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Abstract - In this paper, the kinematic analysis of 
constructed assistive robotic leg for rehabilitation of patients 
who encounter the neurological injury is presented. In order 
to design an efficient new mechanism, studies were carried 
out to distinguish the human architecture and dynamics. In 
the study, the motion of a healthy physical subject in 
walking situation of 1 km/h speed was recorded. Thereafter, 
a novel robotic leg mechanism was developed to produce 
similar motion. The robotic leg is driven by a single actuator 
to drive both the hip and the knee joints mechanism. In 
order to verify the robot motion with respect to human 
motion, kinematic analysis of all robot’s joints and links are 
formulated and are simulated in MATLAB software. The 
results obtained from the kinematic analysis of the 
developed assistive robotic system show that its motion 
conforms to the motion and dynamics of a healthy human. 
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I. INTRODUCTION 
 
 The third and seventh causes of death in the world are 
stroke and accident, respectively. In USA for example, 
according to the American Heart Association and the 
National Heart, Lung, and Blood Institute (NHLBI), the cost 
of tending to people who suffer from cardiovascular 
diseases and stroke in 2009 is estimated to be $475.3 billion, 
making stroke a major financial burden to society. This cost 
includes both direct and indirect costs; direct costs include 
the cost of physiotherapists and other professionals, hospital 
and nursing home services, the cost of medications, home 
health care and other medical durables and indirect costs 
include lost productivity that results from illness and death. 
Patients with hemiplegia and palsy may not able to carry out 
the daily activities such as talking, walking, crouching and 
grasping; therefore, they need to improve their abilities by 
active and passive rehabilitation therapy iteratively and 
regularly. In passive exercises, the patient receive the 
rehabilitation exercises by physiotherapist; whereas, the 

active exercises are done by the patients. Unfortunately, 
although many attempts and researches have been done to 
prevent the people from accident and death, the number of 
stroke and injured patients who survive from these events 
which require rehabilitation services increase with time and 
also the number of specialists, physiotherapists and 
rehabilitation centers is not sufficient to respond to a large 
number of patients efficiently. Thus, after successful 
presence of robot in industries, the robotic knowledge has 
been applied in order to carry out the rehabilitant tasks 
efficiently and less costly. However, medicine and medical 
doctor must be involved in the development to assure the 
robot is employed in an ethical way [1]. 

In recent years, the attention on robotic rehabilitation has 
been increasing in order to train the patient base on their 
daily activities. However, because of some disadvantages of 
medical robots such as neglecting the social and 
psychological needs of patients, suppression the 
individuality and uniqueness of services, rejection of 
autonomous services, and increase of cost, they are not 
widely applied in medical and rehabilitation centers these 
days [1]. Hence, researchers have been trying to improve the 
interaction of robots and their environments and patients in 
order to carry out some beneficial repetitive exercises. 

Indeed, psychological feedback as one of significant step 
in medical robot design should be taken into account to 
assess the patients and their performance. Medical robot 
should be able to record and quantify patient’s performance 
and provide score, statistics, comparisons between normal 
human and tested patient as well as comparison between 
new and previous performance to show the patient’s 
progress. In addition, the feedback should able to motivate 
patients to utilize all their efforts in improvement; also it can 
inform the user and physiotherapist about movement errors 
and patients’ motion conditions. 

As the number of survivors from incidents such as 
accident, wars and strokes grows, the attention of 
researchers on developing rehabilitation robots for lower 
and upper extremity exoskeletons to help hemiplegic 
patients has been augmented, [2-7, 8]. Professor Sankai in 
University of Tsukuba for example, has developed a hybrid 
assistive leg (HAL-3) which assists the disabled in 
developing normal walking motion. He uses two DC motors 
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Case I (0° ൏ ଵߠ ൏  :(௦௧ିଵߠ
 

 
 
 
 
 
 
 
 
 

Fig: 13: Velocity vector diagram 
 
 
Based on the vector diagram in Fig. 13, the vector 

components in the x and y directions are: 
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Case II (ߠ௦௧ିଵ ൏ ଵߠ ൏ 180°): 
 
 
 
 
 
 
 
 
 
 

 
Fig: 14: Velocity vector diagram 

 
 

െ	:ݔ ܸߠ݊݅ݏ  ܸ/ܿߠݏ  ܸܿߠݏଶ െ ௌܸܿߠݏௌ ൌ 0
 (15) 
 
	:ݕ െ ܸܿߠݏ െ ܸ/ߠ݊݅ݏ  ܸߠ݊݅ݏଶ  ௌܸߠ݊݅ݏௌ ൌ 0
 (16) 
 
 
Case III (180° ൏ ଵߠ ൏ 180°   :(ௌߠ

 
 

 
 
 
 
 
 
 
 
 

Fig: 15: Velocity vector diagram 

െ	:ݔ ܸߠ݊݅ݏ  ܸ/ܿߠݏ  ܸܿߠݏଶ െ ௌܸܿߠݏௌ ൌ 0
 (17) 
 
െ:ݕ ܸܿߠݏ െ ܸ/ߠ݊݅ݏ െ ܸߠ݊݅ݏଶ  ௌܸߠ݊݅ݏௌ ൌ 0
 (18) 
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Fig: 16: Velocity vector diagram 
 
 

െ:ݔ ܸߠ݊݅ݏ െ ܸ/ܿߠݏ  ܸܿߠݏଶ  ௌܸܿߠݏௌ ൌ 0
 (19) 
  
െ:ݕ ܸܿߠݏ  ܸ/ߠ݊݅ݏ െ ܸߠ݊݅ݏଶ െ ௌܸߠ݊݅ݏௌ ൌ 0
 (20) 

 
 

Case V (ߠ௦௧ିଶ ൏ ଵߠ ൏ 360°): 
 
 
 
 
 
 
 
 

 
 
 
 

Fig: 17: Velocity vector diagram 
 
 

െ:ݔ ܸߠ݊݅ݏ െ ܸ/ܿߠݏ െ ܸܿߠݏଶ  ௌܸܿߠݏௌ ൌ 0
 (21) 
 
െ:ݕ ܸܿߠݏ  ܸ/ߠ݊݅ݏ  ܸߠ݊݅ݏଶ െ ௌܸߠ݊݅ݏௌ ൌ 0
 (22) 

 
Since the magnitudes of KV and AV are computed from 

(7) and (8), the values and direction of /Sh KV and /J AV are 

obtained using (12) and the known angular position of link 1 
( 2 ) and ߠ. The angular velocities of link 2 and link 3 can 

be found by analyzing the relative velocities of /Sh KV  and 

/J AV . Once the angular velocity of link 2 is calculated, the 

relative velocity /Bot KV can be obtained using (23) below.  

ܸ 

ௌܸ/ 
ܸ/ 

ܸ 

ܸ 

ௌܸ/ ܸ 
ܸ/ 

ܸ 

ܸ 
ௌܸ/ 

ܸ/ 

ܸ/ 

ܸ

ௌܸ/
ܸ 
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/ /

2
bot K Sh K

LV V
r

  (23) 

 
Since of KBotV /  can be found, the magnitude as well as 

the direction of ankle velocity are obtained based on (24) 
through (27). 

 

/B B K KV V V   (24) 

 
2 2

/ / 2 /2 cos( )A K B K K B K Sh KV V V V V       (25) 

 
In addition, the angle between	 ܸ and	 ܸ	for different 

cases is obtained, using (18) with respect to Fig. 18 to Fig. 
22 in which also provide the direction of BV for each cases. 

 
2 2 2

1 /cos ( )
2

B K B K
B K

B K

V V V
V V

 


 


 
 (26) 

It can be seen from the figures that the value of ߠ 
depends on the configuration of ܸ,	 ܸ and	 ܸ/ for the 
respective cases. 

 
 
 

Case I (0° ൏ ଵߠ ൏  :(௦௧ିଵߠ
 

 
 
 
 
 
 
 
 
 

 
Fig. 18: Velocity vector diagram 

 
 

2[90 ( )]B B K       (27) 

 
 

 
Case II (θୱ୲୭୮ିଵ ൏ θଵ ൏ 180°): 

 
 

 
 
 
 
 
 
 
 

Fig. 19: Velocity vector diagram 

 

ߠ ൌ െሾߠି െ ሺ90 െ  ଶ|ሻሿ (28)ߠ|
 
 
 

Case III (180° ൏ ଵߠ ൏ 180°   :(ௌߠ
 

 

 
 
 
 
 
 
 
 
 
 

Fig. 20: Velocity vector diagram 
 
 

ߠ ൌ െሾሺߠି െ ଶ|ሻߠ| െ 90ሿ (29) 
 
 
 

Case IV (180°  ௌߠ ൏ ଵߠ ൏  :(௦௧ିଶߠ
 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 21: Velocity vector diagram 
 
 

ߠ ൌ ሾሺߠି  ଶ|ሻߠ|  90ሿ (30) 
 
 
 
Case V (ߠ௦௧ିଶ ൏ ଵߠ ൏ 360°): 

 
 

 

 
 
 
 
 
 
 
 
 
 

Fig. 22: Velocity vector diagram 
 
 

ߠ ൌ ሾሺ90 െ ଶ|ሻߠ|   ିሿ (31)ߠ
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 ߠ

ܸ 

ܸ௧/ 
ܸ 

 ߠ

ܸ 

ܸ 

ܸ௧/ 

 ߠ

ܸ 

ܸ௧/ ܸ 

 ߠ

INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Issue 3, Volume 5, 2011 496



2(
an
ob

as
gr
(1

on
m

F

Comparing 
(b), the simu
nalysis show 
btained from t

In order to c
ssumed that i
round, and re
17) (see Fig. 

n the basis of 
maximum angle

 
 

Fig. 23: Defini

 

Fig. 24: Defi

Fig. 25: Defin
 

Fig. 24 with 
ulation data 
good agreem

the MATLAB
calculate the s
in each step 
ear foot hip 
26). Thus, th

f known value
e.  

itive absolute 

initive angular

nitive angular

Fig. 2(a), and
acquired bas

ment with the 
B programming
step size for th
the fore foot
angle is at m

he step size (

s for the link 

velocity of V

r position of h
 
 

r position of kn

d Fig. 25 with
sed on kinem
simulation re

g. 
he robotic leg
t is vertical to
maximum pos

Stepd ) is calcu

length and th

AnkleV  for one c

hip for one cyc

nee for one cy

h Fig. 
matic 
esults 

g, it is 
to the 
sition 
ulated 

he hip 

 
cycle 

 
cle 

 
ycle 

F
 
 

T
the f

1

3

L







Sd 

Stepd

T
2 d
hum

 T
extre
base
help 
knee
using
angu
desig
signi
prev
lowe
DC 
knee
simu
The 
data 
obta
will 
 
 
 

 T
of S
Univ
supp
supp
gran

 
Fig. 26: Huma

Trigonometric
following equa

2 4cos

24.69

L  

 

1 2sinL   
sp Sd F  

Therefore, th
106Stepd cm

man step’s leng

This paper p
emity exoskel
ed on acquire

to train the s
e angles for 
g MATLAB 
ular data was
gn a proper c
ificant defere

vious designs 
er extremity e
motor to cont

e joints. In
ulation were c
kinematic res
to prove its

ined from th
be applied in 

The authors w
Science, Tec
versiti Teknol
port in the r
ported in part
nt number Vot

an step size du

 and geometr
ations: 

3cos S  

4 3sinL   
sin F d  

he patient g
in each cycl

gth and within

IV. CONCL
 

presents an a
leton) which w
d experiment
stroke sufferer
1 km/h walki
image proces

s converted to
cam-follower 
ence between

is that the 
xoskeleton m
trol the move

the end, th
carried out ba
sults were com
s validity. Th
e kinematic a
future studies

ACKNOWLE
 

would like to t
hnology and
logi Malaysia 
esearch work
t by the Mal
. 79338. 

 
 

uring each stag

ric relationshi

1 4L L  
 

31Sd cm 
53Stepd cm

gait through 
le which is a

n the patient’s 

CLUSION  

assistive robo
was designed
tal walking d

ers. The exper
king speed we
ssing toolbox.
to linear mot

mechanism. 
n the present

design and d
mechanism usin
ement of both 
he kinematic
ased on the p
mpared with t
he validated 
analysis are v
s. 

EDGMENT 

thank the Mal
d Innovation 
a (UTM) for t
k. This work
laysia eScienc

 

 

 

 

 

 

ge of the gait

ps are shown 

(32)

m  (33)

 (34)

a distance 
accordance w

ability. 

otic leg (low
d and develop
data in order 
rimental hip a
ere obtained 
. Thereafter, t
ion in order 
In this work

t prototype a
development 
ng only a sing
the hip and t

c analysis a
proposed desig
the experimen
simulation da
very useful a

laysian Minis
(MOSTI) a

their continuo
k was financ
ces Fund und

 

in 

) 

is 
with 

wer 
ped 

to 
and 
by 
the 
to 

, a 
and 

of 
gle 
the 
and 
gn. 

ntal 
ata 

and 

try 
and 
ous 
cial 
der 

INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Issue 3, Volume 5, 2011 497



REFERENCES 
 

[1] Liliana Rogozea, Florin Leasu, Angelu Repanovici, Michaela Baritz, 
Ethics, robotics and medicine development, Proceedings of the 9th 
WSEAS international conference on Signal processing, robotics and 
automation, Robotics and Automation, 2010, pp. 264-268, ISSN: 
1790-5117. 

[2] Daniela Mariana Barbu, Ion Barbu, "Dynamical Model for an 
Original Mechatronical Rehabilitation System, Proceedings of the 
14th WSEAS International Conference on Applied mathematics, 
2009, pp. 23–28, ISSN: 1790-276. 

[3] Kao, P.C, Motor adaptation during dorsiflexion-assisted walking 
with a powered orthosis, Journal of Gait and Posture, vol. 29, pp. 
230–236, 2009. 

[4] Sawicki, G. S., Domingo, A. & Ferris, D. P, The Effects of Powered 
Ankle-Foot Orthoses on Joint Kinematics and Muscle Activation 
During Walking in Individuals With Incomplete spinal cord injury, 
Journal of Neuro Engineering and Rehabilitation, vol. 3, pp. 1-17, 
2006. 

[5] Kawamoto, H. & Sankai, Y., Power Assist System HAL-3 for Gait 
Disorder Person, in Computers Helping People with Special Needs. 
Vol. 2398/2002, ed Heidelberg: Springer Berlin, 2002, pp. 19-29. 

[6] Kawainoto, H., Lee, S., Kanbe, S. & Sankai, Y., Power Assist 
Method for HAL-3 Using EMG-Based Feedback Controller, in 
Proceedings of the IEEE International Conference on Systems, Man, 
and Cybernetics, 2003, pp. 1648–1653. 

[7] Banala, S. K., Kulpe, A. & Agrawal, S. K., A Powered Leg Orthosis 
for Gait Rehabilitation of Motor-Impaired Patients, in IEEE 
International Conference on Robotics and Automation, Roma, Italy, 
2007, pp. 4140-4145. 

[8] Hussein A. Abduallah, Cole Tarry, Mohamed Abderrahim, Robotic 
Techniques for Upper Limb Rehabilitation and Evaluation, 
Proceedings of the 2nd WSEAS International Conference on 
Dynamical Systems and Control, Bucharest, Romania, 2006, pp. 78-
83. 

[9] Kenta, S., Gouji, M., Hiroaki, K., Yasuhisa, H. & Yoshiyuki, S., 
Intention-Based Walking Support for Paraplegia Patients with Robot 
Suit HAL, Journal of Advanced Robotics, vol. 29, pp. 1441-1469, 
2007. 

[10] Zoss, A., Kazerooni & Chu, A., On the Mechanical Design of the 
Berkeley Lower Extremity Exoskeleton (BLEEX), in IEEE/RSJ 
International Conference on Intelligent Robots and Systems, 2005, 
pp. 3132-3139. 

[11] Ferris, D. P., Gordon, K. E., Sawicki, G. S. & Peethambaran, A., An 
Improved Powered Ankle–Foot Orthosis Using Proportional 
Myoelectric Control, Journal of Gait and Posture, vol. 23, pp. 425-
428, 2005. 

[12] Ferris, D. P., Sawicki, G. S. & Domingo, A., Powered lower limb 
orthoses for gait rehabilitation, Top Spinal Cord International 
journal of  Rehabilitation, vol. 11, pp. 34-39, 2005. 

[13] Gordona, K. E., Sawicki, G. S. & Ferrisa, D. P., Mechanical 
Performance of Artificial Pneumatic Muscles to Power an Ankle–
Foot Orthosis, Journal of Biomechanics, vol. 39, pp. 1832-1841, 
2006. 

[14] G. S. Sawicki and D. P. Ferris, A Pneumatically Powered Knee-
Ankle-Foot orthosis (KAFO) With Myoelectric Activation and 
Inhibition, Journal of NeuroEngineering and Rehabilitation, vol. 6, 
pp. 1-16, 2009. 

[15] Sawicki, G. S., Gordon, K. E. & Ferris, D. P., Powered Lower Limb 
Orthoses: Applications in Motor Adaptation and Rehabilitation, in 
9th International Conference on Rehabilitation Robotics, Chicago, 
IL, USA, 2005, pp. 206-211. 

[16] Belforte, G., Gastaldi, L. & Sorli, M., "Pneumatic Active Gait 
Orthosis," Journal of Mechatronics, vol. 11, pp. 301-323, 2001. 

[17] Ruthenberg, B. J., Wasylewski, N. A. & Beard, J. E., An 
Experimental Device for Investigating the Force and Power 
Requirements of a Powered Gait Orthosis, Journal of Rehabilitation 
Research and Development, vol. 34, pp. 203-213, 1997. 

[18] Jerry, E. P., Benjamin, T. K. & Christopher, J. M., The Roboknee: 
An Exoskleton for Enhancing Strength and Enharance During 
Walking, in International Conference on Robotic & Automation, 
New Orleans, 2004, pp. 2430-2435. 

[19] Gery Colombo, Matthias Joerg, Reinhard Schreier, BNIE, Volker 
Dietz, Treadmill training of paraplegic patients using a robotic 
orthosis, Journal of Rehabilitation Research and Development, Vol. 
37, No. 6, 2000, pp. 693-700. 

[20] S. Gharooni, B. Heller, and M. O. Tokhi, A New Hybrid Spring 
Brake Orthosis for Controlling Hip and Knee Flexion in the Swing 

Phase, IEEE Trans Neural System and Rehabilitation Engineering, 
Vol. 9, No.1, 2001, pp: 106-107. 

[21] J. Kang, B. Badi, Y. Zhao and D. K. Wright, Human Motion 
Modeling and Simulation, Proceedings of the 6th WSEAS 
International Conference on Robotics, Control and Manufacturing 
Technology, Hangzhou, China, April 16-18, 2006, pp: 62-67. 

[22] Meriam, J. L., Kraige, L. G. & Palm, W. J., Engineering Mechanics: 
Dynamics, 5 ed.: John Wiley, 2001. 

 
 
 

INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Issue 3, Volume 5, 2011 498




