
  

  

Abstract—The objective of this study was to evaluate the 

effect of different walking speed on the range of motion, 

angular velocity, and angular acceleration of the shoulder and 

elbow during walking. An optical motion capture system was 

used to capture the walking motion on the treadmill system. 

The independent variable of this study was set as four levels of 

walking speeds including 3.6, 5.4, 7.2 km/h, and preferred 

walking speed. Seven dependent variables were analysed as 

follows: maximum joint angle, minimum joint angle, range of 

motion (ROM), maximum joint angular velocity, minimum 

joint angular velocity, maximum joint angular acceleration 

and minimum joint angular acceleration. The subject walked 

according to the randomized walking speed during 90 seconds 

on the treadmill. Twenty gait cycles of motion capture data 

from each experiment condition of each subject were extracted. 

In the shoulder joint, the mean of ROM and the mean of 

maximum angular acceleration were the highest at 5.4 km/h 

walking speed. It can be considered that the arm swing was 

sufficiently performed to maintain the walking stability. At the 

walking speed 7.4 km/h, the gait pattern of one cycle was too 

short due to fast walking. It indicated that the time of motion 

for sufficiently swinging the arm was short. At the walking 

speed 7.2 km/h, the ROM and angular velocity of the shoulder 

joint decreased but those of the elbow joint were increased. It 

could be related to maintain the walking balance by swinging 

the elbow to compensate the reduction of the shoulder 

movement during a fast walking. We suggest that the 

ergonomic threshold walking speed of the wearable robot is 

limited to 5.4 km/h. In addition, the fast walking speed can 

cause biomechanical load and discomfort in the arm 

movement. 

 
Index Terms—Shoulder, elbow, kinematic, wearable robot, 

human-robot interaction, walking speed. 

 

I. INTRODUCTION  

Wearable robots have been designed and developed to 

improve humans’ strength, speed, and endurance. They 

have been applied to various tasks such as walking, running, 

lifting, lowering, pushing, and pulling. 

Despite of the rapidly grown technology, wearable robots 

still face several challenges. Previous studies still have 

focused on improving the mechanical performance of a 
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wearable robots [1]-[3]. Users could experience the 

resistance of their movement while walking and feel 

discomfort on their body regions if the joints of the 

wearable robots are not properly aligned [4]. In addition, 

adding extra mass to the human body could increase the 

metabolic expenditure and lead to the early fatigue during 

walking [5]. 

In order to overcome these limitations of the wearable 

robot, understanding natural biomechanics of walking could 

be essential. Natural rhythm of movements in the upper 

extremity while walking could be useful to determine the 

functional limit (e.g., joint torque and range of motion) of 

the wearable robot to promote the safety level and comfort 

of users. 

Thus, the objective of this study was to evaluate the 

effect of different walking speed on the range of motion, 

angular velocity, and angular acceleration of the shoulder 

and elbow during walking.  

 

II. METHOD 

A. Subjects  

A total of three male subjects participated in this study. 

Subjects had no experience with musculoskeletal disorders 

during the last 6 months and were controlled by a normal 

weight subject with an average BMI of 23.2 (±0.2) for 

similar walking movements. Table I shows the 

anthropometric data of the subjects. 

 
TABLE I:  THE BASIC INFORMATION (MEAN ± STANDARD DEVIATION) OF 

PARTICIPANTS 

Age (year) Height (mm) Weight (kg) BMI 

25.3(±0.5) 1717.7(±14.0) 68.6(±1.4) 23.2(±0.2) 

B.  Apparatus 

A treadmill system was used to measure the joint angle, 

angular velocity and angular acceleration of the shoulder 

and elbow joint relative to walking speed. An optical 

motion capture system (Natural Point, Inc. Optitrack, USA) 

was used to capture the walking motion, and eight 1.3-

megapixel Flex 13 cameras were used (Figure 1). The 

marker set for calculating the kinematics values of the 

human body during walking was Plugin Gait Full Body 

Model and 39 markers were attached to the entire body of 

the subject.  

C. Experimental Design 

The independent variable of this study was set as four 

levels of walking speeds including 3.6, 5.4, 7.2 km/h, and 

preferred walking speed (PWS). The level of walking speed 
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was referenced criteria to slow, normal and fast from 

previous studies [6]-[8]. In this study, PWS defined as 

subjectively comfortable walking speed for each subject. As 

shown in Fig. 2, this study considered dependent variables 

as follows: maximum joint angle [deg], minimum joint 

angle [deg], range of motion (ROM) [deg], maximum joint 

angular velocity [deg/sec], minimum joint angular velocity 

[deg/sec], maximum joint angular acceleration [deg/sec2] 

and minimum joint angular acceleration [deg/sec2]. 

A within-subject design with repeated measures on the 

cycles was used. All experiment conditions were 

randomized across subjects. 

 

 
Fig. 1.  The optical camera(L) and treadmill(R) for experiment 

 

D. Protocol 

Before performing the experiment, 39 retro-reflective 

skin markers were placed on the head, arms, torso, legs, and 

feet of subject. Each subject exercised three walking speeds 

on the treadmill. Then, PWS was measured while walking 

with a normal gait along treadmill at a selected speed. The 

mean and standard deviation of PWS was 3.87 (±0.09) km/h. 

The subject walked according to the randomized walking 

speed during 90 seconds on the treadmill. To minimize 

fatigue, subjects were given at least 5 minutes between 

experimental conditions. 

E. Signal Processing 

The period for the walking was analysed based on one 

gait cycle. One gait cycle was defined as the period from the 

time when the heel reached the floor to the time when the 

heel reached the floor again [9]. Because each gait cycle 

time was different, the operating time was normalized to 

100% and compared.  
Twenty gait cycles of motion capture data from each 

experiment condition of each subject were extracted. Then, 

these data were post-processed using MOTIVE version 

2.0.3 (Natural Point, Inc. Optitrack, USA), and the joint 

angle, angular velocity and angular acceleration of the 

shoulder and elbow joint were calculated using the Visual 

3D v6 (C-Motion, Inc., USA). 

The obtained motion capture data was filtered using a 

lowpass filter at a cut off frequency of 6 Hz. 

The joint angle, angular velocity and angular acceleration 

of the shoulder and elbow joints of right side were 

calculated, and only the sagittal plane (flexion–extension 

movement) of the 3D plane motion were used for analysis. 

F.  Statistics 

Data was analysed by one-way repeated measures 

analysis of variance (ANOVA) with Tukey’s test. A 

significance level of 0.05 was used all statistical analysis 

which were performed using SAS software 9.4 (SAS 

Institute, USA). 

 

 
Fig. 2.  Plot showing the dependent variables were extracted kinematic data 

 

III. RESULT  

A. Shoulder 

As a result of ANOVA, there were significant differences 

were found for minimum joint angle (F=19.52 p<0.0017), 

mean of range of motion (F=7.83 p<0.0017), maximum 

joint angular velocity (F=8.76 p<0.0130), minimum joint 

angular velocity (F=4.79 p<0.0493), maximum joint 

angular acceleration (F=9.20 p<0.0116) and minimum joint 

angular acceleration (F=17.68 p<0.0022). There was no 

significant difference was found dependent variable for 

maximum joint angle. 

As shown in Fig. 3-4, the mean of range of motion for 5.4 

km/h was higher than other walking speeds. There was an 

increasing trend until walking speed of 5.4 km/h, and then it 

decreased to 7.2 km/h. The mean of maximum angular 

velocity also showed a similar result. The mean of 

maximum angular acceleration increased toward walking 

speed of 7.2 km/h. 
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(c) 

Fig. 3.  The mean and standard deviation of kinematic data of shoulder 

joint for the different walking speeds, (a) ROM, (b) maximum angular 
velocity and (c) maximum angular acceleration. 

 

B. Elbow 

As a result of ANOVA, there were significant differences 

for maximum joint angle (F=6.20 p<0.0287), range of 

motion angle (F=5.87 p<0.0323), maximum joint angular 

velocity (F=9.38 p<0.0111), maximum joint angular 

acceleration (F=13.61 p<0.0044) and minimum joint 

angular acceleration (F=22.65 p<0.0011). There was no 

significant difference for minimum joint angle and angular 

velocity. 

As shown in Fig. 5-7, the mean of ROM was increased 

toward walking speed of 7.2 km/h.  Although the mean of 

ROM was varied significantly, there was no difference 

between the walking speed levels according to the result of 

Tukey’s test. The mean of maximum angular velocity and 

acceleration also showed similar results. 
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Fig. 4.  The mean and standard deviation of kinematic data of elbow 
joint for the different walking speeds, (a) ROM, (b) maximum angular 

velocity and (c) maximum angular acceleration. 

 

IV. DISCUSSION 

This study analysed the tendency of kinematic variables 

of the shoulder and elbow joints by different walking speeds 

in the repetitive gait pattern. 

In the shoulder joint, the mean ROM and the mean 

maximum angular acceleration were the highest at 5.4 km/h 

walking speed. In this study, the normal walking speed was 

set as the 5.4 km/h. Therefore, it can be considered that the 

arm swing is sufficiently performed to maintain the walking 

stability [10]-[12].  

However, the 7.2 km/h was set as the fastest speed in 

this study. At this speed, the gait pattern of one cycle was 

too short due to the fast walking. Accordingly, it was 

considered that the time of motion for sufficiently swinging 

the arm was short. The mean maximum angular velocity 

also showed a similar trend. 

The maximum angular acceleration increased as the 

walking speed increased, which meant the instantaneous 
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velocity of the shoulder joint increased. It indicated that the 

load of the shoulder joint increased with the increase of the 

walking speed. Based on the results of this study, it is 

possible to cause biomechanical load and discomfort in the 

shoulder joint during a walking speed of 7.2 km/h. Hence, 

this study suggests that the ergonomic threshold for walking 

speed of the wearable robot is limited to 5.4 km/h. 

In the elbow joint, most of the dependent variables 

showed an increasing trend as the walking speed increased. 

These results could be explained that the arm reacted as 

passive mass dampers which reduced torso and head 

rotation [13]. And also, upper body movement was 

primarily activated by lower body movement. At the 

walking speed of 7.2 km/h, the ROM and angular velocity 

of the shoulder joint decreased but those of the elbow joint 

were increased. To maintain the walking balance, the elbow 

joint swung to compensate the restricted movement of the 

shoulder during fast walking.  

 

V. CONCLUSION 

This study evaluated the kinematic data of shoulder and 

elbow joints during different walking speeds for suggesting 

design parameters of natural walking while wearing 

wearable robot. We suggest that the ergonomic threshold of 

the walking speed in the wearable robot could be limited to 

5.4 km/h. In addition, the fast walking speed could cause 

biomechanical load and discomfort in the arm movement. 

The limitation of this study was the small size of the sample, 

resulting in the fact that no general conclusions could be 

drawn. Further study should be considered to validate these 

results, including more samples. 

The findings of this study may provide the fundamental 

understanding for the ergonomically designing powered 

exoskeleton in the wearable robot industry, prosthetics and 

rehabilitation. Also, it could improve the safety and 

usability of human wearing a wearable robot. 
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