need com-
plex transformation in the body space and system 
space in both the kinematics and dynamics process. 
The modeling process and model expression are very 
complicated and difficult to meet the requirements of 
high-freedom system modeling and control.  

Therefore, we present the Ju-Kane dynamics 
method, which has an elegant and concise symbol 
system of chain-ordering and pseudo-code function 
[10]. It can be used for high-freedom manipulators 
and make the calculation more easily and fastly. 

2. CONCEPTS AND SYMBOLS
Use interval symbol  ,l

l l l  l  to express the

Kinematic Chain (KC) l ll corresponding to the 

Joint Pair l lk . Wherein, l  and l  are links, l  is 

the parent of l . l ln


 is the Axis-Vector of l lk .

When the system is at zero position, the orienta-

tions of Frame # l  to Frame # l  are aligned. The co-

ordinate vector l ln  of l ln


 observed in Frame # l

is always equal to l ln  of l ln


 under Frame # l . De-

note the Projection Operation as �| , e.g. the projec-

tion of l ln  against reference axis l  is denoted as 
|l l
ln .Therefore

|l l l l
l ll n nn 

so, l ln  or l ln  is called the Axis-Invariant. As 

shown in Figure 1, Axis-Invariant can be measured 

by the laser tracker accurately [10]. 

iy

ix iz

lx

ly

lz

lLink #
Link #

l
lnl

ln
lz

lx

ly

l

Laser 
tracker

lO

lO

Figure 1. Axis-Invariant 

Define the following symbols: 

① l
lQ : Rotation transformation matrix from Frame #

l to Frame # l

② l
l : Rotation angle around Axis-Invariant l ln

③ l
l : Rotation vector around Axis-Invariant l ln

and l l l
l l ln  

④ l
lr : Displacement from Frame # l to Frame # l

⑤ l
lr : Position vector from Frame # l to Frame # l

and l l l
l l lr n r 
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⑥ l l
 : Screw matrix of Axis-Invariant l ln

3. JU-KANE DYNAMICS MODEL-
ING THEORY

We first clarify the three important criteria in-

cluding the axis iterative, the kinematics forward it-

erative and dynamics backward iterative. As shown 

in Figure 2, "cutting" two axes of l lk  , the Axis-

Chain of the axis l  is i lk , the closed tree of the 

axis l  is lL . 

i
R

R

R

R

R

l

l

R

R

c
l
D

c
lf
D

R

lL

l

i
R

R

l

l
ln

i
ll

l
lk

Figure 2. Closed tree of MAS 

a) Axial balance equation of the Motional-Axis: it
is equations of the balance between the inertia force
in the direction of the Motional-Axis and the external
force. If the constraint force applied to the axis l  by

the system lL  and the constraint torque is denoted

as l l
L . Then

T |

T |

0

0

l l l
l l l

l l l
l l

l
l

ln f if

n if

   
   

L

L

k P

k R

where, l lf
L is the resultant force acting on the axis l

by the system lL , l l
L  is the resultant torque acting 

on the axis l  by the system lL . 
b) Kinematics forward iterative: for both the root
system and the mobile MAS, the root configuration,
velocity and acceleration are regarded as known
quantities, and the kinematics calculation from root

to t vane can be used to determine the configuration, 
velocity and acceleration of any axis. 

c) Dynamics backward iterative: the force is trans-

mitted from vane to root inversely, the force has dual

effects, and the action force l lf
L  from the closed tree

lL  to the axis l  and the torque l l
L  are the inertial

force of the members of the closed tree and the equiv-

alent force of the external force on the axis l  and

torque.

Ju-Kane Dynamics Method The rigid multi-Axis

system (MAS) is given, the inertial reference frame

is denoted as [ ]iF , ,k u  A (Axis System). In ad-

dition to the gravity, the external resultant force act-

ing on the axis u  and torques are denoted as |i
uf

D

and |i
u

D . The mass and rotational inertia of Axis #

k  are denoted as mk  and JkI kI  respectively. The 

gravity acceleration of Axis # k  is gi kI . Then the 

Ju-Kane equation of Axis # u  is  

 

T T
T |

T T

T

| |

|

 

m g

g

m /+

J + J

u
u

u i i
i i ikI kI

k kI kI u uu k
k u k

u
u

i i
i ikI kI
kI kIu u

u u
i
k

k u
u

i kI i i i kI i
kI k k kI k

i u

if

r r
r f

r r

if

r r
r

n
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D
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u u
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L
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4. DYNAMICS OF 2-DOF MANIP-
ULATOR BASED ON JU-KANE
METHOD

As shown in Figure 3, axis sequence is 

 ,1,2i  A , the joint variable sequence is


T 1

1 2,2
,i

i
  



    
, the natural-coordinate frame se-

quence is [ ] |l l   
F A , and the inertial frame is de-

noted as [ ]iF . The body center position vectors are 
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1 T
1 1 ,0,0I Ir l    , 

2 T
2 2 ,0,0I Ir l    . The gravity ac-

celeration vector is 
T

g 0,0, gi
lI

    . The mass se-

quence is m |l l  A , and the rotational inertia se-

quence is J |lI
lI l

   
A . The joint driving torque

sequence are respectively |ll l   
A .

1

2

ix

iy1I
l

1l

1m g

2m g

2I
l

Figure 3. Plane 2R manipulator 

Solution: 

① We obtain the position vectors 1
i
Ir and 2

i
Ir , trans-

lation velocity vectors 1
i
Ir and 2

i
Ir , and translation 

acceleration vectors 1
i
Ir and 2

i
Ir according to [9]. 
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② Obtain various expression of Ju-Kane dynamics
modeling.
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The above two equations represents the projec-

tions of the inertial force |1
1 1Ji I
I
i   of Axis #1 and

|2
2 2Ji I
I
i   of Axis #2 in the axial directions 1

i

and 1
2
  respectively.
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The above two equations indicate the projec-

tions of the body center acceleration 1I
ir  of Axis #1 

and 2I
ir  of Axis #2 in the directions 1

i  and 12  of 

the natural-coordinates respectively. 
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The above two equations represent the projections of 

the gravity 1
i
Ig  of Axis #1 and 2

i
Ig  of Axis #2 in 

the directions 1
i  and 2

i  respectively. 

③ Substitute the equations in ② to the Ju-Kane dynamics theorem to get the final result.
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The result is consistent with that by Lagrange 
method in [11], so the theory is verified correctly. 

5. CONCLUSIONS
Ju-Kane dynamics method is the equation with 

topologies, structural parameters and inertial param-
eters and its natural-coordinates are the joint varia-
bles. It directly uses the structural parameters based 
on the Axis-Invariant obtained by the accurate meas-
urement by the laser tracker, which ensures the accu-
racy of modeling. Apply Ju-Kane method on the 
multi-axis manipulators, which will ensure the relia-
bility and the mechanized calculus of the system. 
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ABSTRACT
The goal of this study is to evaluate the feasibility of a wearable, 

low-cost sensor system for measuring gait parameters of abnormal 

gait by using a reference measurement system: an optical system 

and force plates. A pair of wearable shoes fused with range sensor 

arrays (WSFRSA) are developed and proposed to extract gait 

parameters for normal gait and an abnormal gait without toe 

rotation. The results show lower normalized peak pressure, stride 

length, velocity, and higher stance ratio, step-time variability in 

the abnormal gait without toe rotation. The wearable shoes show 

reasonable agreement to the reference system and an acceptable 

performance on detecting the abnormal gait without toe rotation. 

Keywords
Gait parameters, normalized peak pressure, stance ratio, step-time 

variability, stride length. 

1. INTRODUCTION
After consulting the literatures in wearable sensors for gait 

analysis, we can see that four kinds of systems are frequently used. 

These four kinds of systems can be summarized as inertial sensor 

systems, insoles for pressures, combined wearable systems, and 

other low-cost systems. The inertial sensor systems are usually 

used by placing the inertial sensors on the thighs, shanks or feet of 

the subjects[1][2]. These systems are comfortable to wear and 

produce nearly no influences on subjects' gait. Most spatial-

temporal parameters can be extracted through the signals of the 

accelerometers or gyroscopes, but the pressures are not available 

in this kind of system. Some researchers designed the insoles as a 

supplement to the inertial sensor systems. The insoles are thin, 

flexible, and easily to be put inside shoes without discomforts in 

wearing[3]. Although insoles are enough to analyze the contact 

areas and center of pressures of the foot, frictions which are 

related to the fall can't be measured in these systems. Other low-

cost systems like laser range scanner[4] or cheap cameras are still 

not available in  daily living environments. In combined wearable 

systems, more kinds of sensors like multi-axial force sensors and 

range sensors are used together to build a comprehensive gait 

analysis system[5][6][7]. 

In this article, a pair of wearable shoes are recently developed 

based on our previous work[8]. Our developed systems can be 

considered as combined wearable systems. At present, we focus 

on the feasibility of assessing gait parameters on the healthy 

subjects. For the rehabilitation of diabetic patients, the 

spatiotemporal parameters are key indicators for evaluating the 

gait abnormalities[9]. Spatiotemporal parameters and the pressure 

signals are discussed in this article. 

2. MATERIALS AND METHODS

2.1 Wearable Shoes Fused with Range Sensor 

Arrays 
Based on the sensor shoes in the previous wearable gait analysis 

system[8], we developed a pair of novel shoes which were 

mounted with four range sensors (VL53L0x, STM, Switzerland) 

on the edge of each shoe. For convenience, the novel shoes are 

called the wearable shoes fused with range sensor arrays 

(WSFRSA). The wearable shoes still contain six force sensors 

under the heel, arch and forefoot. The circuits corresponding to 

the force sensors are integrated with inertial sensors (MPU9250, 

InvenSense, USA) and mounted beside the corresponding force 

sensors. For each shoe, three range sensors are mounted around 

the force sensor of the heel, one range sensor is mounted on the 

location of the forefoot. For each shoe, a WIFI module is used to 

send the measurements of the force sensors and the inertial 

sensors to PC, a small circuit (Bluno Nano, DFRobot) is used to 

collect the measurements of the four range sensors and send their 

data to PC via another WIFI module. 

Figure 1. (a) The experimental environment. (b) The wearable 

shoe sensor suit. (c) The shoe sole is attached rigidly with a 

wooden board for controlled abnormal walking gaits. 
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2.2 Fusion of IMU and Range Sensors 
Prediction of State Vector: The state equations of the quaternions 

q can be expressed in equation(1). 

1k kq q (1) 

Φ is the coefficient matrix for quaternions q. 

Heights of the Range Sensors: The distances di measured by the 

range sensors are determined by the range sensors' heights hi, the 

pitch angle θ, and the roll angle φ (see Figure 2). The heights of 

the range sensors are described as below: 

cos cos , 1,2,3i ih d i (2) 

Three range sensors are enough to calculate the pitch angle θ and 

roll angle φ, but the yaw angle ϕ is unknown. As the distances are 

irrelevant to the yaw angle ϕ, the x-axis is defined in the direction 

of S1S2 and the y-axis is defined in the direction of S3S4. S1, S2, S3 

are the positions of the three range sensors, S3S4 is perpendicular 

to S1S2 and S4 is on S1S4. We can assume that S4 is a range sensor 

and the distance of S4 is: 

4 1 2 1d d d d (3) 

where λ=S1S4/S1S2 is the ratio of the segment S1S4 to the segment 

S1S2. The pitch angle θ can be described as: 

1 4 3

3 4

tan
d d

S S

(4) 

Then, the roll angle φ can be described as: 

2 11

1 2

cos
tan

d d

S S

(5) 

Figure 2. The schematic of range sensors’ measurements. 

Update of Range Sensors' Heights: The heights of the range 

sensors are equal to the z-axial component of the measuring paths: 

3 , 1,2,3n

i b ih e C d i (6) 

where e3=[0 0 1]. The differences of the range sensors' heights are 

equal to the z-axial component of their relative positions: 

3 , , 1,2,3,n

j i b i jh h e C PP i j i j (7) 

As for the WSFRSA, the coordinate system of the range sensors 

are not aligned with the inertial sensor's coordinate system. The 

observation equations(6)(7) are modified as: 

3 , 1,2,3n b

i b f ih e C C d i (8) 

3 , , 1,2,3,n b

j i b f i jh h e C C PP i j i j (9) 

Cb
n represents the rotation matrix from the local system of the 

force sensor to the body system of the inertial sensor. The rotation 

matrix Cf
b can be calculated by using the extended Kalman filter 

when aligning the local system of the force sensor to the global 

system. Before the update of heights, the normalized innovations 

squared (NIS) is detected[5]. If the NIS exceeded a threshold 

value, the update is rejected. 

Figure 3. The schematic diagram of the range sensors, force 

sensor and IMU layout with the shoe sole. 

2.3 Extraction Method of Gait Characteristics 
Two peak pressures appear in every stance phase. The peak 

pressure values can be obtained by finding the local maximum 

values of the data in stance phases. The peak pressure is then 

normalized to the subject's body weight. Instead of utilizing 

footswitches, a threshold value is defined for the z-axial GRF to 

Table 1. Gait parameters of normal and abnormal gait calculated by the measurements of the WSFRSA and the reference 

system 

Gait Parameters 
Normal gait Abnormal gait 

Reference System WSFRSA Error (%) Reference System WSFRSA Error (%) 

Normalized peak pressure (N/kg) 10.64±0.19 10.69±0.50 4.23 10.09±0.23 10.34±0.31 4.17 

Stance ratio (%) 59.19±2.32 59.78±3.08 5.20 66.67±5.19 68.55±4.78 7.26 

Stride length (m) 0.98±0.08 1.02±0.09 9.34 0.88±0.12 0.86±0.12 9.48 

Walking velocity (m/s) 0.93±0.07 0.94±0.10 5.90 0.80±0.07 0.82±0.11 9.92 

Step-time variability (ms) 45 44 2.23 88 94 7.44 
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Figure 3. Comparison results between the WSFRSA and the reference system in normal gait and the abnormal gait without toe 

rotation effects. (a) Normalized peak pressure; (b) Stance ratio; (c) Stride length; (d) Velocity; (e) Step-time variability. 

determine the gait events. Stance ratio is the stance time divided 

by its cycle time. Step time is defined as the duration of the 

nearby heel-strikes. The standard deviation (SD) of step time is 

used as its variability. Stride length are calculated by the 

integration of linear acceleration. Double integration of the linear 

acceleration is not accurate, so a velocity compensation method is 

implemented[2]. After the position of the heel is calculated, the 

stride length is known. The walking velocity is the stride length 

divided by its cycle time. 

2.4 Experimental Methods 
A combined system with an optical system (six cameras, Vicon, 

US) and a stationary force plate (AMTI, USA) was used as a 

reference system to evaluate the performance of our developed 

systems. To accomplish this purpose, a synchronization trigger 

was used to keep the systems working simultaneously. Limited by 

the space of the laboratory and the number of the optical cameras, 

the effective capture volume was about 4 meters long. 5 or 6 steps 

was available for the subjects to walk.  

Validation of the Fusion Method: The subjects were asked to wear 

the WSFRSA to walk through the capture volume of the reference 

system with normal speed. For each shoe, three markers were 

attached on the positions of the three range sensors around the 

heel. The trial repeated 15 times for each subject. 4 subjects were 

participated in this part of experiment. The three markers' 

positions measured by the reference system were used to extract 

the inertial sensor's real attitude[10]. And their z-axial positions 

are used for validating the heights calculated by the range sensors' 

distances.  

Gait Parameters: The subjects were asked to wear the WSFRSA. 

Then, 16 markers of the optical system were placed on their 

anatomical landmarks (anterior superior iliac spines, posterior 

superior iliac spines, knee joints, thighs, shanks, ankle joints, toes, 

heels) of lower extremities. After calibration, the subjects walked 

through the capture volume of the reference system with right foot 

standing on the force plate. The trial repeated 30 times. 4 subjects 

were participated in this part of experiment. To discuss the 

influence of the toe joint in walking, the soles of the wearable 

shoes were fixed with wooden boards in controlled trials. The 

bend of the soles should be guaranteed when researchers mount 

multiple range sensors on their developed shoes. Otherwise, the 

subjects' gait is influenced in further experiment of gait 

assessment. So, the abnormal gait without toe rotation is 

necessary to be discussed in this article for developing shoes.  

Table 2. Comparison results between the heights calculated by 

the range sensors' measurements and the z-axial positions of 

the markers 

Errors 1 2 3 

R 0.986 0.980 0.974 

RMSE (mm) 13.34 10.97 10.30 

Table 3. Comparison results between the attitude angles 

calculated by the fusion method and the reference system 

Errors Methods Pitch Roll Yaw 

R 
Fusion 0.994 0.935 0.795 

MPL 0.957 0.813 0.673 

RMSE (°) 
Fusion 2.84 4.75 6.75 

MPL 9.83 6.11 4.98 

3. RESULTS
Table 2 shows the comparison results of the range sensors' heights. 

The three markers' z-axial positions were considered as reference 

values. The comparison results are expressed as root mean square 

error (RMSE) and correlation coefficient (R). Table 3 shows the 

comparison results of the attitude angles between the fusion 

method and the reference system. In order to compare the 
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performance with the 9-axis fusion method (MPL) provided by 

the MPU9250 driver, the comparison results between the MPL 

and the reference system are also shown in Table 2. Table 1 shows 

the normal and abnormal gait parameters calculated by the 

measurements of the WSFRSA and the reference system. The 

results of normalized peak pressure, stance ratio, velocity, and 

stride length are expressed as average value ± standard deviation 

(SD). The results of step-time variability is expressed as its 

average value. The comparison results between the reference 

system and the WSFRSA are expressed as their average 

percentage error (%). Figure 3 shows the statistical results of both 

the normal and abnormal gait parameters in the form of histogram. 

4. DISCUSSIONS
In this article, we mainly use the results of healthy subjects to 

discuss the feasibility of the WSFRSA for gait parameters of 

abnormal gait. To accomplish this purpose, a pair of wearable 

shoes fused with range sensor arrays were developed. The 

validation of our designed fusion method includes the results of 

the range sensors' heights and the IMU's attitude angles. The three 

range sensors' heights show acceptable agreement to their 

markers' z-axial positions. In our system, the range sensors 

worked in a polling mode and their working frequency is about 

33Hz. That means the differences of heights are not accurate when 

the motion of foot is fast. So, NIS value is detected to decide 

whether the heights are acceptable. The results of the fusion 

method show excellent agreement of pitch angle to the reference 

system. The fusion method is better at anti-interference of drifting. 

But the results of the yaw angle is not expectable. Because the 

range sensors' distances are irrelevant to the yaw angle, the yaw 

angle's accuracy is not improved after the update of heights. 

From Table 1, we can see that the results of the WSFRSA and the 

reference system are highly coincident. Obviously, it's seen from 

Figure 3 that the subjects' abnormal gait is quite different from 

their normal gait. Without toe rotation, the normalized peak 

pressure decreases significantly for it is hard to decelerate or 

accelerate at the heel-strike and toe-off. This phenomenon also 

results to a larger value of stance ratio. The step-time variability in 

the abnormal gait increases largely compared to the normal gait. It 

means the balance in walking is less stable without toe rotation. 

The stride length and velocity in the abnormal gait are also 

smaller than the normal gait. The subject needs extra time to keep 

balance and the motion of foot slows down to adapt to the 

changing of GRF. 

5. CONCLUSION
In this article, a pair of wearable shoes fused with range sensor 

arrays are developed for the comparison of normal gait and the 

abnormal gait without toe rotation. The range sensors' 

measurements are used to extract their heights by a simple 

calculation method, and a fusion method utilizes their heights to 

update the IMU's orientation. The results of range sensors' heights 

are reliable when compared with the reference values provided by 

optical markers. The results of orientation calculated by the fusion 

method show acceptable performance on the pitch angle and roll 

angle. Then, experiments of normal gait and an abnormal gait 

without toe rotation were implemented by using the WSFRSA. 

The results show high coincidence to the reference system. The 

restriction of toe joints causes less stability of balance and slower 

motion in walking. The performance of this WSFRSA is reliable 

and reasonable for healthy subjects.  
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ABSTRACT 

Inspired by the mechanism of the predatory action of the flytrap, a 
single soft airbag shape-driven manipulator is proposed. Base on 
the analysis of the movement mechanism of the flytrap and the 

geometric structure of the manipulator, through the expansion 
control of a single sphere elastic airbag and the passive contraction 
of elastic tendons, the opening action and closing action of different 
angles of the manipulator is achieved. The experimental system 
was built, and the grabbing experiments of two-claw soft 
manipulator and three-claw soft manipulator were completed by 
low cost common industrial materials, which verified the feasibility 
of the scheme. The spiny bionic structure of the flytrap improves 

the grabbing ability of the soft manipulator to different shape 
objects. The soft manipulator can achieve the grasping and lifting 
of an object with 10-15 times the weight of its own. 

Keywords 

Flytrap-like; single airbag; shape-driven actuator; soft manipulator；
soft robot 

1. INTRODUCTION 

As a research hot spot of domestic and foreign scholars, 

soft manipulator has achieved a lot of achievements. The 

bendable flexible actuators and air-driven hand 

rehabilitation gloves has already been designed by the 

George M.Whitesides research team at Harvard 

University [1]. By using the non-linear characteristics of 

soft silica gel materials, Martinez et al. realized the 

bending of the tentacle in three-dimensional space 

through the joint drive of the pneumatic channels in three 

different directions, and then the entanglement and 

grasping of the object are realized [2]. The American QI 

company has developed a temperature-controlled soft 

manipulator by using shape memory polymer materials 

and 4D printing technology [3]. Homberg et al. made an 
electrically driven manipulator with candles, using the 

integrated bending sensor and data points on three fingers 

to make tactile recognition of the grasped objects [4]. 

Giannaccini et al. Proposed a soft cable driven continuous 

gripper to achieve continuous grasping of objects [5]. The 

university of Chicago and Cornell university jointly 

developed a "coffee bag" soft manipulator, particle 

material by particle blocking technique changes the 

stiffness of soft manipulator surface, and then the 

grasping of different shape objects is realized [6]. 

Although the research of soft robots has made great 

progress in recent years, the complex control process and 

high production cost are still the biggest problems in the 

research of soft robots [7-8]. Actually, soft robot [9-12] is 

still in its infancy, the majority of the studies at home and 

abroad is mainly focused on the production of the robot 

body. Bionic [13] and materials are two key points of soft 

robots making, so how to get inspiration from nature to 

imitate the movement mechanism of more biology and 

find a suitable and efficient new material [14] is of great 

significance. Inspired by the predation process of the 

flytrap, a design of single airbag shape-driven soft 

manipulator is proposed in this paper. And a series of 

cheap and efficient new materials are used to manufacture 

two-claw soft manipulator and three-claw soft 

manipulator. 

2. THE ACTION MECHANISM OF 

FLYTRAP AND THE DESIGN OF 

SOFT MANIPULATOR 

2.1 The Structure and Action Mechanism of Flytrap 

The predatory structure of the flytrap is formed by a pair 

of left and right symmetrical blades. The outer edge of the 

insect trap is arranged with interlacing burrs, it will 
become a cage to prevent the prey from escaping when 

catching insects. There is a unique hydraulic system 
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inside the flytrap, which opens at a 60-degree Angle 

before being stimulated (Fig. 1a). When the "sensory 

hairs" of the leaf surface are stimulated, the cell vacuoles 

in the medial side of the cells rapidly lose water and 

shrink and then causing the insect trap to bend inward and 

close. The insect trap is closed by its vein axis (Fig. 1b). 

There are two elements in the structure of the flytrap: (i) 

A hydraulic system that provides pressure for the opening 

and closing of insect trap. (ii) Interlacing burrs to prevent 

insects from escaping. 

2.2 The Design of Soft Manipulator 

In view of the two structural elements of the flytrap, the 

corresponding scheme is designed: (i)a unique set of air 

pressure systems used to replace the hydraulic system 

inside the flytrap. (ii)A serrated artificial burr used to 

replace the burr on the insect trap. Fig.1 c-d shows the 

process of soft manipulator from opening to closing. 

When the pneumatic system is pressurized, the elastic 

airbag expands to squeeze both sides and the soft 

manipulator is opened under the action of force F; During 

decompression, the airbag shrink rapidly and the 

manipulator is closed.The process of making the 

manipulator is very simple: (i)The exoskeleton of the 

manipulator is made of transparent elastic plastic to 

ensure the integrity of the object being grasped. 

(ii)Making jagged burrs. (iii)A group of elastic tendons 

made of high elastic rubber bands are fixed between the 

soft manipulator. (iv)The through-hole in the center of the 

exoskeleton is used for placing a hollow polyethylene 

pipe (inside and outside diameter is 7-11mm). (v)The 

elastic air-bag is placed in the tube and the gas is 

transported through the silicone tube to realize the whole 

motion. 

 

Figure 1.Comparison between the structure of soft 

manipulator and flytrap 

The artificial burrs in Fig. 1c are made of the same elastic material 
as exoskeleton. The jagged structure increases the clamping force 
between manipulator and object to prevent falling of the objects and 
allows the manipulator to challenge larger objects. 

In Fig. 1e shows a set of elastic tendons made of elastic hoses by 
imitating the tendon [15] in the joints of arthropods.The tendon is 

fixed inside the exoskeleton to prevent the excessive expansion of 
the elastic airbag during the inflating process. Apart from the 
protective effect, the tendon also greatly improves the clamping 
force between the manipulator and objects, and further improves 
the grasping ability. When the pressure is released, the elastic 
tendon provides sufficient force and combines the elastic force of 
the exoskeleton itself, so that the soft manipulator is retracted 
passively instead of the active retraction and then a single channel 
drive is realized. 
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Fig. 2 compares the force of the airbag of the two soft 

manipulators. It is found that ordinary airbags can only 

withstand pressure of 100kPa and the force of 2kN. Due 

to the restriction of tendons, the special airbag with elastic 

tendon can withstand the pressure of 220kPa and the force 

of 11.5kN. In addition, the life span of the airbag with 

elastic tendons has also been greatly improved. It can 

achieve about 500 times of expansion and contraction, 

which is 5 times that of an ordinary airbag.（Except for 

special instructions, the pressure in the experimental part 

below is 220kPa.） 

3. EXPERIMENTAL DESIGN AND 

RESULT ANALYSIS 

3.1 Introduction of Experimental System 

The experimental system is composed of control part, gas 

transmission part and base part. The experimental 

platform is shown in Fig. 3. The control part includes 24V 

rechargeable power supply, Arduino control panel, 

solenoid valve, pressure limiting valve, electromagnetic 

relay and several conductors. The gas delivery part 

includes an air pump, a pipe switch and a conveying pipe. 

The base part consists of a fixed frame and a soft 

manipulator. 

In this paper, the control of the soft manipulator is realized 

through the control of the gas. The control process is 

shown in  Fig. 4. As the core equipment of the 

experiment, the air pump provides the power for the 

whole experiment. The Arduino control panel realizes 

electromagnetic valve control by using electromagnetic 

relay as an intermediary. The pressure limiting valve is 

used to set the gas pressure within a safe range. 

 

Figure 3. Experimental platform 

 
Figure 4. Control flow chart of manipulator 

3.2 Two-claw Soft Manipulator 

Inspired by the predation process of flytrap, the two-claw 

soft manipulator weighing 24g is designed in this paper. 

In order to enhance the contrast with the surrounding 

environment, a layer of ultra-thin paper-cut is attached to 

the soft manipulator made of the transparent material. Fig. 

5a-d shows the grabbing condition of different shape 

objects. Fig. 5a is a square eraser weighing 16g; Fig. 5b 

is a small stapler weighing 37g; Fig. 5c is a cylindrical 

lipstick weighing 12g; Fig. 5d is the mineral water bottle 

weighing 42g. 

Repeated measurements of ten times under different 
weights and record the number of successful grasping, 

and then make the success rate chart as shown in Fig. 6. 
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It is found from the chart that when the weight of the object is less 
than 140g, the two-claw soft manipulator can maintain the success 
rate of 100%. When the weight of the object is lower than 210g, the 
manipulator can maintain the grasping success rate of more than 
50%. The maximum weight of grasping object is between 230g and 

240g, about 10 times its own weight. 

 

Figure 5. The grasping condition of different shape objects 

 

 

 

 

 

 

 

 

 

3.3 Three-claw Soft Manipulator 

Although the grasping ability of the two soft manipulator is very 

impressive, it is weak when facing spherical objects and heavier 
objects. Therefore, the three-claw soft manipulator with better 
grasp force and stability is designed, with a mass of 30g. Fig. 7a-b 
shows the opening and closing of the gripper. Fig. 7c-f shows the 
grabbing condition of different objects. Fig. 7c-d shows the 
grasping condition of the rubber ball and the kiwi, and two-claw 
manipulator above cannot grab these spheres. Fig. 7g is a paper cup 
filled with water and weighs 193g. Fig. 7h is a metal water cup 

weighing 266g. 

 Repeated measurements of ten times under different weights and 
record the number of successful grasping, and then make the 
success rate chart as shown in Fig. 8. 

It is found from the chart that when the weight of the object is less 
than 360g, the three-claw soft manipulator can maintain the success 

rate of 100%. When the weight of the object is lower than 410g, the 
manipulator can maintain the grasping success rate of more than 
80%. The maximum weight of grasping object is between 450g and 
460g, about 15 times its own weight. Compared to the two-claw 
manipulator, the three-claw manipulator not merely can grasp more 

different shape objects, but more powerful grasping performance. 

       

Figure 7. The grasping condition of different shape objects 
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4. CONCLUSION 

Inspired by the predation process of the flytrap, a design 

of single airbag shape-driven soft manipulator is proposed 

in this paper. By the expansion control of a single spherical 

elastic airbag and the passive retraction of the elastic 

tendon, the two-claw soft manipulator and three-claw soft 

manipulator were designed to grasp the objects with 

different shapes. The maximum grasping weight of the 

two-claw soft manipulator is between 230g and 240g, 

about 10 times its own weight. The maximum of the three-

claw soft manipulator is between 450-460g, about 15 

times its own weight. Through a simple experimental 

system and a series of comparative experiments, the single 

airbag shape-driven soft manipulator is realized and the 

feasibility of the scheme is verified. 
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ABSTRACT 

The concept and design principles of dexterous bionic leg 

with single-DOF planar linkage are proposed. Explore 

how to achieve complex leg movements through agile and 

efficient mechanical mechanism design. Robot bionic 

legs with single degree of freedom which are belong to 

multi links are studied from 4 bars, 6 bars to 8 bars. 

Through theoretical analysis and real prototype 

experiment, the feasibility and superiority of the 8- bar 

bionic leg with single DOF are verified. It is found that 

the single DOF smart bionic leg is especially suitable for 

the light load, high-speed and agile robot locomotion 

system, which is of great significance for the development 

of bionic legged robot system with less freedom, high 

efficiency and low cost. 

Keywords 

dexterous bionic leg; single-DOF ; design principle; 

configuration design; experimental verification 

1. INTRODUCTION 

In 2005 year, Boston Dynamics launched the shocking 

"BigDog" bionic robot in America. Over the past ten 

years,   bionic leg robots have been developing at a high 

speed. Therefore, there are many representative bionic leg 

robots published in the world: BigDog[1], HyQ[2], Little 

dog, SCOUT-II、KOLT、BISAM、SILO etc. In domestic, 

there are many universities such as Jiao Tong 

University[3], Shandong University[4], Harbin Institute 

of Technology[5] and so on[6-8] beginning their research 

on foot bionic robots. The outstanding characteristic of 

this kind of robot is through the legs of complex 

electromechanical (liquid) integration design, expensive 

sensor systems, and complex motor coordination control 
algorithm, to achieve the independent to adapt to 

movement of the unstructured environment and strong 

load and surmounting obstacles such as motor 

performance. The research of this kind of robot has made 

a remarkable contribution to the development of the 

practical direction of the leg robot.  

However, when the army in 2015 year begin testing the 

feasibility of the cooperative engagement between the Big 

Dog such a high mobility of quadruped bionic robot and 

soldiers in the field similar to battle ground test, they 

found that its application in the battlefield was limited due 

to many factors such as the complexity of the system 

control, high power consumption, large noise, low 

efficiency, high cost, large moment of inertia of the legs, 

high-speed movement poor performance. So, these 

projects are temporarily abandoned for military purposes 

by the United States military. 

For this reason, Boston Dynamics in the United States 

launched the "CHEETAH" bionic cheetah high-speed 

robot after "BigDog"[9]. The maximum running speed 

was 46.6km/h (29 MPH), and the speed was significantly 

improved compared to "BigDog" (running speed 4 MPH) 

and "LS3" (maximum speed 20 MPH). At the 

Massachusetts institute of technology, the latest research 

of bionic Cheetah robot- "MIT - Cheetah"[10], not only 

has the very high running speed- 30 MPH (48 km/h), but 

also has the better obstacle-surmounting performance, 

can run across 40 cm in the height of the barrier at high 

speed. 

On December 6th, 2016, the world's famous academic 

journal, Science, especially created its series, Science 

Robotics, for robots. In five articles especially chosen by 

the inaugural issue representing the newest research 

results in every field, miniature hopping robot Salto[11] 

created by Berkeley (UC Berkeley) micro bionic system 

research and development of laboratory, at the university 

of California, is very impressive. The robot weight only 

100 g, is currently the most agile jumping robot with legs. 

It has the best jumping ability with very clever 
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mechanism design, can make a jump up to 1 m on average 

every 0.58 seconds. Its leg is a typical nimble, agile and 

efficient single DOF robot bionic legs. 

In February 2017, Boston dynamics published a robot 

called Handle[12]. It showed difficult movements and 

strong maneuverability including the fast acceleration and 

braking, turning in the process of movement, in-situ high 

speed turning, single wheel through a ramp with the stable 

posture, end point balance control, handling of goods 

(100 LBS), rapid slide down the steps, outdoor snow slide 

and bounce off. The robot bionic legs is a blend of 

complex electromechanical integration technology, 

flexible control, nonlinear systems under large 

disturbance control, hybrid control, sensor technology, 

etc., which let the ability of the foot + wheel straight up 

to a new level. 

In May 2017, Florida IHMC (Institute for Human and 

Machine Cognition) Robotics had revealed a small ostrich 

robots, in academic, called "a Planar Elliptical 

Runner"[14] (flat ellipse), it is the first robot in the world 

don't need a sensor or a computer and the robot can 

balance itself. It was designed to explore how mechanical 

design can accomplish complex leg movements. 

Although the small ostrich robot looks clumsy, it is an 

important innovation in the field of legged locomotion. 

Using only a single motor to drive the two legs of the 

robot, the elliptical motion of the legs and the shape of the 

body of the robot kept the robot's internal balance. 

Researchers say the robot can now run at speeds of 16 

kilometers per hour. But if it scales up to human size, it 

can speed up to 32 to 48 kilometers per hour. 

Based on the analysis of the above research and compared 

with longitudinal study we can find that the bionic robot 

leg is clearly going through three stages, namely from 

heavy-stage to light-duty, than to the direction of dexterity 

It is under the influence of this trend and inspired by the 

bionic legs of "Salto" and "Per (Planar Elliptical Runner"). 

This paper proposes the concept of a single DOF and 

dexterous bionic leg, and makes the following agreement 

on its design principles: 

○1 The bionic leg has single DOF, and the planar linkage 

mechanism is used for the dexterous design. The whole 

bionic leg mechanism is driven by the single DOF. It is 

not too dependent on sensor system and complex control 

algorithm to realize the control of motion. 

○2 In order to reduce the quality of the leg and the moment 

of inertia, make it having the characteristics of sports 

dexterity, the agility and efficiency, the driving element is 

installed on the robot body and the driving devices should 

be decorated in the leg as little as possible. 

○3 Main drive components don't need frequent forward 

and reverse control and acceleration, deceleration control, 

but it can achieve coordinated bionic motion in legs of 

each joint and swing back and forth in the whole leg, 

making it has good high speed performance.  

The key of the single DOF dexterous bionic leg 

mechanism design is the single DOF planar multi-link 

configuration design of bionic legs. Therefore, the 

configuration design of the dexterous bionic leg 

mechanism with planar single DOF is firstly studied. 

2. THE BASIC CONFIGURATION 

DESIGN OF SINGLE DOF BIONIC 

LEGS 

For single DOF planar linkage bionic leg mechanism, if 

the constraint of frame is not considered, the obtained 

motion chain has four activities. Therefore, the type 

synthesis and activities of the single DOF bionic leg 

mechanism are consistent with the motion chain synthesis 

of the four planar linkage. If the number of components is 

n and the number of kinematic pair is p, then 

 3 2 4n p   (1) 

For any component, the number of kinematic pair is i 

(i>=2), which is denoted as ni,, then 

 in n   (2) 

According to graph theory, the sum of all the vertices in 

the topology diagram is equal to twice the number of 

edges. According to this, the relation in the closed motion 

chain is obtained. 

 2iin p   (3) 

And then in terms of the euler equation: 

 1L p n    (4) 

Thereinto, L is the number of closed chains, and then it 

can be obtained in equation (1). 

 3 1p L   (5) 

One degree of freedom n=4 is a single closed chain, which 

is commonly used hinged 4-bar mechanism. The 

mechanism of single DOF double closed chain (n=6 L=2), 

the basic form of kinematic chain is Stephen and watt. In 

mechanism of single DOF double closed chain (n=8 L=3), 

the number of style of the basic mechanism of its 

kinematic chain is 16. In the mechanism of single DOF 

(n=10 L=4), the basic structure of its kinematic chain is 

230. 

The 4-bar single DOF and dexterous bionic leg 
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mechanism is a planar single-ring mechanism, and the 

dotted line is the d-point movement trajectory of the foot, 

as shown in Fig. 1. It has the advantages of high efficiency, 

energy saving and easy to control. The disadvantage is 

that the configuration of the four-bar mechanism is not 

rich enough, and there are too few design options to 

choose. 

 

Figure 1. Single DOF 4-bar bionic leg 

             

(a)                                                 

(b) 

Figure 2. Single DOF 6-bar bionic leg 

The single DOF 6-bar mechanism is a planar multi-ring 

mechanism, which is divided into two types, the watt 

chain and the Stephenson chain. Fig. 2(a) is a single DOF 

6-bar bionic leg mechanism. Fig. 2(b) is a functional 

simulation test for the virtual prototype of bipedal bionic 

legs. It only needs a single direction of motor rotation to 

realize the cycle motion of the bionic leg. 

Fig. 2(a) shows that the mechanism is compact, flexible 

and easy to control. The driving element (the crank OA 

bar) is mounted on the fuselage (the OC member of the 

frame), and the inertia of the leg is small. Only one 

driving motor is required to keep the same motion and the 

front and back swing of the legs can be realized, which is 

coincide with the design principle of the dexterous bionic 

leg with single DOF. From Fig. 2(b), it is found that the 

movement of the foot point of the mechanism is smooth, 

which is not only good for the motion coherence, but also 

has a large step size and high level of lifting abilities. 

The innovative design of deft leg mechanism is carried 

out by considering various factors such as bionics, 

installation and motion interference of bionic legs. When 

linkage 4 as frame, institutions for bionic legs can be 

gained in Fig. 3(a). When it comes to linkage 5 as frame, 

bionic legs institutions will be shown in Fig. 3(b), the 

institution is exactly adopted by the beach robot, "Wind 

Beast", researched by Dutch artist, Theo Jansen, also 

known as Jansen – legs. It also caused interest and 

research of scholars in robot industry in recent years, the 

details are in the newest papers published by author[15]. 

As shown in Fig. 3, they are both single DOF planar 

linkages, and the driving elements are directly connected 

to the frame. Besides, there is no other drive devices 

between leg and other joints. Thereby, the leg quality and 

the moment of inertia are significantly reduced. So, the 

driving element can realize the coordinated movement of 

each joint and the swaying back and forth of the whole 

leg holding synclastic rotation without forward, reverse 

and frequent acceleration, deceleration control. That 

meets the previous design agreement on the dexterous 

single DOF bionic leg. 

     

(a)                                                   
(b) 

Figure 3. Institution of agile bionic leg mechanism 

with single DOF 

3. The Analysis of the Closed Loop Type 4-

4-4 Bionic Leg 

Depending on the type of closed loop 4-4-4 kinematic 

chain and many times of virtual prototype simulation 

optimization, the design of bionic leg and foot end 

trajectory is shown in Fig. 4. It is found that the ability of 

obstacle surmounting and motion flexible performance is 

far superior to the closed-loop type 4-6-4 bionic legs in 

the virtual prototype movement simulation. The 

following emphasis is on the prototype analysis of the 

new bionic leg. 
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There into, θ is the rotation angle of motor, θ1, θ2, θ3 is 

the rotation angle of slave joint. It can be determined by 

fixed length of the rod in the bionic leg with defined size, 

angle and other parameter. 

   

(a)                                                 
(b) 

Figure 4. Model of mathematical modeling of a new 

single DOF 8-bar bionic leg mechanism 

4. Physical Prototype Test 

Fig. 5 and Fig. 5 are the testing experiment of single DOF 

8-bar bionic leg physical prototype, which is produced by 

3D print. It is found that high-speed movement of the 

bionic legs in Fig. 5(b) can be achieved only with one 

fixed drive motor installed on the machine frame. 

It is also found that the limit movement speed of this leg 

depends on the motor speed and intensity of each part in 

the experiment. So it is independent on the algorithm and 

sensor to realize the complex motor coordination, it’s very 

nimble, agile and efficient. 

  

(a)                           (b) 

Figure 5. Bipedal physical prototype test of a new 

smart bionic leg 

 

Figure 6. Bionic robot prototype based on Theo 

Jansen bionic leg 

5. CONCLUSION 

 (1) This paper presents the concept of a single DOF 

bionic leg, and gives the design principle. The bionic legs 

have many advantages. It has nimble, simple system, high 

movement and energy utilization efficiency, less DOF, 

low consumption, good sports coordination, low cost, 

small moment of inertia, high-speed performance, and it 

also can adjust movement without having to rely on 

sensors and computer algorithms. Which is an important 

trend of development of the bionic legs. 

(2) The core of the smart bionic leg design is the design 

of single free planar multi-link mechanism. The 

configuration, topology and kinematic chain of the single 

DOF bionic limbs with 4, 6 and 8 rods are given, which 

provides a theoretical basis for the innovative design of 

the mechanism. This paper focused on the configuration 

of 8-bar single DOF dexterous bionic leg. It is found that 

the newly designed single DOF bionic leg has many 

advantages, such as good bionic effect, excellent 

performance of obstacle, good coordination of joint 

motion, simple control and low cost. 

(3) Because of its structural features, the single DOF 

dexterous bionic legs are more suitable for application 

scenario of light load, high speed, obstacle crossing. 
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