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 Abstract – In the past decade, gait rehabilitation robot has 
drawn comprehensive attention. Robots greatly reduce the 
workload of physical therapists and thus making rehabilitation 
sessions more effective and widely available. Various research 
efforts have been made in the field of robot-assisted 
rehabilitation. One of the key concerns of robotic assisted gait 
rehabilitation is gait planning and customization. In this paper, 
we first introduce a human gait measuring system based on 
binocular vision technique. Through the measuring system, gait 
data of healthy subjects under different walking speed are 
collected, which are used as the reference database for gait 
planning. On the basis of collected data, a method of gait 
planning and customization based on patients' physical 
characteristics is proposed. Finally, to validate the applicability of 
the generated gait patterns, the customized gait trajectories are 
implemented on a prototype of lower limbs rehabilitation robot. 
Experiment on healthy subject shows positive results with the gait 
trajectories generated by the proposed method. 
 
 Index Terms - gait rehabilitation robot, motion capture, 
binocular vision, gait pattern planning. 
 

I.  INTRODUCTION 

With the rise of elderly population and growing numbers 
of nervous system injuries caused by traffic accidents, 
considerable attention has been paid to the rehabilitation of 
Stroke and Spinal Cord Injury (SCI), which often lead to 
serious locomotion dysfunction. According to rehabilitation 
medicine and clinical practice, rehabilitation training plays a 
crucial role in the restoration of these patients [1]. The past 
few years have seen major development in rehabilitation 
techniques for stroke and SCI. Manual treadmill training with 
Body Weight Support (BWS) is one of the techniques that 
have been proven effective. During manual treadmill training, 
the patient is placed on the treadmill with partial body-weight 
supported while his legs are guided by two therapists. 
Considering the heavy manual work involved in the training 
procedure, robotic assisted rehabilitation has a major 
advantage over manual therapy in training time and quality. 

Several robotic devices for lower limbs rehabilitation have 
been developed to reduce the physical burden of the therapists 
[2]. Researchers at University of Twente in Holland developed 
a Lower-extremity Powered Exoskeleton called LOPES [3]. 
LOPES uses Bowden-cable based elastic actuators for the 
joints of the exoskeleton, which ensures the flexibility and 
safety of the patient. Another exoskeleton robot is ALEX [4], 
which implements an assist-as-needed control strategy and can 

assist or challenge the patient when needed. In addition, 
researchers with Nanyang Technological University, 
Singapore have developed a mobile gait training system, 
NaTUre-gaits [5]. The system allows patients to walk over 
ground with body-weight supported by a mobile platform. 

One of the main concerns of these rehabilitation systems is 
the generation of physiological gait patterns. Usually, the gait 
pattern planning is accomplished using the gait patterns from 
healthy subjects. The Clinical Gait Analysis database by David 
A. Winter [6] offers well-processed joint kinematics of lower 
limbs and many previous studies used the CGA database in 
gait pattern generation. However, the CGA databases cover 
only a few subjects, which is not suitable to adapt gait pattern 
for a large spectrum of patients.  

This work aims at building up a normative gait database 
from relatively large spectrum healthy subjects and generates 
customized gait patterns according to the characteristic of the 
specified patient and selected kinematic parameters. A gait 
trajectory measuring system is used to collect various gait 
trajectories from a range of subjects. 

At present, there are a wide variety of motion tracking 
technologies available, such as inertial, magnetic, and 
ultrasound systems [7]. Among them, visual marker method is 
the most widely used technique and some visual motion 
capture systems already have commercialized versions. 
However, these commercial systems have some limitations. 
The currently available system cannot process large quantity of 
data and has difficulties in providing real-time information of 
collected data. Furthermore, the installation and configuration 
are complex and lacks flexibility.  

In this paper, a marker-based visual system specified for 
human gait trajectory measuring is introduced. Light emitting 
infrared markers are placed on human body to indicate the 
movement. Through infrared filters mounted to the camera 
lens, all visible lights are filtered out in the captured image. 
The system is thus free from the impact of environment 
illumination and the marker reconstruction accuracy is 
improved. The markers are very convenient to place and do 
not become encumbrance to movement. Therefore, the system 
is very flexible and inexpensive. Besides, the system can also 
be used in assessment of the rehabilitation training. 

The marker measuring is based on binocular stereo vision 
measurement. Position information in three dimension space 
can be acquired in a high precision. For human movement 
measuring, the sample speed is as important as precision. 
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Although general purpose computer system is usually used to 
process vision information, the processing speed is relatively 
low. Field Programmable Gate Array (FPGA) can speed up 
algorithm through parallel computation on the basis of its 
pipeline structure. But the flexibility of FPGA is insufficient 
for complex algorithms. Digital Signal Processor (DSP) is 
very suitable to make up the that limitation. Therefore, DSP 
and FPGA are used to process visual information in the gait 
measuring system.  

The reconstruction of human kinematics from 3D 
coordinates is computational efficient and the joint kinematics 
in a single gait cycle can be estimated from reconstructed 
information. Based on the collected gait data, customized gait 
trajectory is generated according to patient parameters through 
a probability distribution model. The method is able to 
generate the specified gait pattern that is not contained in the 
database. Thus, it allows more flexibility and diversity than 
utilizing fixed gait pattern in CGA database. The gait 
trajectory can be further adapted by kinematic parameters such 
as walking speed and step length, which are selected by 
therapist according to patients’ recovery process. Experiment 
on a prototype of gait rehabilitation robot is carried out to 
assess the generated gait trajectories. Healthy subjects are 
recruited to move on the rehab-robot to validate the 
applicability of the gait trajectory. 

The paper is organized as follows. In the next section, 
motion capture system and marker extraction and positioning 
algorithm are proposed. In section III, we introduce our 
approach to process motion data and estimate the final optimal 
gait trajectory. Gait pattern planning method is introduced in 
section IV followed by experiments of health subjects to 
testify the applicability of the generated trajectory. 

II.  GAIT MEASURING SYSTEM AND GAIT TRACKING 
ALGORITHM 

A. Gait Measuring System 
In the gait measuring system, the gait trajectory is 

measured by use of active infrared markers placed on lower 
limbs of the body. The subject’s movement on the treadmill 
(Fig. 1(c)) is captured by the cameras and processed on an 
image processing board which uses DSP and FPGA as main 
processors.  The calculated 3D information is then sent to data 
process computers (Fig. 1(d)) via Ethernet to reconstruct the 
lower limbs kinematics. 
  The binocular camera shown in Fig. 1(a) is composed of 
two digital cameras. The cameras used in our system are 
WAT-902B B/W CCD cameras. Infrared filters are used to 
cover the lens of the cameras, thus all visible lights are filtered 
out.  
  Image processing, marker extraction and 3D positioning 
are accomplished on the image processing board. The 
embedded image processing board (Fig. 1(b)) mainly contains 
FPGA, DSP, FLASH, video inputs and a gigabit Ethernet 
interface. The FPGA acquires images from cameras through 
video input port. The pins of FPGA are connected to DSP, 
Which allows the DSP to access the memory of the FPGA.  

       
(a)                                                     (b) 

 
 
 
 
 

       
(c)                                                   (d) 

Fig. 1 Gait trajectory measuring system.  

B. Marker Extraction and 3D Positioning 
 The algorithm is realized on the image processing board. 
The processing procedure mainly includes: marker extraction, 
labeling and matching, which is shown in Fig. 2. 
 1) Smoothing and Thresholding: Before Extraction of 
marker region in images, a preprocessing and smoothing 
operation is used to remove the effect of the noise. 
 Segmentation or Extraction of the markers is essential for 
further measurement and thresholding is a simple and effective 
method for segmentation. An adaptive threshold is applied to 
implement marker extraction, so that the threshold value can 
be adjusted automatically according to different environment 
illumination. 
 2) Morphological Operations: After segmentation, there 
still exist isolated pixels, concave shape and burrs around the 
target marker region, which influences the accuracy of 
centroid extraction result. So, the binary images are further 
smoothed through a 5 5 binary opening operation. 
 3) Connected Component Labeling: After the markers 
have been extracted, a connected component analysis 
algorithm is utilized to scan and label all connected component 

 
Fig. 2 Marker extraction and 3D positioning algorithm. 
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derived from projection of the IR markers[8]. And then the 
centroid points of the markers are calculated on the image 
plane. According to vertical and horizontal geometry of the 
marker setup, the correspondence between the 3D markers and 
the 2D image markers can be realized.  
 4) Stereo Triangulation: 3D coordinates of the IR markers 
can be calculated through stereo triangulation measurement. 
The measuring model of stereo vision is illuminated bellow.  
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Where 0 0, , ,xl yl l lf f u v  and 0 0, , u ,vxr yr r rf f are the intrinsic 
parameters of the left and right cameras respectively. lX  and  

rX  are the coordinates of a space point in left and right 
camera coordinate system. The spatial relationship between 
the two cameras can be defined as: 

0 1l r

R T
X X  (3) 

Where R is the rotation matrix between the two cameras and T 
is the translation vector, both of which are calculated in 
calibration process before measurement [9]. In the measuring 
system, on the foundation of the 2D coordinates in the two 
images and the projection matrix, the 3D coordinates of 
marker can be calculated [10].  

III.  DATA COLLETING AND PROCESSING 

A. Data Collecting Experiment 
In gait data collecting experiment, 35 healthy adult 

subjects of different age and gender joined the test. All of the 
subjects are free of any muscular or nervous condition. The 
mean values and standard deviations of subjects’ 
anthropometric parameters are shown in TABLE I.  
 During the test, IR markers are arranged on subject’s legs 
and feet to capture the human motion. Subjects are required to 
take five minutes’ adaptive walking on the treadmill before the 
test. The treadmill speed is set to 0.8km/h,1.2km/h,1.6km/h 
and 2.0km/h, respectively. When the gait and heart rate of the 
subject become stable, the data collecting procedure starts 
automatically. Under each speed, the subject is required to 
walk on the treadmill for about four minutes. 
 

TABLE I 
ANTHROPOMETRIC PARAMETERS OF THE SUBJECTS 
 Male Female 

Number of Subjects   
Age(years)   
Height(cm)   
Weight(kg)   
Thigh Length(cm)   
Shank Length(cm)   

B. Data Processing 
 Since the movement in the sagittal plane [6] plays a 
primary role in human locomotion, we focus mainly on the 
kinematics in the sagittal plane. The kinematics of the human 
legs is reconstructed from collected data. According to the 
human Rigid Body Assumption, the human lower limbs can be 
modeled by seven rigid bodies. The joint angles definitions are 
illustrated in Fig. 3. The hip extension is defined as positive 
direction of hip joint angle, while the knee flexion is defined 
as positive direction of the knee joint angle. When the subject 
is standing upright, the defined hip and knee joint angles are 
zero. The joint angles are calculated through the coordinates of 
markers. 

                            2 1

2 1

arctan( )hip
x xq
y y

          (4) 

             4 32 1
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x xx xq

y y y y
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Where hipq and kneeq are the hip and knee joint angles. 
 Since the joint angle during walking at a fixed speed is 
periodic signal, it is necessary to analyse the signal in a single 
gait cycle. The gait cycle describes the motions from initial 
contact of the supporting heel on the ground to the time when 
the same heel contacts the ground for a second time.  
 A method is proposed to segment the continuously gait 
trajectory into gait cycles by initial heel contact points. The 
points of initial heel contact can be calculated by finding 
extreme values of the heel marker in horizontal direction. 
Since the collected data may contain noise, a noise resistant 
algorithm to find the extremes in gait trajectory is used(Fig. 4). 
 The time duration of each gait cycle is slightly different, 
therefore, the gait trajectory of one gait cycle is normalized in 
time dimension [11]. After the normalization, the gait cycle 
proportion P acts as the independent variable indicating the 
relative position in a gait cycle: 

 100
cycle

t
P

T
 (6) 

where P is the gait cycle proportion, which is normalized to 
the interval [0,100). cycleT and t are cycle duration and time in a 
cycle, respectively. The joint angles before and after 
normalization is related as: 
 ( ) ( )q P q t   (7) 
The discrete form of joint angles in one gait cycle is not fit for 
gait calculation and path generation. Therefore, we adapt the 
superposition of 5 sinusoidal functions to fit the data in a 
single cycle: 

 
5

=1

( ) sini i i
i

q P a w P  (8) 

where ,  , ( 1,...,5)i i ia w i are parameters of the trajectory. P 
is cycle percentage with an interval [0,100). The hip and knee 
joint angles are fitted by the least square criterion. 
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Fig. 3 Joint angle definition in sagittal plane. 

i

 
Fig. 4 Flowchart of cycle segmentation algorithm. 

C. Gait Data Cluster 
 Due to limited capability of human to control his body, the 
multiple gait cycles captured in one trial differ slightly from 
each other and some unnatural gait cycles are mixed in the 
data. In order to obtain natural gait trajectories in form of one 
gait cycle, the curves of different cycles are clustered and 
abnormal cycles are discarded. The cross correlation 
coefficient between two curves is used to characterize the 
similarity between the curves. 
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where C1 and C2 are two curves of different gait cycles and Fij 
is the jth sample value of the curve Ci in a total of N sample 
points. 12 is the cross correlation coefficient of curve C1 and 
C2, while var(C1)and var(C2) are the variance values. The 
similarity between different curves can be illustrated by a cross 
correlation coefficient matrix in (11). The curves that have 
relatively larger correlation coefficient are selected and then 
the selected curves are averaged as the estimated joint 
trajectory of a single cycle. 
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IV.  GAIT PLANNING OF REHABILITATION ROBOT 

A. Gait trajectory Generation for Rehabilitation Training 
Due to limited quantity of data acquisition and diversity of 

individual parameters, gait trajectory with exactly the same 
physical characteristics of the patient may not exist in the 
collected database. Under such conditions, gait trajectory 
estimation based on the physiological characteristics of the 
patient becomes necessary.  The task can be solved by fuzzy 
neural network, but it is too complex and is sensitive to input 
values. In this paper, we propose a probability method to 
generate customized trajectory. 

The physical characteristics of the patient include gender, 
age, height, weight, thigh length and shank length. The 
normalized difference of the characteristic between the patient 
and the nearest collected trajectory is: 

205
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where 0 ( 1,...5)jk j  are the characteristic parameters of the 
patient (age, height, weight, thigh length and shank length) and 

ik are the characteristic parameters of reference trajectory in 
the collected database. 

The weight for the reference trajectories in the database is 
calculated using a half Gussian distribution model: 
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where  and   are determined by the following equations. 
min iD                                     (14) 

                                     max
3

iD
                             (15) 

The curves selected from the database are then averaged 
according to the assigned weights. The generated curve can be 
used as training gait trajectory for the specified patient. 

B. Gait trajectory Planning 
Even though the gait cycle representation is normalized 

for time, the gait trajectories are actually influenced by 
variations in time dependent parameters. Some of these 
parameters that affect gait patterns include: 

1) Step length: defined as the distance between the 
successive ground contacts of the same heel. In symmetrical 
gait, left step length is equal to right step length [6]. 

2) Walking velocity: the distance traveled per unit time.  
3) Cadence: defined as the number of steps per unit time. 
The above parameters are correlated by the following 

equation: 
                  = stepv cadence l  (16) 

Where v is the walking velocity and lstep is the step length. 
Since the three parameters are correlated, the gait pattern is 
adapted according to walking velocity and step length. 
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       1) Step length planning: Typically, left and right gait 
trajectories are completely symmetrical with half cycle phase 
delay. The step length is calculated based on the ankle position 
in double support phase, when both feet of the subject touch 
the treadmill.  

(sin( ) sin( )) (sin( ) sin( ))L L L R R R
step th h h k sh h h kL l q q q l q q q (17) 

, , ,L L R R
h k h kq q q q are the hip and knee joint angles of left and right 

side in double support phase, while ,th shl l  are thigh and shank 
length of the patient. The gait trajectory is adapted through a 
iteration method using (17).  
 2) Walking velocity planning: The trajectory is stretched 
in temporal space to implement velocity adjustment. Assume T 
is the time duration of a cycle, and T P  represent the time in 
cycle. The trajectory can be adapted as: 
 ( ) ( )q t q T P  (18) 
Since each gait cycle includes two steps, T is related with 
walking speed as follows: 

 
2 step

walking

L
T

v
  (19) 

V.  EXPERIMENTAL RESULTS 

A. Experiment results of the Measuring System 
During gait measuring, IR markers are arranged on the 

surface of human body with four markers placed on the leg 
and two on the foot (Fig. 5(a)). The binary image derived from 
captured images is shown in Fig. 5 (b).  As can be seen from 
the image, the background and noise are suppressed, while the 
markers are extracted and recognized. 

Preliminary experiment is conducted to evaluate the 
measuring accuracy of the system. The experiment results are 
shown in Fig. 6, where x axis is along the horizontal direction 
and y axis along the vertical direction. The maximum absolute 
measuring error is approximately 5-7 mm, which is allowable 

 
(a)                                        (b) 

Fig. 5 (a) Marker setup, (b) image processing result. 
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Fig. 6 Measurement result and absolute error curves. 

0 20 40 60 80 100
-15

-10

-5

0

5

10

15

20

25

an
gl

e 
(d

eg
re

e)

Hip joint angle (suject01)

 

 

0.8km/h
1.2km/h
1.6km/h
2.0km/h

0 20 40 60 80 100
0

5

10

15

20

25

30

35

40

gait cycle percent (%)

an
gl

e 
(d

eg
re

e)

 

 Knee joint angle (suject01)
0.8km/h
1.2km/h
1.6km/h
2.0km/h

0 20 40 60 80 100
0

10

20

30

40

50

60

gait cycle percent (%)

an
gl

e 
(d

eg
re

e)

 

 Knee joint angle (suject02)
0.8km/h
1.2km/h
1.6km/h
2.0km/h

0 20 40 60 80 100
-10

-5

0

5

10

15

20

25

30

an
gl

e 
(d

eg
re

e)

Hip joint angle (suject02)

 

 

0.8km/h
1.2km/h
1.6km/h
2.0km/h

 
Fig. 7 Gait trajectory collected at different walking speeds. 

for gait measurement. Fig. 7 visualizes the reconstructed gait 
trajectories from the collected data. Gait patterns of two 
subjects from the database at four different speeds are 
demonstrated. 

B. Gait trajectory planning 
According to patient parameters, the gait trajectory is 

generated through collected data. The data of a subject from 
the database are used to evaluate the effectiveness of the gait 
pattern generation method. Fig. 8 illustrates a comparison of 
generated and measured gait trajectory. Fig. 9 shows the 
planning results for different step length. 
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Fig. 8 Gait generation result. The estimated trajectory (red), actual trajectory 

(green), and collected trajectory from the database(blue) are compared. 
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Fig. 9 Gait generation result for step length planning. 

C. Implementation of Gait Trajectory in Robotic Gait 
Rehabilitation 
The proposed method is applied to generate gait patterns 

for a gait training robot developed in our team in order to 
evaluate its applicability in robotic gait rehabilitation. The 
rehabilitation robot is composed of two exoskeleton legs, a 
treadmill and a suspension system for body-weight support. 
The subject is walking on the treadmill with his lower limbs 
fixed to the exoskeleton legs under specified speed. The four 
DOFs of the exoskeleton legs are powered through linear 
drives. Encoders and potentiometers are mounted on the motor 
shafts and joints in order to feed back the position information 
to the control loop. The planned trajectory is used as reference 
input in the control system of the robot (Fig. 10). 

Age: 24  
Height: 170cm 
Weight: 68kg 
Thigh length: 43 cm  
Shank length: 40.5cm 
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Fig. 10 Control Architecture of the rehabilitation robot. 

To assess the effectiveness of the gait pattern adaption, a 
35 year old male subject with no locomotion dysfunction is 
tested for clinical trial. Basic information of the subject was 
recorded and anthropometric data were measured. The basic 
physiology parameters are as follows, height 175 cm, weight 
68 kg, thigh and shank length are 410 mm and 420 mm, 
respectively. Based on these parameters, gait trajectory 
specified for the subject is generated using the proposed 
method. The average walking speed for individuals with 
locomotion dysfunctions is around 0.8 km/h and the step 
length is set to 350 mm. the implemented gait patterns are 
shown in Fig. 11.The results were positive since the subject 
did not report unnatural or uncomfortable motion during the 
test. The comfort level is acceptable based on feedbacks from 
the subject. Fig. 12 shows the subject training on the gait 
rehabilitation robot. 

VI.  CONCLUSION 

In this paper, a gait measuring system based on stereo 
vision measurement has been presented. IR markers were used 
to reconstruct the human motion. The vision information was 
processed on a self-developed embedded image processing 
board mainly composed of FPGA and DSP. The positions of 
the markers were estimated accurately and real-timely. Various 
gait trajectories from 35 healthy subjects were collected and 
normalized into a gait database. The cross-correlation 
covariance between different trajectories was adapted to 
estimate the trajectories through weighted mean method. On 
the foundation of collected data, a trajectory generation 
method was proposed to generate gait patterns according to 
individual parameters. The trajectory was further adapted 
through selected kinematic parameters. The implement of the 
gait trajectory planning method on a rehabilitation robot 
prototype showed positive results with healthy subjects. This 
further proved that the collected data were valid and that the 
gait generation method was effective. 
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Fig. 11 Implemented gait trajectory on the gait training robot. 

 

 
Fig. 12 Experiment on rehabilitation robot with a healthy subject. 
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