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Abstract 

The currently available exoskeleton for assisting the paraplegic patient in walking usually adapts a pre-programmed 
gait that involves the patient following an exoskeleton lead. The system allows the patient to hold a pair of canes in 
order to keep balance, and does not contribute to keeping balance without the patient’s action. This paper proposes 
an algorithm based on the zero moment point (ZMP) to modify the gait generated through human walking synergy 
for paraplegic patients who make use of the exoskeleton system and hold their canes. The proposed ZMP will enable 
the paraplegic patient to keep balance during walking and also reduce the burden in maintaining balance. First, a 
pair of cane is used as an interface to control the user’s walking and then, the synergy between legs and canes is 
used to synchronize the user’s walking intention during the exoskeleton movement. The walking synergy is extracted 
from the able-bodied subject walking with a pair of canes and analyzed using principal component analysis (PCA). In 
order to improve the walking stability, the hip joint angle on stance leg during walking was modified based on ZMP. 
Furthermore, a nonlinear inverted pendulum (NIP) model was utilized in order to generate a gait with a fully stretched 
knee joint angle that is similar to human gait. The proposed method was verified via the Gazebo simulation using a 
walking robot to simulate a patient wearing an exoskeleton. The experiment results show that the walking stability 
was highly improved after gait modification.
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Introduction
In recent years, research on the powered exoskeleton has 
become a hot topic. The rapid development of the exo-
skeleton has made great achievements in two aspects: 
(1) augmentation in human strength and durability. 
For example: Berkeley lower extremity exoskeleton is 
designed to increase human endurance and strength [1]. 
Quasi-passive leg utilizes only spring and damper to aug-
ment load-carrying during walking [2]. (2) restoration in 
the physical function of a disabled patient. For example: 
Roboknee determines user intent through the knee joint 
angle and ground reaction forces and allows the wearer 
to climb stairs [3]. Re-walk enables spinal cord injured 

patients to walk without human assistance [4]. Neuro-
Rex uses non-invasive electroencephalography to decode 
a paraplegic patient motion intent and aid walking [5]. 
LOPES applied impedance control on joints to allow 
bidirectional mechanical interaction between robot and 
patient for gait rehabilitation [6].

Among the above-mentioned exoskeletons, exoskele-
tons for assisting the paraplegic patient have been widely 
used in scientific research, rehabilitation, and daily life. 
A paraplegic patient is a person who has lost the motor 
and sensory function of the lower body. The exoskeleton 
acts directly on the patient’s body, supporting the user’s 
weight and augment the strength as well as provides a 
high capability for the paraplegic patient to walk again. 
Sankai et  al. [7] developed a well-known exoskeleton, 
hybrid assistive limb (HAL), to help physically challenged 
people to walk again. HAL uses electromyography to 
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estimate the walking intention to support a paraplegic 
patient to walk. In [8], HAL detects a preliminary motion 
to enhance the transfer between standing and sitting 
for complete paraplegic patients. In [9], HAL infers the 
spinal cord injury patient’s walking intention using the 
ground reaction force for gait support. In [10], HAL esti-
mates the leg swing speed according to the walking veloc-
ity for restoring the gait of spinal cord injury patients. 
Besides, Ekso Bionics developed by Ekso measures the 
position of the user’s center of gravity and estimates the 
walking intention of paraplegic patients by detecting the 
center of mass (CoM) transfer when their upper body is 
leaned forward [11].

All the above-mentioned exoskeletons adapt a pre-pro-
grammed joint trajectory for walk assistance. The user 
holds a pair of canes to keep balance which supports the 
exoskeleton’s movements to walk. Although the start and 
stop of walking is controlled by the user incline the body, 
the user still needs to adjust the angle and fall point of 
the canes to cooperate with the gait of the exoskeleton. 
The pre-programmed trajectory method is not the only 
solution to generate the exoskeleton movement. The 
researches about human walking synergy make non-pre-
programmed trajectory generation possible.

Researches on human walking synergy have reported 
that human walking does not only involve a repetitive 
swing of legs but a highly coupled cooperative motion 
between upper and lower limbs. Matthew et al. examined 
the synergy between arms and legs in healthy adults by 
constraining one arm while walking in a treadmill [12]. 
Thierry et al. proved that the synergy between arms and 
legs exist not only during human walking but also in 
creeping and swing activities [13]. Jaclyn et al. studied the 
synergy between the arms and legs during cycling move-
ment and stated that “any contributions from the arms is 
functionally linked to locomotion” [14]. Volker et al. stud-
ied the synergy between arms and legs by measuring the 
electromyographic on leg and arms during walking [15]. 
Volker also studied the synergy between the arms and 
legs of patients suffering from movement disorders [16]. 
Besides, Principal component analysis (PCA) is often 
used to analyze human synergy to extract the coupling 
relationship between limbs. Daffertshofer et al. published 
a tutorial about how to apply PCA on moment data as 
feature extractor and as data-driven filter [17]. Todorov 
er al. analyzed the synergies underlying complex hand 
manipulation using PCA [18].

The human synergy also greatly contributed to the 
design and control of exoskeleton. Crocher et  al. pro-
posed a robot control approach that integrates an 
explicit model of inter-joint coordination based on a 
linear relationship between joint velocities [19, 20]. Liu 
developed a rehabilitation exoskeleton based on the 

postural synergy that allows the 10 degrees of freedom 
robot driven by only two actuators [21]. Hassan pro-
posed an instrumented cane to help hemiplegic patients 
walk with the help of an exoskeleton [22–24]. Hemiple-
gic patients are patients who lost the motor and sen-
sory function of half side of the body but another side 
remains functional. In their studies, the motion of the 
unaffected leg and cane were used to induce the motion 
of the affected leg. In our study, the target patient is 
paraplegic. Paraplegic patients are patients who lost 
the motor and sensory function of the lower body but 
the upper body remains functional. We researched the 
synergy between canes (arms) and legs and confirmed 
that by using the motion of canes will aid to generate 
the motion of legs for walking.

This study uses a cane as an interface to control the 
walk of a paraplegic patient wearing an exoskeleton. The 
walking synergy was extracted from a healthy subject 
and applied to synchronize the exoskeleton’s movement 
with the user’s intention. To improve the walking stabil-
ity, the hip joint trajectory on the stance leg was modi-
fied using the zero moment point (ZMP). To generate a 
human-like gait, a non-linear inverted pendulum (NIP) 
model was used to modify the walking trajectory gener-
ated by walking synergy. Therefore, our approach does 
not give additional operations to paraplegic patients. The 
proposed gait generation and modification method were 
validated by simulation using the Gazebo software. The 
major contribution in this paper is the gait modification 
method based on ZMP to improve the walking stability 
of a paraplegic patient wearing an exoskeleton. Using this 
system, the exoskeleton also contributes to the balance 
control, thus reduce the burden of keeping the balance 
of the patient while walking. The minor contribution of 
this paper is on the utilization of canes as an interface 
to synchronize the user’s intention and leg motion. It is 
noteworthy to mention that using the cane as the inter-
face does not increase the burden of the patients as the 
purpose is only to keep balance.

This paper is organized as follows: "Gait generation 
based on walking synergy" section introduces PCA to 
extract the walking synergy between cane and leg motion 
from data of subject walking with canes. "Motion plan-
ning using NIP and ZMP" section  introduces ZMP and 
NIP for motion planning.   "Gait modification using NIP 
and ZMP" section involves steps on how to combine 
the human walking synergy and ZMP based gait modi-
fication. "Simulation and result" section introduces the 
walking robot and verifies the proposed gait modification 
method in the Gazebo simulation.   "Discussion" section 
discusses the advantage and possible improvement of the 
proposed gait modification method. Finally, the conclud-
ing remarks is presented at the end of the paper.
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Gait generation based on walking synergy
The detail explanation of using principal component 
analysis (PCA) to analyze human walking synergy is 
described in [25, 26]. PCA combines the variables to 
derive new components and as a result produce a sim-
pler description of the system. The matrix of the prin-
cipal components (eigenvectors in descending order) is 
divided and rearranged to calculate the unknown vari-
ables from the known variables.

where Ŵ is the matrix of the eigenvectors in descending 
order concerning the eigenvalues. The original data x is 
mapped to the new data y after being multiplied by the 
liner transition matrix ŴT . Since the Ŵ is an orthonormal 
matrix, then x could be rewritten as:

then Ŵ could be separated for the known variables x1 and 
the unknown variables x2:

where Ŵ1 and Ŵ2 are the separated matrix for the known 
and unknown variables, respectively. The unknown varia-
bles could be computed from the separated matrixes and 
the known variables:

where Ŵ♯
1
 is the pseudo-inverse of Ŵ1:

In the case of a paraplegic patient, the matrix x is the 
data of joint angle from a subject walking with a cane, the 
known variable matrix x1 is the joint angle of the upper 
limbs, and the unknown variable matrix x2 is the joint 
trajectories of the lower limbs. Instead of applying the 
arm joint trajectories, the cane inclination were used as 
the known variable matrix x1 . In the case of this paper, 
the extracted synergy is contained in a 6 by 6 matrix, and 
each column corresponds to a principal component (PC). 
Each PC has a contribution ratio to the synergy, and we 
show the contribution ratio in Table  1. We chose PC1, 
PC2, and PC3 as the matrix Ŵ , where the first two rows 
are Ŵ1 and the last four rows are Ŵ2 . In this way, the walk-
ing synergy was used as a gait generator, with the cane 
inclination angle as input, and the generator generates a 
joint angle of hip and knee. Therefore the x1 and x2 can 
be written as:

(1)y = ŴTx.

(2)x = Ŵy.

(3)x1 = Ŵ1y, x2 = Ŵ2y.

(4)x2 = Ŵ2Ŵ
♯
1
x1.

(5)Ŵ
♯
1
= (ŴT

1 Ŵ1)
−1ŴT

1 .

where θl and θr are the left and right cane inclination 
angles. The θhsw and θksw are the hip and knee joint angle 
of the swing leg, the θhsp and θksp are the hip and knee 
joint angle of the support leg. The θksp will be replaced to 
improve the walking stability, and the method is intro-
duced in following section.

Three subjects participated in this experiment and com-
prise of all-male, healthy, aged from 25 to 30 and without 
any history of movement disorder. The gait of the paraplegic 
patient wearing the exoskeleton was related to the degree 
of injury and the proficiency of exoskeleton used. A trained 
paraplegic patient with both unaffected arms can swing 
a cane and leg on the opposite side simultaneously during 
walking. The utilized gait is the fastest and the most effi-
cient, therefore it becomes the target motion in this research 
and is used to extract the walking synergy. To mimic the 
walking conditions of the paraplegic patient, the subjects 
were asked to support the body with crutches as much as 
possible during the walk while moving the cane with the leg 
on the opposite side simultaneously during walking.

The body kinematics was recorded using a 3D optical 
motion capture system (OptiTrack) at a frequency of 250 
Hz. 16 infrared reactive markers were fixed on the lower 
body of the subject to record the walking movement and 
3 markers on each cane to record the movement of canes. 
The 16 infrared reactive markers were fixed according 
to the conventional lower limb model, 2 on each foot, 1 
on each ankle, 1 on each shank, 1 on each the knee, 1 on 
each thigh, and 4 on the waist.

Figure 1 shows the comparison between the joint angle of 
the human walk and the joint angle generated using walk-
ing synergy. For the hip joint angle, the mean error and the 
maximum errors are 1.51 [deg] and 5.47 [deg], respectively. 
In the case of the knee joint angle, the mean error and max-
imum errors are 2.54 [deg] and 15.96 [deg], respectively. 
The small discrepancy shows that the generated joint angle 
has high similarity with the joint of human walking.

Motion planning using NIP and ZMP
The ZMP is widely used for gait generation in a humanoid 
robot. For example, Philippe strictly defined the ZMP in 
[27], and Kajita used a preview control of ZMP for biped 
gait generation [28]. Linear inverted pendulum (LIP) model 
is widely used in the trajectory planning [29, 30]. The LIP 
assumes a constant height for the center of mass (CoM) 
which results in a bent knee joint on the stance leg during 
gait. During the stance phase of the human walking the 

(6)
x1 = [θl θr]

T
,

x2 = [θhsw θksw θhsp θksp]
T
.
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stance leg becomes fully extended, which makes the LIP 
model not in accordance with the natural human walking. 
In the present study we use a nonlinear inverted pendulum 
(NIP) to generate the CoM trajectory, subsequently, the 
leg joint angle can be obtained by solving the inverse kin-
ematics. For the NIP, the length of the pendulum remains 
constant and the generated walking motion has a fully 
stretched knee joint on stance leg, which is similar to the 
human walking habit.

Figure  2 shows the nonlinear inverted pendulum (NIP) 
model. The inverted pendulum model has a constant 
length r, the CoM is assumed concentrated at the tip of the 
pendulum, and the angle between the pendulum and the 
vertical direction is θ . The position of the CoM can be writ-
ten as follow:

(7)xM = r sin(θ), zM = r cos(θ).

The zero moment point xZMP can be derived from this 
model:

where m is the mass at center, g is the gravitational accel-
eration, τ is the total external moment, xM and zM are the 
CoM position, ẍM and z̈M is the acceleration in the direc-
tion along the coordinate X and Z. The resultant moment 
τ at the zero moment point equals to zero can be written 
as:

Due to the high degree of nonlinearity, the differential 
Eq.  (9) is difficult to find an analytical solution. Assume 
the ZM is constant, this model becomes a linear inverted 
pendulum (LIP), and the solution can be written as:

(8)τ = m(g + z̈M)(xM − xZMP)+mẍMzM .

(9)ẍM =
z̈M + g

zM
(xM − xZMP).
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Fig. 1 Comparison between human walking joint trajectory and walking joint angles generated using walking synergy
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where zM is a constant. Given the CoM position and 
walking cycle, as well as the reference ZMP, then the C1 
and C2 can be determined, and the trajectory of CoM can 
be written as a function of time. From Eq.  (7), we can 
obtain the below equation:

By substituting the solution (10) into the Eqs.  (11) and 
(7), we can get the trajectory of θ and zM . Furthermore, 
by differentiating zM we can get z̈M . From Eq.  (9), we can 
get:

By substituting zM and z̈M into the Eq.  (12), we can get 
the trajectory of ZMP.

Figure 3 shows an example of CoM trajectory planning 
using a nonlinear inverted pendulum model. We calcu-
lated the difference between ZMP and reference ZMP for 
different pendulum lengths and step lengths. It was found 
that this difference is mainly related to the ratio between 

(10)
xM = C1e

ω + C2e
−ω + xZMP ,

ω = t/(zM/g)
1
2 .

(11)θ = sin
−1

(xM

r

)

.

(12)xZMP = xM −
ẍMzM

z̈M + g
.

Fig. 2 Nonlinear inverted pendulum model

Table 1 Ratio of principal components

PC1 (%) PC2 (%) PC3 (%) PC4 (%) PC5 (%) PC6 (%)

50.71 37.74 7.28 2.83 1.44 0.01

Fig. 3 Example of ZMP planning using a nonlinear inverted pendulum model



Page 6 of 12Li et al. Robomech J            (2020) 7:21 

the step length and pendulum length. When the ratio is 
less than 0.5, there is almost no difference between ZMP 
and reference ZMP. When the ratio is above 0.5, an error 
is observed and the error increases with an increase in 
the ratio. In this case, it is necessary to judge whether 
the error has a significant effect on the stability of walk-
ing (i.e. whether the ZMP still falls within the supporting 
polygon). In this paper, the ratio is maintained at 0.5 or 
less.

Gait modification using NIP and ZMP
The walking gait generated from the walking synergy 
might not result in a fully stable walk due to the dynamic 
difference between the lower-limb exoskeleton and a 
human subject. Therefore, to make the walking synergy-
based gait fits with the patient wearing the powered 
exoskeleton, we modified the walking gait by employing 
ZMP.

The walking synergy is used as a gait generator, with 
the motion of the cane as input and the walking syn-
ergy generates the joint angle of legs for walking. In the 
real case, the IMU sensor can be attached to the cane to 
measure its inclination. The NIP model can be used to 
generate a stable CoM trajectory, in which the resultant 
ZMP stays in the support polygon formed by the cane 
and foot. The key point is to use the NIP to generate a 
stance leg motion that is in accordance with the swing 
leg motion generated by walking synergy. The hip joint 
on stance leg is modified to improve the walking stabil-
ity. We considered two points when using the ZMP to 
modify the walking motion: (1) The generated walk-
ing motion should have a fully stretched knee joint on 

stance leg which fits the human walking habit. (2) There 
should be no gap at the joint angle when the swing leg 
becomes a stance leg. When a human walks, the knee 
joint of stance leg is fully stretched. If the length of the 
NIP model equals the length of the leg when it is fully 
stretched, the walking motion generated using the NIP 
has a fully stretched knee joint on the stance leg. Given 
the walking cycle and step length, the hip joint trajectory 
of the stance leg can be generated using NIP. In addi-
tion, given the joint angle when the swing leg becomes 
the stance leg, the hip joint trajectory can be modified 
so that there exists no gap on the joint angle trajectory 
when the swing leg becomes the stance leg. The details 
can be described below.

Figure 4 shows the relationship between the pendulum 
and human walking in gait modification. The origin of 
the pendulum is at the contact point between the pen-
dulum and ground while the origin of the human is at 
the contact point between the stance leg and ground. 
Assuming the step length of walking is l, and the CoM 
of the pendulum moves from −l/2 to l/2, the moment of 
the human to start a step and the pendulum to move is 
at time ts , and the moment of the human to end the step 
and when the pendulum stops moving is at time te . By 
substituting the above-mentioned values into Eq.  (10), 
we can get:

where the a1 , a2 , a3 and a4 are:

(13)
−l/2 = C1a1 + C2a2 + xZMP ,

l/2 = C1a3 + C2a4 + xZMP .

Fig. 4 Relationship between pendulum and human walking in gait modification
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Therefore, the parameters to determine the solution 
function of Eq. (10) can be obtained as follow:

Using Eq.  (11), we can convert the solution of Eq.  (10) 
into an inclination angle of the pendulum θ . As shown in 
figure 4, assuming the hip joint angle on stance leg when 
a step is taken is θ∗

0
 , the inclination angle of the pendulum 

when it starts to move is θ0 , the modified hip joint angle 
trajectory of stance θ∗ can be obtained by:

where θ∗ is used to replace the hip joint angle of support 
leg, θhsp , which is mentioned in "Gait generation based on 
walkingsynergy" section .

Different from a fully programmed walking system, the 
time consumed and step length of each step are unknown 
in advance, and they may vary in each step. To use the 
ZMP to modify the hip joint trajectory on stance leg, the 
time consumed and the step length needs to be predicted 
in advance for each step.

Since walking is a highly coupled cooperative motion 
between upper and lower limbs, the walking cycle and 
step length can be related to the motion of cane. When 
the patient walks using a trot-like gait, the opposite leg 
and the cane starts and lands almost at the same time, 
and the relative distance between them is almost con-
stant. In our method, the walking cycle and step length 
are predicted in each step using the angle change of the 
cane when the cane commenced moving. Walking cycle 
usually refers to the time consumed during walking and 
includes one left step and one right step. After prediction 
at the beginning of each step, half of the walking cycle 
was used as the time consumed to generate the walking 
motion using ZMP.

Figure  5 shows the relationship between the walking 
cycle and angular change of cane in 0.08 [s] as well as 
between step length and angular change of cane in 0.08 
[s]. This Figure includes the data of 50 steps of three sub-
jects walking with a cane. The x-axis is the angle change 
of the cane in 0.08 [s] after it starts to swing whereas the 

(14)

a1 = e−ts/(zM/g)
1
2
,

a2 = ets/(zM/g)
1
2
,

a3 = e−te/(zM/g)
1
2
,

a4 = ete/(zM/g)
1
2
.

(15)
C1 =

a2l/2+ a4l/2

a1a4 − a2a3
,

C2 =
a1l/2+ a3l/2

a1a4 − a2a3
.

(16)θ∗ = θ − (θ0 − θ∗0 ).

y-axis refers to the walking cycle and step length, respec-
tively. The equation to predict the walking cycle and step 
length are obtained from this Figure and can be written 
as:

where T is the walking cycle and S is the step length, and 
Acane is the angle change of the cane in 0.08[s] after it 
started to swing.

During walking, deviations between predictions and 
actual conditions may occur. The error of walking cycle 
prediction will cause the foot and the cane to land at dif-
ferent time. If the error is small, the stability of walking 

(17)T = 0.567Acane + 2.228.

(18)S = 0.283Acane − 0.081.
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becomes unaffected. However, the error of step length 
prediction accumulates as the walking distance increases 
and needs to be corrected via compensation. To avoid 
the accumulation of errors, the error of the last step was 
compensated at the previous steps:

where S′K  is the step length updated in the current step, 
SK  is the step length predicted in the current step, EK−1 is 
the error measured in the last step.

Simulation and result
It is dangerous to conduct experiments with a paraplegic 
patient before validating the feasibility of the proposed 
method. Furthermore, an able-bodied subject cannot 
wear an exoskeleton to replace the patient used for vali-
dating experiments. Although able-bodied subjects can 
consciously imitate paraplegic patients and can subcon-
sciously put force into their lower limbs to keep their bal-
ance when the risk of falling is high. Therefore, a walking 
robot was built to simulate a paraplegic patient wearing 
an exoskeleton to conduct a preliminary study for safety 
reasons.

Figure 6 shows the schematic illustrations of the walk-
ing robot. The inertia and link lengths of the lower body 
are shown in Table 2. The robot height is 180 [cm] while 
the width is 70 [cm]. The weight of the walking robot is 

(19)S′K = SK + EK−1,

25 [kg] with 16 degrees of freedom. The movable joints 
are the shoulder joints, hip joints, knee joints, and ankle 
joints. Each leg has six degrees of freedom, the hip has 
three degrees of freedom, the knee has one degree of 
freedom, the ankle has two degrees of freedom. The 
shoulder has one degree of freedom, and the crutches 
can be stretched and shortened meanwhile the robot can 
adjust its center of gravity to maintain balance. Each joint 
of the robot is equipped with an encoder that measures 
the joint angle during the experiments. To measure the 
ZMP during walking, a six-axis F/T sensor was installed 
at the ankle joint.

We performed a robot walking experiment during 
the simulation to verify the feasibility of the proposed 
method. The walking was divided into the walking phase 
and stance phase. The walking phase is a single-support 
phase while the stance leg supports the body weight and 
swing leg in the air for step taking. The transfer of the 
CoM happens at the walking phase and the stance legs 
aid the CoM to move forward. The stance phase is a dou-
ble-support phase and both legs support the body weight. 
This is a transitional phase, in which the robot remains 
still and does not transfer its CoM. In the simulation, the 
stance phase takes 1 [sec] and the time consumed at the 
walking phase is related to the cane motion and its walk-
ing cycle.

We compared the robot walking with and without gait 
modification. In the case of robot walking without gait 
modification, the motion of the cane was extracted from 
a subject walking with a cane, and the gait was gener-
ated by human walking synergy using the cane motion as 
input. In the case of the robot walking with gait modi-
fication (modified using ZMP), the motion of the cane 
was extracted from a subject walking with a cane, the gait 
was generated by human walking synergy using the cane 
motion as input and was modified using ZMP.

Figure  7 shows the simulation scene of robot walking 
with gait modification. The upper image in Fig.  7 is the 
front view of the robot walking and the lower image in 
Fig. 7 is the side view of the robot walking. In a real case 
scenario, the exoskeleton is an under-actuated system, it 
has degrees of freedom in the sagittal and lateral plane, 
but it only provides support in the sagittal plane. In the 
simulation, the balance in the lateral plane was kept by 
the cane.

Figure  8 shows the ZMP measurement results of 
the walking experiment. The upper image in Fig.  8 
is the ZMP of robot walking with gait modification. 
The lower image in Fig. 8 is the ZMP of robot walking 
without gait modification. In the case of robot walking 
with gait modification, the maximum error between 
ZMP and reference ZMP was 0.204 [m] with an aver-
age error of 0.028 [m]. Errors mostly occur when the 

Fig. 6 Walking robot replacing a patient for preliminary study

Table 2 Parameters of walking robot

Parameter/Part Thigh Lower Foot Body Crutch

Mass [kg] 1.742 1.774 0.592 12.48 2.24

Length [cm] 33.3 32.75 20 73 134
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robot takes a step and the ZMP gradually converges 
to the reference ZMP. This is mainly due to the robot 
change from stationary to motion, and the mainte-
nance of balance is changed from 4-point to 2-point 
support. Although there is a difference between the 
ZMP and the reference ZMP, the ZMP always stays in 

the support polygon while preventing the robot from 
falling. In the case of walking without gait modifica-
tion, the maximum error between ZMP and reference 
ZMP was 0.434 [m] with an average error of 0.050 
[m]. Errors mostly occur when the robot takes a step 
with no convergence of ZMP to the reference ZMP, 

Fig. 7 Simulation scene of robot walking
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Fig. 8 Comparison between robot walking with and without gait modification
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leading the robot to fall within six steps. It can be seen 
from these experimental results that gait modification 
greatly improved the walking stability.

Figure  9 shows the hip and knee joint angles dur-
ing one walking cycle. From top to bottom is the 
inclination angle of the cane, the knee joint angle, 
and the hip joint angle. The blue line represents the 
joint trajectory extracted from human walking with 
a cane. The red line represents the joint trajectory 
generated by human walking synergy. The yellow line 
represents the joint trajectory generated by human 
walking synergy and modified using ZMP. Either the 
joint trajectory generated by human walking synergy 
or the joint trajectory modified using ZMP was close 
to the joint trajectory extracted from human walking 
with a cane.

Discussion
There are three important points for assistive control of 
lower-limb exoskeleton to assist a paraplegic patient dur-
ing walking: (1) synchronization of exoskeleton’s motion 
and user walking intention, (2) human-like gait genera-
tion and (3) walking stability.

The use of human walking synergy to generate gait 
can solve the problems of synchronization between user 
intention and exoskeleton motion as well as human-like 
gait. Firstly, the leg motion generated by human walking 
synergy was completely synchronized with the motion of 
the cane. The motion of the cane was coupled with the 
motion of lower limbs, and it is controlled by the user 
and therefore reacts with the intention of the user. Sec-
ondly, the leg motion generated by human walking syn-
ergy is similar to the human walking motion. The walking 
motion generated in this way is natural and compatible.
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The use of ZMP to modify the walking motion solves 
the stability problem. Firstly, the walking trajectory gen-
erated using ZMP becomes stable. Theoretically, The 
ZMP stays inside the support polygon thereby enabling 
the exoskeleton to keep stable during walking. Secondly, 
the robot is also involved in maintaining balance. In this 
case, the patients no longer rely solely on canes to main-
tain balance, as a consequence reduce the burden on 
patients.

The use of NIP ensures that the modified walking tra-
jectory is similar to the human walking trajectory. For 
rapid generation and easy calculation, a combination of 
a linear inverted pendulum (LIP) and ZMP is often used 
to generate the walking trajectory in robot gait planning. 
However, the walking motion generated using LIP has a 
constant height of CoM, which is inconsistent with the 
walking characteristics of humans. The use of NIP makes 
up for this shortcoming, thereby enables the modified 
trajectory to conform to human walking habits.

The traditional lower extremity exoskeleton uses a pre-
planned walking trajectory. Its walking can be controlled 
in terms of when to start and stop, and the walking speed. 
The walking with pre-planned trajectory is continuous. 
However in our method, it is necessary to predict the 
landing point and walking cycle of each step before lifting 
the foot, the walking action generated by the proposed 
method in is step-by-step. This step-by-step walking may 
make paraplegic patient feel safe to use the exoskeleton 
at the early stage of rehabilitation, but for patients who 
are familiar with the exoskeleton, walking might feel 
unnatural. Therefore, the continuity of walking should 
be improved to better conform to the walking habits 
of human. In addition, the ability to control the robot 
through human motion synergy still needs to be investi-
gated with real exoskeleton and patient.

Conclusion
This paper proposes an algorithm via the modifica-
tion of gait generated based on walking synergy to esti-
mate motion intention and control powered lower-limb 
exoskeleton. This proposed system treats the cane as an 
interface between the user and the exoskeleton. The cane 
motion was used to generate the walking motion using 
walking synergy. The walking synergy was extracted from 
the movement trajectory of a healthy subject walking 
with a pair of canes. This synergy synchronizes the walk-
ing motion and the intention of user. The zero moment 
point (ZMP) was used to modify the walking motion to 
enhance the walking stability. To enable the modified 
walking motion in imitating the human walking habits, 
the nonlinear inverted pendulum model for trajectory 
planning was applied. Instead of a real patient wearing 
an exoskeleton, a cane robot was used for the Gazebo 

simulation. The experimental result shows that the gait 
modification significantly improved the walking stabil-
ity, and the use of nonlinear inverted pendulum model 
resulted to a joint trajectory that is similar to the joint 
trajectory of human walking.
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