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Abstract: Aiming at helping patients bring back some of their lost physical capabilities due to injury or illness, 
this paper presents a novel gait simulator for their rehabilitation training. It can simulate the normal gait trajectory 
approximately and guide the patient’s feet to follow the preset trajectory repetitively. The gait simulator was 
developed based on an end-effector structure equipped with electrical servo motor driver. In addition, 
corresponding control strategies, including passive training mode and speed adaptation training mode, were 
conducted for the control of the gait simulator. Furthermore, a number of experiments were carried out for healthy 
subjects and patients to test its stability and flexibility. Experimental results demonstrate that this developed gait 
simulator has reached designed object and has shown promising prospects as a tool of gait rehabilitation training 
for people with low limb impairments. Copyright © 2013 IFSA. 
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1. Introduction 

 
With the promotion of material living standard and 

population aging, people put forward higher demand 
for rehabilitation medical equipments. Gait 
rehabilitation training aims at providing necessary gait 
rehabilitation trainings and at helping patients bring 
back some of their lost physical capabilities due to 
injury or illness [1]. Gait rehabilitation training robot 
is an application of robotics technique in medical field. 
Moreover, its main function is to help people who 
have lower limb walking impairments caused by 
injury or illness that cannot be medically treated 
directly [2, 3]. Conventional rehabilitation trainings 
are usually performed by therapists. The main 

problem of manual rehabilitation training is that it is 
hard to ensure their guidance preciseness due to 
therapist’s high intensity work and fatigue, especially 
when they train patients one after another for a long 
time [4, 5]. At present, gait rehabilitation training with 
body-weight support mechanism is one of effective 
rehabilitation methods for patients with lower limb 
disorder or hemiplegia after stroke and incomplete 
spinal cord injury [6]. Its recovery effect has been 
generally recognized by many medical experts [7]. 

Many researchers and institutions have conducted 
a lot of work in the development of rehabilitation 
training robot. Some robots are already available on 
the market. Equipments and devices adopted in 
rehabilitation are becoming more and more advanced 
and sophisticated. Two common designs have been 
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conducted [4]: end-effector based robots such as Gait 
trainer [8], Haptic Walker [9] and Lokohelp [10], 
exoskeleton robots such as Lokomat [11] and ReWalk 
[10, 12]. Gait trainer and Haptic Walker are 
feet-manipulator training devices. The manipulator 
supports the patients and gently leads them in the 
continuous practice of walking situations. The 
LokoHelp is an electro-mechanical device developed 
for improving gait after brain injury and is driven by 
friction between the patients and the treadmill. 
Lokomat, as the well-known treadmill training robot, 
is used to assist patients to regain their walking 
movements through repetition and task oriented 
trainings with the help of balance and body-weight 
support mechanism. ReWalk is an alternative mobility 
solution to the wheelchair for individuals with severe 
walking impairments, enabling them to stand, walk 
and more [10, 13].  

Based on previous studies, this paper presents a 
new approach of gait simulator for gait rehabilitation 
training. The target patients are people who are unable 
to support and control their lower limbs due to stroke 
or spinal cord injury. In addition, the gait simulator is 
equipped with electric servo motor driver and can 
provide patient both passive training mode and speed 
adaptation training mode. Moreover, the mechanical 
design is concise, low-cost and easy to use and 
maintain.  

This paper consists of four parts: Firstly, a 
low-cost image-processing method is used to acquire 
and analyze the human gait trajectory; secondly, a 
kind of mechanism structure is put forward to simulate 
normal gait trajectory; in addition, corresponding 
control strategies are proposed for gait simulator 
controlling; finally, several experiments were 

conducted to test stability and flexibility of the gait 
simulator. 
 
 

2. Acquisition and Analysis  
of Gait Trajectory 

 
The metatarsal joint was chosen as the reference 

point of foot [9]. The walking direction and vertical 
direction are set as the X-axis and Z-axis, respectively. 
Foot trajectory of fixed center of mass (COM) was 
regarded as gait trajectory for gait rehabilitation 
approximately [14]. In order to obtain the trajectory of 
human foot in normal walking process, authors 
selected several healthy subjects and carried out some 
experiments based on a low-cost image processing 
method.  
 
 
2.1. Gait Trajectory of Fixed COM  
 

Normal walking process is shown in Fig. 1. 
Considering a single leg, a normal gait circle can be 
divided into stance phase and swing phase. Stance 
phase and swing phase occupy about 60 % ~ 65 % and 
35-40 % of the whole walking process, respectively 
[15, 16]. 

In this study, the position of patient’s center of 
mass (COM) is completely fixed in walking direction, 
so it is needed to acquire the gait trajectory of fixed 
COM in the process of walking, then to transform the 
data into coordinate axis of fixed COM. A cubic spline 
interpolation method [17] was used to fit the discrete 
data. Fitting results are shown in Fig. 2.  

 
 

 
 

Fig. 1 Normal gait circle of the right foot. 
 
 

 
 

Fig. 2. Fitting results of gait trajectory. 
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Fig. 2 shows a typical gait trajectory of a male 
patient whose stature and age are 180 cm and 26, 
respectively. The walking circle is 45/30=1.5 s, where 
45 is the number of image frames and 30 is the image 
acquisition frequency. The step length and step height 
varies form people to people due to their different 
stature and age.  
 
 
2.2. Parameters Extraction and Gait Analysis  
 

Fitting the data obtained in accordance with two 
axes, we can get displacement changes of direction X 
and direction Z. The change of gait displacement in a 
walking circle is shown in Fig. 3.  

Fig. 3 shows that from initial stage to point a, the 
displacement along direction Z is stable. It 
demonstrates that the right foot is in stance phase in 
this period. When the displacement along direction Z 
reaches the maximum value (Point b in the Fig. 3), it 
seems that the right foot has finished swing phase and 
touches the ground. The time between the points a and 
b is regarded as the swing phase of the right foot. The 
first stance phase occupies about 50 %, the swing 
phase takes up about 40.7 % and the second stance 
phase occupies about 9.3 % of whole right foot gait 
circle. It is consistent with the principle of human 
walking shown in Fig. 1. 

 

3. Gait Simulation and Mechanical Design  
 

Author’s purpose is to simulate the normal gait 
trajectory approximately. Meanwhile, the mechanical 
structure is expected to be feasible and as simple as 
possible. The gait trajectory may be divided into four 
detailed stages: heels phase, fully-swing phase, 
foot-landing phase and fully stance phase for 
mechanical simulation.  
 
 

3.1. Gait Simulation of Mechanical Structure 
 

Mechanical simulating results of gait trajectory are 
shown in Fig. 4.  

Author’s purpose is to implement the simulating 
trajectory by using mechanical design and our 
proposals are explained as follows: 
1) A semicircle corresponding to the red curve from 

point d to point a is used to simulate the heels 
phase (blue curve from point d to point a); 

2) A straight line corresponding to the red line from 
point a to point b is proposed to simulate the 
fully-swing phase (blue curve from point a to point 
b);  

3) A small semicircle corresponding to the red curve 
from point b to point c is used to simulate the 
foot-landing phase (blue curve from point b to 
point c); 

 
 

 
 

Fig. 3. Gait displacement of right foot in a walking circle. 
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Fig. 4 Simulating results of gait trajectory. 
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4) Finally, a straight line corresponding to the red line 
from point c to point d is used to simulate the fully 
stance phase (blue curve from point c to point d). 
The conformity between the normal trajectory and 

the fitting trajectory is calculated to verify the fitting 
results.  

 

r b

b

T = S S
S
 , (1) 

 
where, Sb denotes the area of normal gait trajectory, Sr 
the area of fitting gait trajectory, Sr  Sb the area of 
common portion of two trajectories, T the conformity 
standard. The value of T in above simulation is 
0.9243, approximating to 1, which means that fitting 
result is good. 

However, it is also shown in Fig. 4 that the fitting 
results are not good enough in some phases, especially 
in the fully-swing phase (from point a to point b) and 
the foot-landing phase (from point b to point c). The 
relative error can describe more details about two 
trajectories. The percentage of relative error is defined 
by equation (2). 
 

e

n

PORE
f
l

 , (2) 

 

where, the PORE denotes the percentage of relative 
error, fe the error simulating trajectory at every X-axis 
or Z-axis point, ln the amplitude or the length of the 
normal gait trajectory at every X-axis or Z-axis point. 
In heels phase and foot-landing phase, ln denotes the 
amplitude at every Z-axis point. In fully-swing phase 
and fully stance phase, ln denotes the length at every 
X-axis point. Fig. 4 indicates the meanings of fe and ln. 
The relative error changes in every gait phase are 
depicted in Fig. 5.  

It is shown in Fig. 5 that in fully swing phase, most 
PORE values are bigger than 0.1 (10 %). It means that 
simulating results of gait trajectory in this phase are 
not good enough. This is one of the defects in our 
current mechanical design. In author’s preliminary 
research, the focus was on the mechanical design to 
simulate most part of gait trajectory. In the following 
stage, methods such as algorithm compensation and 
mechanical design changes will be considered to 
reduce PORE values in every phase of gait 
trajectories. 

 
 

 
 

Fig. 5. Relative error changes in four gait phases. 
 
 

3.2. Mechanical Design of the Gait Simulator 
 

An end-effector based mechanical design for 
implementation of simulating trajectory is shown in 
Fig. 6 (a). 

Fig. 6 (a) shows the basic mechanical structure of 
gait simulator, where, a and e are two connecting rods 
connecting b and the protecting shoes; b is a chain 
which is driven by servo motor to move along the 
preset trajectory; c and f are circular gears used to 
simulate the heels phase and foot-landing phase 
respectively; d is a guiding groove for the motion of a 
and e; g is designed for driver part whose details is 
shown in Fig. 6 (b); h is the servo motor and i is driver 
gear used to drive b. 

According to above design principles, 
corresponding gait simulator prototype was designed 
and is shown in Fig. 6 (c-e). 

The gait simulator is one of end-effector based 
robots. Its end is a foot-manipulator with a pair of 
protecting shoes connecting the foot-manipulator and 
the patients’ feet. So, the gait simulator can guide 
patients’ feet to follow preset gait trajectory 
repeatedly with the help of control system and the 
body-weight support mechanism. In addition, the gait 
speed can be controlled by control system based on 
corresponding control algorithm. Details of related 
research about the gait rehabilitation robot and control 
system hardware can be found in [18, 19]. 
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4. Control Strategy for the Gait Simulator 
 

Authors have conducted two different control 
strategies: the passive training mode and the speed 
adaptation training mode. These two control strategies 
are designed for different patient, respectively. The 
control strategy structure is shown in Fig. 7.  

In Fig. 7, PIDM denotes physiological information 
detecting modules. Its graphic user interface provides 
therapist a friendly operational interface for gait 
simulator control and displays the patient’s 
physiological information and the motion parameters 
of servo motor. Above two training modes are 
explained as follows.  

 
 

 
 

Fig. 6. Mechanical structure and prototype of gait simulator. 
 
 

 
 

Fig. 7. Control strategy structure. 
 
 
4.1. Passive Training Mode 

 
At an early stage of rehabilitation, patients have 

less control ability of their lower limbs due to weak 
muscle strength. Thus, passive training mode should 
be selected for them. In this mode, four speed stalls 
were set according to the value of gait speed. In 
addition, patient’s physiological information such as 

breath, oxygen, EMG and muscle tone can be obtained 
from corresponding sensors. Therapist evaluates the 
physical condition of patients and selects proper 
training stall for them. Once the stall is selected, the 
gait simulator will guide patients to perform a 
predetermined movement with constant speed. 
Meanwhile, a PID controller was conducted for speed 
control of the gait simulator. 
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4.2. Speed Adaptation Training Mode 
 

When patients have certain control ability of their 
lower limbs, then speed adaptation training mode is 
proper for them. A sensor and control concept for 
speed adaptation of a gait rehabilitation robot was 
developed and tested, based on force measurement 
principle. Corresponding force sensors are designed to 
detect the pressure information between the patient’s 
feet and the footboards. A BP neural network (BPNN) 
was introduced to detect patient’s acceleration or 
deceleration movement intention and to adapt speed of 
the gait simulator to patient’s intention intuitively. 
More details about the speed adaptation control can be 
found in [19]. 

 
 

5. Experiment and Test  
 

In order to test the stability and flexibility of the 
gait simulator, more than 12 healthy subjects and 4 
patients have tested the machine involving all soft 
interfaces and control system hardware. Experimental 

results indicate that the gait simulator can perform the 
functions stated above and works stably. Pictures in 
Fig. 8(a, b) are taken at the experiments spot. 

Fig. 8 (a) and Fig. 8 (b) show the experiments on 
healthy subjects and patients. In addition, two training 
modes were tested for them, respectively. 

In passive training mode, four speed stalls were set 
according to the value of motion speed. Four speed 
stalls were set as 0.25 m/s, 0.5 m/s, 1 m/s and 1.5 m/s, 
respectively. Test results are shown in Fig. 8 (c, d). 
Fig. 8 (c) shows that the gait simulator runs in 
different speed stalls based on the PID algorithm. Test 
results show that the gait simulator performs good 
following features and stability in passive training 
mode. More details about the passive training mode 
can be found in paper [18]. 

Fig. 8 (d) shows that the gait simulator runs in 
speed adaptation training mode based on BPNN. Test 
results show that this method can detect patient’s 
acceleration or deceleration movement intention and 
adapt the speed of the gait simulator to patient’s 
intention intuitively. 

 
 

 
 

Fig. 8. Experiments and test results of training modes. 
 

 
6. Conclusions  

 
This paper introduces a novel gait simulator used 

to assist patients to relearn walking movements 
through repeated gait trainings and regain some of 
their lost lower limb motion capabilities due to injury 
or illness. Two control strategies, including passive 
training mode and speed adaptation training mode, are 
proposed for the designed gait simulator equipped 
with electrical servo motor driver. In addition, several 
healthy subjects and patients have tested this simulator. 
Experimental results demonstrate that this developed 
gait simulator has reached its design object and shown 
very promising prospects as a tool of gait 

rehabilitation training for people with low limb 
impairments or aged people. 

However, disadvantages still exist in this design 
and improvements are needed to be conducted. For 
every healthy subject, questionnaires involving the 
feelings and suggestions of rehabilitation trainings 
were distributed to each patient. Survey results are 
summarized as follows: 
1) Flexibility: flexibility performance needs to be 

improved in foot-landing phase. 
2) Synchronization: this gait simulator is driven by a 

single servo motor, which means that it can only 
implement gait simulation of a single foot and the 
other foot is in a following state. 



Sensors & Transducers, Vol. 150, Issue 3, March 2013, pp. 90-96 

 96 

3) Interest: this gait rehabilitation training procedure 
is considered to be a bit boring. 
In the future, methods such as algorithm 

compensation and mechanical design changes will be 
considered to reduce the PORE values in fully-swing 
phase and implement synchronization control for this 
simulator. Meanwhile, flexibility performance is to be 
improved. Finally, virtual environment will be 
introduced to increase the patient’s participation 
enthusiasm. 
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