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Self-Balancing Exoskeleton Robots Designed
to Facilitate Multiple Rehabilitation

Training Movements
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Abstract— This study presents the biomimetic design of
the structure and controller of AutoLEE-II, a self-balancing
exoskeleton developed to assist patients in perform-
ing multiple rehabilitation movements without crutches
or other supporting equipment. Its structural design is
founded upon the human body structure, with an eliminated
axis deviation and a raised CoM of the exoskeleton. The
controller is a physical parameter-independent controller
based on the CoM modification. Thus, the exoskeleton
can adapt to patients with different physical parameters.
Five subjects underwent exoskeleton-assisted rehabilita-
tion training experiments, including squatting, tilting, and
walking trainings. The results showed that the exoskeleton
can assist patients in completing various rehabilitation
exercises and help them maintain their balance during the
rehabilitation training. This helpful role of the exoskeleton
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in rehabilitation training is analyzed through an electromyo-
graphy (EMG) data analysis. The findings revealed that
wearing the exoskeleton can reduce the activity of the lower
limb muscles by approximately 20–30% when performing
the same rehabilitation exercises.

Index Terms— Rehabilitation, self-balancing exoskele-
ton, biomimetic structure, physical parameter-independent
controller.

I. INTRODUCTION

SPINAL cord injury (SCI) is a multifaceted disease that
can lead to a range of disabilities, including partial or

complete loss of one’s locomotion function. Individuals with
SCI are highly vulnerable to various secondary health con-
ditions (SHCs) [1], [2]. To restore mobility, prevent SHCs,
and improve a patient’s quality of life, physical therapy and
rehabilitation training are widely used in SCI treatments [3].
Lower limb exoskeletons have been proven to effectively assist
individuals undergoing rehabilitation training and SCI treat-
ments. Several exoskeletons, such as ReWalk [4], Ekso [5],
HAL [6], and Indego [7], have successfully been validated for
various clinical applications. However, most exoskeletons do
not have a self-balance ability; hence, individuals with SCI are
required to use additional support devices (e.g., crutches) to
maintain balance during rehabilitation training. In other words,
these exoskeletons are primarily suitable for SCI individuals
with an able upper limb. Even for SCI individuals with strong
upper limbs, the long-term use of support devices during
exoskeleton-assisted rehabilitation training poses the risk of
shoulder joint injuries. Therefore, it is essential to design an
exoskeleton that can provide self-balance and perform various
rehabilitation movements. This, however, presents significant
difficulties in both structural and control algorithm designs.

A. Structure Design of the Lower Limb Exoskeleton
In terms of the structure design, many lower limb exoskele-

tons with an innovative structure have been explored to assist
SCI individuals in rehabilitation training and walking assis-
tive service. The Indego exoskeleton has four actuated joints
because it is specifically designed to assist in the movement of
an individual’s hip and knee joints in the sagittal plane [8]. The
Mindwalker exoskeleton with 10 degrees of freedom (DOFs)
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has six actuated joints that add active hip abduction/adduction
joints for weight shift and lateral foot placement. It can provide
gait assistance in both the sagittal and frontal planes [9].
Meanwhile, the Symbitron exoskeleton has eight powered
joints and four passive joints, among which actuated joints add
ankle dorsi/plantarflexion. Therefore, Symbitron can achieve a
more stable sagittal plane walking performance [10]. However,
the numbers of the actuated joints of the abovementioned
exoskeletons are not enough to provide rehabilitation training
and walking assistance to all the lower limb joints of SCI
individuals in the self-balance mode.

The REX exoskeleton developed by REX Bionics
(New Zealand) is a self-balance exoskeleton with 10 actuated
joints. It features two hip joints, one knee joint, and two ankle
joints that facilitate movement in the sagittal and lateral planes.
However, it cannot perform turning movements because it
lacks hip endo/exorotation joints [11]. Atalante, which is a
self-balancing lower limb exoskeleton developed and produced
by the French company, Wandercraft, is fitted with 12 powered
joints that allow for movement in the sagittal, frontal, and
transverse planes. It can effectively assist all the lower limb
joints of an SCI individual during self-balancing rehabilitation
training and walking assistive services [12]. Wu et al. designed
and developed a novel self-balancing exoskeleton, called
AutoLEE-I. Its structure with 10 actuated DOFs is similar
to that of REX. AutoLEE-I cannot assist in rehabilitation
training on turning movements because it does not have hip
endo/exorotation acutated joints [13]. Self-balancing lower
limb exoskeletons are designed to fulfill only the fundamental
functional requirements necessary for rehabilitation training
and walking assistance services for the partial lower limb
joints of SCI individuals in the self-balancing mode. They
do not undergo structural optimization based on biomimetic
principles, leading to insufficient stiffness and axis deviation.
The lack of structure stiffness increases the difficulty of
controlling exoskeletons, while axis deviation, especially in
the hip joints, causes significant user discomfort.

B. Control of Rehabilitation Training and Walking
Assistance

Dzeladini et al. proposed a neuromuscular controller (NMC)
that generates motion in accordance with both the user’s
abilities and natural walking dynamics. Based on a neuro-
muscular model, the NMC generates the corresponding joint
trajectories with a few sensory input, instead of directly using
the libraries of the desired joint trajectories. This ensures
compliance for patients with a remaining function [14], [15],
[16]. The proportional myoelectric controller relies on direct
EMG control schemes. It directly generates the required torque
for joints by measuring the electromyogram signals obtained
from the human body. Despite their advantages, the afore-
mentioned control strategies only ensure that the generated
gait trajectories can closely simulate the human gait, without
considering the walking stability. Hence, they cannot perform
rehabilitation training and walking assistive services during the
self-balancing mode.

Some controllers achieve the self-balancing locomotion for
the exoskeleton. REX Bionics utilized Euler equations and

applied the theory of the CoM dynamics to develop a CoM
compensation approach that stabilizes their exoskeleton during
walking [6]. However, the control strategy of REX does
not incorporate compliant elements. This results in signifi-
cant impact forces between the exoskeleton and the ground,
which leads to a poor stability. Li proposed a novel human-
in-the-loop controller that divides the task workspaces into
human-voluntary and robot-constrained regions. The controller
constrains the user’s lower limb motion to a compliant region
around various desired trajectories. As a result, flat walk-
ing, turning, and crossing the obstacle were realized [17].
Atalante is a 12 DOFs actuated self-balancing exoskeleton
designed by Wandercraft. Wandercraft developed a mathe-
matical hybrid dynamics model and applied the hybrid zero
dynamicsthe hybrid zero dynamics (HZD) control method to
achieve self-balance walking on flat ground [18], [19], [20].
The human-in-the-loop and HZD controllers were based on
an accurate mathematical model of both the exoskeleton and
the user [6]. However, getting precise parameters for the
human-exoskeleton dynamics can be difficult. Moreover, the
changes in individual users can alter the physical dynamics.
Consequently, the human-in-the-loop and HZD controllers are
not suitable for exoskeletons with variable wearers.

C. Study Contribution
We aimed herein to develop a self-balancing exoskele-

ton capable of facilitating multiple rehabilitation movements,
to ensure that individuals with varying conditions can complete
rehabilitation training with the exoskeleton’s help. As regards
its structural design, an adequate biomimetic design is nec-
essary for the exoskeleton structure to correspond with the
joints of human’s lower limb and perform various rehabil-
itation movements. The structure must be compatible with
the human body for it to be able to provide appropriate
assistance while worn. The self-balancing walking control
algorithms of the exoskeleton require sufficient robustness to
physical parameters to adapt to various wearers. To satisfy the
mentioned requirements, a self-balancing exoskeleton, called
AutoLEE-II, which has 12 actuated DOFs, was developed.
In this work, we will introduce the structural and con-
trol algorithm designs of AutoLEE-II. AutoLEE-II achieves
self-balancing walking and enables several rehabilitation
movements, including squatting, tilting, and walking, through
a CoM modification controller based on the centroid dynamics.
We will conduct experiments on exoskeleton-assisted rehabili-
tation training and analyze the exoskeleton’s ability to facilitate
different rehabilitation movements, maintain balance, and aid
SCI individuals during the rehabilitation process. The main
contributions of this work are as follows:

• AutoLEE-II, a self-balancing exoskeleton with 12 DOFs,
is designed. Its structure features a high degree of
biomimicry and compatibility with the human body.

• A CoM modification controller based on the centroid
dynamics is proposed to ensure the self-balancing ability
of AutoLEE-II. To adapt to different wearers, the con-
troller is made to have sufficient robustness to physical
parameters.
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• Multiple exoskeleton -assisted balance and gait rehabil-
itation experiments are designed. The raining effects of
different subjects wearing AutoLEE-II are demonstrated
through the EMG analysis.

The remainder of this paper is organized as follows.
Section II introduces the structure design and the controller
of AutoLEE-II; Section III discusses the exoskeleton-assisted
rehabilitation training experiment and relevant analysis; and
Section IV provides the conclusions.

II. SELF-BALANCING LOWER LIMB
EXOSKELETON SYSTEM

The exoskeleton structure must be designed in a biomimetic
manner to provide proper assistance to the patient’s lower
limb joints during the rehabilitation training, which involves
different movements, and achieve compatibility between the
human body and the exoskeleton. To do this, we first analyzed
the human anatomy and obtained the joint distribution of
AutoLEE-II based on this. We then designed a series-parallel
hybrid joint mechanism to eliminate the axis deviation and
improve the structural stiffness.

The human hip is a 3-DOF ball-and-socket joint capable of
hip adduction/abduction (HAA), hip flexion/extension (HFE),
and hip endo/exorotation (HEE). The human knee is a 1-DOF
hinge joint that allows for knee flexion/extension (KFE). The
human ankle is a 3-DOF saddle joint comprising ankle inver-
sion/eversion (AIE), ankle dorsi/plantarflexion (ADP), and
ankle endo/exorotation (AEE). Anthropotomy divides human
movements into three motion planes: sagittal, frontal, and
transverse planes. The three basic rotation axes are the sagittal,
coronal, and vertical axes. Due to the rotational movements of
the hip–knee–ankle joints in the sagittal plane providing the
main power for the human locomotion, the HFE, KFE, and
ADP actuators are essential for providing power for the human
locomotion [8]. The HAA and ADP actuators are the keys
to the weight shift and lateral foot placement that assists in
maintaining balance [9]. The AIE actuator is crucial for main-
taining balance. The rotational movements of the ankle joint
in the coronal plane provide major assistance for maintaining
balance, especially when the exoskeleton performs lateral
tilting movements. Therefore, the most basic requirement for
achieving self-balancing assistance without external support
is to power the flexion/extension and the abduction/adduction
rotation of the hip, knee, and ankle joints in the sagittal plane,
as well as the external/internal rotation of the hip and ankle
joints in the coronal plane. Considering that the HEE actuator
is the basis for the exoskeleton to perform more rehabilitation
actions (e.g., turning while walking,), the exoskeleton was
determined to have 12 actuated joints, as shown in Fig. 1.

A. Biomimetic Structural Design
The mechanical structures of the hip, knee, and ankle joints

are crucial for improving the exoskeleton’s compatibility with
the human body. This is especially important when designing
the exoskeleton hip joint. As shown in Fig. 2a, the hip joint
of AutoLEE-II was designed with 3 DOFs: HAA, HEE, and
HFE. We designed a series–parallel hybrid mechanism for

Fig. 1. Biomimetic mechanism design of AutoLEE-II. The joint dis-
tribution is based on the human anatomy. The structure has high
compatibility with the human body. The various dimensional features of
the exoskeleton are depicted by the orange lines in the figure.

Fig. 2. Mechanical structure of each exoskeleton joint. A series–parallel
hybrid mechanism is designed to increase the structural stiffness and
reduce the leg’s moment of inertia. (a) Hip joint structure. (b) Knee joint
structure. (c) Ankle joint structure.

the hip joint based on the remote center of motion (RCM)
mechanism to improve the kinematic compatibility between
the human body and the exoskeleton. With this design, the
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TABLE I
LINK LENGTH OF AUTOLEE-II

Fig. 3. Control and communication system of the exoskeleton.

rotation axes of the HAA, HEE, and HFE intersect at the
center of the human hip joint, consequently eliminating the
motion axis misalignment. The upper and lower double-layer
RCM links are connected in parallel to improve the structural
stiffness of the exoskeleton hip joint. The HAA and HFE
actuators are located between the RCM connecting rods as
shown in Fig. 2a. The structural designs of the knee joint
with 1 DOF and the ankle joint with 2 DOFs are simpler.
The KFE actuator is designed to connect the thigh link to
the shank link and provide 1 DOF for knee flexion and
extension, as described in Fig. 2b. A novel parallel mechanism
with 2 DOFs is utilized to produce the inversion/eversion and
dorsi/plantarflexion motions of the exoskeleton ankle joint.
The KFE actuator is mounted on the thigh link as close to the
HFE actuator as possible to improve the CoM position of the
exoskeleton (shown in Fig. 2c). More details of the structure
design of AutoLEE-II can be found in [21].

AutoLEE-II mainly aims to provide rehabilitation training
and locomotion assistance for patients with SCI. Thus, it is
equipped with several straps that serve as connectors between
the person and the device. Two of these straps are attached
to the thigh to connect the human thigh to the exoskeleton.
The other two straps can be found at the foot to connect the
foot and the exoskeleton. The exoskeleton height is approx-
imately 1.6 m. Its total weight is 84.7 kg. The lengths of
the AutoLEE-II links are obtained from the anthropometric
data of the body height between 150 and 185 cm. L t , Ls ,
La , Lwt , Lww, L f t , and L f w represent the thigh link length,
shank link length, distance from the ankle joint center to the
ground, exoskeleton waist thickness, exoskeleton waist width,
foot thickness, and foot width respectively as showen in Fig. 1.
Table II lists each variable value.

B. Control Architecture
Fig. 3 depicts the control and communication system.

National Instruments (NI) controller is the exoskeleton’s

Fig. 4. AutoLEE-II and its simplified linear inverted pendulum model
(LIPM). The deviation between the actual and desired CoM is calculated
using the CoM modification controller.

control center. For each joint, Elmo drivers are utilized to
exchange the control command with the NI controller, while
absolute encoders are used to determine the absolute position.
Force/torque (F/T) sensors are placed at the middle position
between the upper and lower footplates to measure the zero
moment point (ZMP).

The communication between the NI controller and the PC
is achieved via the TCP protocol. To ensure the controller’s
real-time performance, the communication among the NI
controller, F/T sensors, and Elmo drivers is achieved via a
bus based on the Ethernet for Control Automation Technologe
protocol. A 0.25–1 kHz control frequency of the close loop
can easily be achieved with this control structure. The control
frequency of the close loop in this work is 1 kHz.

III. CONTROL FRAMEWORK

The linear inverted pendulum model (LIPM) is a reliable
simplified physical model for exoskeleton robots [22]. The
dynamic equation of the LIPM is independent of mass, mak-
ing it robust to wearers with different physical parameters.
We simplified AutoLEE-II as the LIPM as shown in Fig. 4.
The LIPM motion in the sagittal plane was independent of the
motion in the frontal plane, and the form was consistent [23].
We will only derive the equations in the sagittal plane. in the
subsequent section.

The control framework was divided into three parts: gait
generator, inverse kinematics solver, and CoM modification
controller as shown in Fig. 5. The gait generator gener-
ated the foot reference positions and the reference ZMP
trajectories based on the predetermined motion parameters
(e.g., movement actions and step length) and obtained the ref-
erence trajectory of the CoM through the centroid dynamics of
the LIPM. The inverse kinematics solver determined the joint
angle based on the foot reference and CoM trajectories. The
CoM modification controller calculated the CoM modification
based on the error between the reference and actual ZMPs
obtained from the F/T sensors. The contents are explained in
detail below.

A. Gait Generator
The gait generator generated the foot and ZMP positions

based on the predetermined motion parameters. We designed



TIAN et al.: SELF-BALANCING EXOSKELETON ROBOTS 297

Fig. 5. The feedback controller based on the ZMP of AutoLEE-II. The controller consists of three parts, namely: gait generator, inverse kinematics
calculator, and feedback controller.

a preview control based on the LIPM designed to generate the
CoM trajectory that satisfies the LIPM dynamic equation [24],
[25]. The positions of the feet and the CoM trajectory can be
used to obtain the angles of each exoskeleton joint.

B. Inverse Kinematics Solver
The inverse kinematics solver was designed for calculating

the angles of each joint using the positions of the feet and
the CoM. The rotation axes of the three DOFs of the hip
joint intersect at one point; hence, a closed-form solution for
the inverse kinematics model exists. In our previous work,
a geometric method-based solution was developed to solve
the inverse kinematics problem of AutoLEE-II [21].

C. CoM Modification Controller
The exoskeleton may experience premature contact with

the ground during locomotion. An imbalance is then caused
by the impact. This phenomenon manifests in a significant
discrepancy between the actual and reference ZMPs in the
sensor data. The CoM modification controller aims to improve
the ZMP tracking accuracy and enhance the exoskeleton’s self-
balancing performance by compensating for the CoM position.

The LIPM in the sagittal plane is expressed as follows:

m(z̈CoM + g)(xCoM − xzmp) − m(zCoM − zzmp)ẍCoM = 0
(1)

where [xCoM , zCoM ]
T , [xzmp, yzmp]

T , m, and g denote the
CoM position, ZMP position, exoskeleton robot’s mass, and
gravity acceleration, respectively.

We assumed that the ground is flat, and the exoskeleton does
not tip over. In other words, the CoM height in the z-direction
is constant. Walking in this condition is expressed as follows:

zCoM = zc, z̈CoM = 0, zzmp = 0 (2)

Integrating Eq. (2) into Eq. (1) yields the following dynam-
ics of AutoLEE-II walking on a flat ground:

xzmp = xCoM −
zCoM

g
ẍCoM (3)

The dynamic equation of the LIPM is independent of the
physical parameters of AutoLEE-II and the wearer, meaning
that the changes in the exoskeleton mass will not affect the
controller stability. In short, AutoLEE-II can adapt to various
wearers.

The actual ZMP was calculated from the data measured by
the F/T sensors with reference to the method proposed by [26].
A fixed controlled time delay T exists between the real and
detected ZMPs, which, in complex domain, can be expressed
as follows:

xzmp =
1

T s + 1
x̂zmp (4)

where xzmp is the real ZMP, and x̂zmp is the detected ZMP.
The delay time of the ZMP in this work is T =0.001s, similar
to the control time of AutoLEE-II. Substituting Eq. (4) into
the centroid dynamics equation (3) yields

T ẋzmp + xzmp = xCoM −
zCoM

g
ẍCoM (5)

The state equation is established as follows according
to Eq. (5):

d
dt

 xzmp

xCoM

ẋCoM

 =

−
1
T

1
T 0

0 0 1
0 0 0


 xzmp

xCoM

ẋCoM

 +

−
zCoM

gT

0
1

 ẍCoM

xzmp =

[
1 0 0

] xzmp

x
ẋ


(6)

The state equation is rewritten as follows according
to Eq. (6): {

ϑ̇x = Axϑx + bxux

yx = Cxϑx
(7)

where ϑx = [xzmp, xCoM , ẋCoM ]
T , ux = ẍCoM , and Ax =−

1
T

1
T 0

0 0 1
0 0 0

, bx =

−zCoM
gT
0
1

 and Cx =
[
1 0 0

]
.
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The desired state equation is given as{
ϑ̇ d

x = Axϑ d
x + bx ud

x
yd

x = Cxϑ d
x

(8)

By subtracting the Eq. (7) from the Eq. (8), the difference
between the actual and desired values is expressed as{

1ϑ̇x = Ax1ϑx + bx1ux

1yx = Cx1ϑx
(9)

The feedback control law is given as

1ux = −Kϑ1ϑx (10)

The walking problem is written as a linear quadratic optimal
control problem. The quadratic performance index is given as

J =

∫
+∞

0

[
1ϑT

x

(
CT

x Qϑ Cx

)
1ϑ + 1uT

x Rϑ1ux

]
dt (11)

where Qϑ is a symmetric semidefinite matrix of real numbers,
and Rϑ is a symmetric positive definite matrix of real numbers.

Kϑ can be obtained by solving the linear quadratic optimal
control problem. A more specific formulation for the feedback
controller can be written as

1ẍCoM = −Kϑ [1]1xzmp − Kϑ [2]1xCoM − Kϑ [3]1ẋCoM

(12)

where Kϑ[i] represents the ith element of Kϑ . The CoM
1xCoM and 1ẋCoM compensation can be obtained as follows
by a numerical iteration:{

1ẋCoM = 1ẋCoM + 1ẍCoM · T
1xCoM = 1xCoM + 1ẋCoM · T

(13)

The compensation of COM 1xCoM is added to the desired
CoM to modify the real CoM and ensure the exoskeleton
balance:

xCoM = xd
CoM + 1xCoM (14)

where, xd
CoMis the desired CoM.

The centroid dynamics equations in the sagittal and frontal
planes are independent and have the same formulation; thus,
the CoM compensation in the y axis 1yCoM can be easily
derived in the same way:

yCoM = yd
CoM + 1yCoM (15)

where yd
CoM is the desired CoM in the y axis. The command

of angle for each joint is calculated using the modified CoM
and the feet positions.

In this paper, we set Qϑ as 1 and Rϑ as 0.001. Then
Kϑ can be obtained by solving the linear quadratic optimal
control problem. However, given the disparity between the
accurate exoskeleton model and LIPM, the parameters used
in experiments require fine-tuning based on the previously
obtained Kϑ , and the parameters that have been fine-tuned
can be applied to various participants, without the need for
further adjustments. The controller parameters Kϑ are given
in the following table:

Fig. 6. Experiment snapshots: (a) Snapshots of the squatting exercise
experiment. (b) Snapshots of the tilting exercise experiment. (c) Snap-
shots of the walking exercise experiment.

IV. EXPERIMENTS AND RESULTS

A. Rehabilitation Training Experiment Design

Physical therapy performed by a rehabilitation therapist
is generally divided into five components: range of motion
(ROM) and stretching, strengthening, transfer training, balance
rehabilitation training, and walking rehabilitation training [3].
In this study, the exoskeleton-assisted rehabilitation training
included balance and walking rehabilitation trainings. Balance
rehabilitation training was selected to increase the patient’s
safety with ambulation and decrease the fall risk. Multiple
studies showed that balance is one of the requirements for a
successful ambulation, further supporting the importance of
balance rehabilitation training [27], [28], [29]. The benefits
of using exoskeletons in these rehabilitation programs are
an essential factor. This is especially true for the balance
rehabilitation training that aims to widen the patients’ limits of
stability (LoS) and improve their balancing ability [30]. In the
balance rehabilitation training, patients need to tilt their body
and shift their CoM toward the edge of the support surface
while keeping their feet still [31], [32]. For patients with a
limited balancing ability, the use of exoskeletons can provide
adequate external support to make the balance rehabilitation
training feasible and safe. The exoskeleton enables patients to
extend the range of their CoM movement, making the balance
rehabilitation training more effective.

To verify the exoskeleton’s balancing ability and its capa-
bility of assisting patients in their rehabilitation training, five
males (25 ± 2 years old, 1.74 ± 0.05 m, 70 ± 9 kg)
participated in the balance and walking rehabilitation training
as shown in Fig. 6. The experiments were approved with IRB
No. SIAT-IRB-200715-H0512.



TIAN et al.: SELF-BALANCING EXOSKELETON ROBOTS 299

Fig. 7. Time series for the joint angle of the right leg during the squatting
exercise. Both the actual and reference angles are shown in the figure.

TABLE II
CONTROLLER PARAMETERS IN EXPERIMENTS

B. Balance Rehabilitation Training

The balance rehabilitation training involved squatting and
tilting training. The squatting training required the vertical
movement of the human body’s CoM. In the tilting reha-
bilitation training, the subjects were instructed to wear the
exoskeletons and control their CoM in four directional move-
ments: forward, backward, left, and right. Fig. 7 shows the
reference and actual joint angles during the squatting training.
The squatting training involved the rotations of the hip, knee,
and ankle joints in the sagittal plane, which resulted in the
changes in the angles of the ADP, KFE, and HFE actuators.
Only the right leg joint angles were recorded due to the
symmetrical movements of the legs. The maximum absolute
errors between the reference and actual angles were 0.20◦,
0.29◦, and 0.14◦ for the ADP, KFE, and HFE actuators,
respectively. The mean absolute errors were 0.077◦, 0.079◦,
and 0.043◦, respectively, for each actuator. The standard devi-
ations of the errors were 0.10◦, 0.12◦, and 0.06◦, respectively.
The ranges of motion for the ADP, KFE, and HFE actuators
during the squatting training were between −27.23◦ and 0◦,
0◦ and 51.43◦, and −24.42◦ and 0◦, respectively. The range
of motion in each exoskeleton joint falls within the range
of motion for the human joints (Table II), thereby making
the exoskeleton-assisted rehabilitation training feasible for
patients.

Fig. 8 shows the reference and actual angles of each left
leg joint during the tilting rehabilitation training are shown in
the Fig. 8. The HEE actuator did not undergo a rotation in the

tilting rehabilitation training, resulting in the angle of the HEE
actuator to remain as 0. The maximum absolute errors for the
reference and actual angles were 0.11◦, 0.23◦, 0.11◦, 0.19◦,
and 0.07◦ for the AIE, ADP, KFE, HFE, and HAA actuators,
respectively. The root mean square tracking errors (RMSE)
were 0.045◦, 0.074◦, 0.055◦, 0.033◦, and 0.027◦, respectively.
The range of motion for the AIE, ADP, KFE, HFE, and HAA
actuators were between −8.86◦ and 9.08◦, −33.09◦ and 0◦

degree, 0◦ and 54.06◦, −24.41◦ and 0◦, and −8.86◦ and 9.08◦,
respectively. All angles fell within the range of motion of the
human joints.

The ZMP trajectory was measured by the F/T sensors and
represented in Fig. 9. Fig. 9a depicts the ZMP position at
different moments. Fig. 9c shows the ZMP trajectory in the
horizontal plane. The range of the ZMP motion in the x and
y axes was from −0.37 to 8.44 cm and from −13.25 to
12.81 cm. The support surface of the exoskeleton ranged from
−12.6 to 16.4 cm on the x axis and −25.65 to 25.65 cm on the
y axis. The minimum distance of the ZMP from the support
surface boundary was 7.94 and 12.4 cm on the x and y axes,
respectively. The maximal absolute errors on the x and y axes
were 1.2 and 1.8 cm, respectively. The mean absolute errors
were 0.38 and 0.64 cm, respectively. At the beginning of the
tilting training, the ZMP moved 4 cm toward the positive x
axis, direction due to the CoM shift during squatting.

C. Self-Balancing Walking Rehabilitation Training
Fig. 10a and 10b depict the reference and actual ZMPs

in the x and y axes, respectively. Each step had 12 cm
length (Fig. 10a). The actual ZMP of different participants
in both axes can converge to the reference values under the
feedback control algorithm as shown in Fig. 10a and Fig. 10b,
indicating that AutoLEE-II can maintain balance when used
by different people. The mean absolute errors on the x and y
axes were 2.19 cm and 3.73 cm, respectively. The maximum
absolute value of error in the x axes direction occurs at
134.4 seconds during the walking of the second subject, with
a maximum absolute error of 9.5 cm; the maximum absolute
value of error in the y axes direction occurs at 12.7 seconds
during the walking of the second subject, with a maximum
absolute error of 11.6 cm. The tracking error between the
actual and reference ZMPs was especially prominent during
the transition from single support to double support because
the elastic mechanical deformation of the exoskeleton during
this process caused the exoskeleton’s foot to prematurely touch
the ground, which can cause a significant impact force between
the ground and the foot and result in the ZMP tracking error.
The minimum distance of the ZMP from the support surface
boundary was 3.6 and 4.0 cm on the x and y axes, respectively.
The range of motion for the AIE, ADP, KFE, HFE, and HAA
actuators were between −10.04◦ and 10.02◦, −28.32◦ and
0◦, −54.06◦ and 0◦, −25.27◦ and 0◦, and −9.75◦ and 9.16◦,
respectively. All angles fell within the range of motion of the
human joints.

D. Muscle Activity
AutoLEE-II was designed to assist patients who cannot rely

on active muscle contraction to complete their rehabilitation
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Fig. 8. Reference and real trajectories for the joint angle during the tilting exercise. The part with the maximum error in each figure is intentionally
enlarged and displayed.

Fig. 9. Reference and real trajectories for the joint angle during the tilting exercise.: (a) ZMP position at different moments; and (b) ZMP trajectory
in the horizontal plane.

training. Therefore, the muscle activity of these patients during
the exoskeleton-assisted rehabilitation training should be lower
than that of those independently completing their rehabilitation
training. Five males participated in the rehabilitation training
experiment under both “with and without exoskeleton” con-
ditions to validate the exoskeleton’s functional performance.
The EMG signals from the participants’ lower limb muscles
were collected during the experiment to calculate their muscle

activities. The recorded muscles include the vastus lateralis,
rectus femoris, semitendinosus, gastrocnemius, soleus and
biceps femoris muscles. These are the primary muscle groups
in the lower limbs that generate force during the rehabilitation
training. Figure 11 depicts the test scheme and the position of
the EMG electrodes. The EMG signals of the lower limb mus-
cles of each subject were recorded using the Biometrics PS850
system (Biometrics, Britain). The EMG data were sampled
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Fig. 10. ZMP movement during the gait training. The red line depicts the
reference position. The blue line shows the real position. The gray region
represents the support surface range. (a) Movement in the sagittal axis
direction. (b) Movement in the coronal axis direction.

at 1000 Hz frequency. The raw EMG signals were band-pass
filtered (20–450 Hz) in the electromyography system, rectified,
and low-pass filtered (fourth-order Butterworth, 6 Hz cut-off
frequency) in MATLAB (MathWorks). The muscle activity
was presented as a percentage of the maximum voluntary
isometric contraction (% MVIC). Accordingly, 100% MVIC
of the muscles was measured according to [33]. The EMG
data collected during the exercise were normalized to their
muscles’ respective MVIC trials and expressed as % MVIC.
The average of the normalized data of the eight muscles was
used as the evaluation index for the muscle activity of the
lower limb during the exercise and expressed as % MVIC.

The final results were reported in the form of the mean ±

standard error of the mean (SEM) as shown in Table III. The
muscle activities of the subjects’ low limbs while performing
the three movements of squatting, tilting, and walking without
exoskeleton were 47.17±3.64%MVIC, 42.94±5.28%MVIC,
and 58.55±4.42%MVIC, respectively, while those of the

TABLE III
RANGE OF MOTION OF EACH JOINT OF THE HUMAN LOWER LIMB

Fig. 11. Test scheme and position of the EMG electrodes.

Fig. 12. Muscle activities of the lower limb under different lateral walking
conditions.

subjects’ low limbs under the assistance of an exoskele-
ton were 31.91±5.56%MVIC, 31.73±3.06%MVIC, and
45.36±7.16%MVIC, respectively. Compared to the case
without an exoskeleton, muscle activity reductions were
observed during squatting (32.3%), tilting (26.1%), and walk-
ing (22.5%).

V. DISCUSSION

The exoskeleton-assisted rehabilitation training has
immense potential in aiding the recovery of patients with
SCI and improving their quality of life. The ability to
perform multiple rehabilitation movements in the self-balance
mode plays a vital role in improving the efficiency of
the exoskeleton-assisted rehabilitation [34]. This work
presented a self-balancing exoskeleton designed to aid in the
rehabilitation training of individuals with SCI. We designed
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TABLE IV
MUSCLE ACTIVITIES OF THE LOWER LIMBS

UNDER DIFFERENT CONDITIONS

the exoskeleton with a biomimetic structure to ensure that
it provides appropriate assistance to the patient’s joints and
avoid the discomfort caused by the axial deviation during
the rehabilitation training. We also raised the CoM of the
exoskeleton. In addition, a physical parameter-independent
controller based on the CoM modification was designed
to enable AutoLEE-II to maintain balance during walking.
This controller can adapt to patients with different physical
parameters. In the balance rehabilitation training experiment,
the range of motion of each exoskeleton joint fell within
the range of motion of the human joints. The human body
ZMP moved up to 8.2 and 13.1 cm on the x and y axes,
respectively. Meanwhile, in the walking rehabilitation training
experiment, the minimum distance of the ZMP from the
support surface boundary was 4.5 and 3.3 cm on the x and y
axes, respectively. The ZMP consistently remained within the
support surface boundary, reflecting the exoskeleton walking
stability. The experiments proved that wearing the exoskeleton
can reduce the lower limb muscle activity by approximately
20–30% when performing the same rehabilitation exercises.

A. Performance Improvement
Compared to physical therapy done by a rehabilita-

tion therapist and the non-self-balancing exoskeleton-assisted
rehabilitation training, the self-balancing exoskeleton-assisted
rehabilitation training is safer and more effective [35] because
patients with an impaired balance can participate in their
rehabilitation training while standing with the assistance of the
self-balancing exoskeleton. The self-balancing exoskeleton’s
ability to maintain balance extends the range of the patient’s
CoM movement during the balance rehabilitation training.
Nick Birch et al. examined the feasibility and the effectiveness
of utilizing self-balancing exoskeletons to assist patients in
rehabilitation training. Their results showed that the utilization
of self-balancing exoskeletons for ambulation and exercise is
feasible and safe for individuals with SCI [6].

There are currently four self-balancing exoskeletons
available worldwide: REX, Atalante, AutoLEE-II and a
self-balancing exoskeleton developed by University of Science
and Technology of China [11], [12], [36] Compared to REX,
AutoLEE-II has more DOFs for performing various actions,
including turning, which REX cannot achieve. Unlike the
control strategy of REX, that of AutoLEE-II incorporates
compliant elements that results in the reduction of the impact
force between the exoskeleton and the ground and improves

the exoskeleton’s balance capability. Compared to Atalante,
the biomimetic structure of AutoLEE-II eliminates the axial
deviation and improves user comfort during the operation [13].
The control strategy of AutoLEE-II can also adapt to patients
with different physical parameters. AutoLEE-II can adapt to
subjects with weights at least ranging from 50-73kg. The
human-in-the-loop cooperative controller designed by Li [36]
can only adapt to weight around 65-75kg. Thus, AutoLEE-II
is robust to various wearers with different physical parameters.

B. Limitations and Future Work
Although various self-balancing rehabilitation movements

assisted by self-balancing exoskeletons have been achieved,
this work still has limitations. AutoLEE-II lacks the capability
to generate personalized gait based on the patient’s specific
physical parameters and needs, including height, weight and
walking habits. In the future work, we will focus on designing
personalized gaits, accounting for individual patients’ body
parameters, recovery stages, and walking habits while ensuring
the exoskeleton’s capability for self-balanced walking. Reha-
bilitation training experiments involving patients will also be
conducted.

VI. CONCLUSION

This work presents a self-balancing exoskeleton designed
to aid SCI patients in their rehabilitation training and designs
a biomimetic structure and physical parameter-independent
controller. The stability of the control strategy is evaluated.
The influence of the exoskeleton on the muscle activity of
the subjects during rehabilitation training is also verified. The
experiment validated the exoskeleton’s ability to maintain bal-
ance during rehabilitation training and the feasibility of using
the exoskeleton to assist patients in rehabilitation training. The
experiments proved that wearing the exoskeleton can reduce
the lower limb muscle activity by approximately 20–30%
when performing the same rehabilitation exercises.
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