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ABSTRACT Common gait deviations in cerebral palsy can be divided into spastic hemiplegia and spastic
diplegia gait patterns. These gait deviations require the use of a large amount of data obtained by clinical gait
analysis through video, kinematic, kinetic, electromyographic sensors, and plantar pressure data to assess
patient gait characteristics. In this paper, we use predictive forward dynamics to investigate the effects of
the biarticular hamstrings (HAMS), gastrocnemius (GAS) and biceps femoris short head (BFSH) on the
knee joint in gait cycle. We attempted to explore the characteristics for reproducing the patient’s gait by
modifying the parameters of model muscles. We applied mild, moderate and severe muscle weakness or
contracture to the HAMS, GAS and BFSH muscle groups, respectively, and trained the model to walk at
a self-selected speed, showing that with the more severe contracture, the non-swinging phase presented
more severe knee hyperflexion and stronger knee torque, and the sensitivity for change is ranked by
GAS>BFSH>HAMS. In swing phase, HAMS and GAS contractures aggravate the knee angle, whereas
contractures of BFSH have a weak effect on knee angle. Mild HAMS muscle weakness accelerated walking
speed, while moderate and severe HAMS muscle weakness hindered walking speed instead. BFSH muscle
weakness is more sensitive to knee joint torque. Finally, a variable parameter impedance controller for
the lower limb exoskeleton rehabilitation robot is developed. We apply the knee joint angle and torque
parameters optimized by predictive forward dynamics simulation as the expected values for the robot to
achieve customized tuning of the motion trajectory for the exoskeleton rehabilitation robot and meet the
different rehabilitation stages.

INDEX TERMS Knee dyskinesia walking gait, predictive forward dynamic, impedance controller, lower-

limb rehabilitation exoskeleton robot.

I. INTRODUCTION

Patients with neurological disorders caused by disease or
injury, such as stroke and spinal cord injury, commonly
present with muscle weakness or contractures which lead
to lower extremity dyskinesia [1]. Pathological gait with
irregular muscle groups directly causes insufficient force or
torque in the lower limb joints [2]. Song and Geyer [3]
found that due to muscle-related changes, a slower preferred
walking speed emerged in elderly people as they improved
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their walking ability. Common gait deviations in cerebral
palsy can be divided into gait patterns of spastic hemiplegia
(drop foot, horseshoe in different knee positions) and spastic
diplegia (true horseshoe, jumping, pronounced horseshoe and
squatting) [4]. Traditional rehabilitation is not only physically
exhausting for the therapist, but 44% of the patients who
are rehabilitated by physiotherapy will have future prob-
lems [5]. Campbell and Trudel [6] investigated the asso-
ciations between knee flexion contracture with a range of
extension, function, pain, and stiffness of the contralateral
knee. Rose et al. [7] found no significant relationship between
time and body mass index for worsening knee flexion range,
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knee flexion in intermediate stance, peak knee extension
in stance and hamstring length, and improvement in mean
and maximum hip rotation in children with bilateral cere-
bral palsy and no history of orthopedic surgery in their gait
analysis. By using robotic-assisted rehabilitation devices, it is
possible to reduce the intensive work as well as to facilitate
the customization of rehabilitation based on the diagnosis of
the data obtained [8].

To obtain the reference trajectory, Chen et al. [9] applied a
motion capture system to acquisition the 3D kinematic data
from the lower body for normal walking of healthy people.
Moreover, the joint angles at special timing were derived
from the human exoskeleton system (HES) leg geometry
constraints. They also modified the designed reference tra-
jectories, such as gait period and amplitude, for different
wearers according to their physical characteristics. However,
it is a challenge to determine these characteristics, not to
mention determining the gait reference trajectory for patients
with pathological gait. It was found that inertial or optical
motion capture sensors lack accuracy when estimating joint
angles during motion capture, which could lead to incorrect
data interpretation. Therefore, Tannonus et al. [10] proposed
fusion between inertial and visual motion capture sensors to
improve the estimation accuracy of joint angles. In another
study, Zheng et al. used a human motion capture system:
four high-speed cameras, a testbed, and a computer system to
study the stability of the exoskeleton robot’s climbing posture
using an effective data acquisition area in the view of two
high-speed cameras [11].

The biartical HAMS and the monoarticular GAS and
BFSH muscle groups play the most significant role in knee
motion during the walking gait cycle [1], [12], [13]. Weakness
and contractures of these muscle groups usually occur in con-
ditions such as cerebral palsy, stroke and secondary dysfunc-
tion after knee osteoarthritis surgery [14]-[16]. Carmichael
Ong et al. [1] applied the predictive dynamics simulation
method to investigate how SOL and GAS muscles affect the
plantarflexor of the ankle joint and generalized the relation-
ship between them. Jonkers and De Groote et al. [17] evalu-
ated how gastrocnemius hyperreflexia affects gait kinematics
by using predictive simulations.

In this paper, we model pathological gait by predicting
forward dynamics, using minimizing the total cost of trans-
port within a self-selected speed while ensuring head stability
as a high-level goal. The gait controller utilizes a combination
of state machines and low-level control laws to determine
the excitation, calculate the optimal motion trajectory to per-
form a given task. We attempted to explore the character-
istics for reproducing the patient’s gait just by modifying
the parameters of model muscles. Therefore, mild, moderate
and severe muscle weakness or contractures were applied
to the HAMS, GAS and BFSH muscle groups, respectively,
and the models were trained to walk at self-selected speeds.
Finally, we developed an impedance control model for the
lower limb exoskeleton rehabilitation robot: we adopted the
knee joint angle and torque parameters optimized by using
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predictive forward dynamics simulation as the expected val-
ues for the robot in order to achieve customized tuning for the
robot motion trajectory. The framework not only realizes pro-
gressive rehabilitation training but also reduces the wearer’s
resistance.

Il. METHODS

Our control framework consists of a predictive forward simu-
lation framework and a lower limb exoskeleton rehabilitation
robot based on a variable impedance controller (see Fig. 1).
The neural model used in the predictive forward simula-
tion platform is a closed-loop controller. The excitation is
based on the following information from the sensor feedback:
Joint position/velocity with PD control, the muscle spindles
model adopts the Hill-type [16], [18], and the neural delay.
Our musculoskeletal model uses Carmichael F. Ong’s [1]
18 Hill-type muscle-tendon units (MTU), nine for each leg.
We implement the musculoskeletal model in OpenSim 3.3
(NCSRR, USA) and the predictive forward simulation in
Simulated Controller Optimization environment (SCONE,
https://scone.software). The kinematics and kinetics mod-
eling for lower limb exoskeleton rehabilitation robot, and
the design of impedance controller are implemented using
MATLAB (MathWorks, Natick, Massachusetts, USA).

A. OVERVIEW OF THE FRAMEWORK

The predictive forward simulation framework has three main
data files: Model.osim, InitialFile.par and Measures.scone
(see Fig. 1). The model files are the muscle-tendon geometry
and the muscle-tendon actuated model, and the initialization
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FIGURE 1. Flow chart of lower limb exoskeleton rehabilitation robot
framework based on predictive forward simulation. The yellow blocks
indicate the stored files of the model. The blue lines represent the need
for human intervention and manipulation. In this paper, one of the main
tasks is to establish the modification rules for the knee joint in gait cycle.
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files defined the initial values and thresholds of parameters.
For instance, by changing the pelvis velocity along the x-axis
direction, it is possible to have the model walk at different
speeds.

Hence, the model speed range can be changed in the
Measures.scone file, which can be optimized based on the
parameters, and the model can self-adjust the speed. The file
Model.osim is modified in OpenSim 3.3, and all other com-
ponents are called and executed in SCONE. InitialFile.par
stored 90 free parameters, due to the CMA-ES of gait con-
troller may take tens of hours to optimize the new model,
hence, we perform pre-optimize before optimizing, and use
the optimized parameters as the InitialFile.par for the new
model, and the result show that it dramatically reduced the
optimization scope and the optimization time.

The lower limb exoskeleton rehabilitation robot based on
variable parameter impedance controller is mainly composed
of robot kinematics and dynamics modeling, impedance con-
troller design and parameter tuning. The yellow blocks (see
Fig. 1) indicate the stored files of the model. The blue lines
represent the need for human intervention and manipulation.
In this paper, one of the main tasks is to establish the modi-
fication rules for the knee joint in gait cycle. The predictive
simulation of knee joint motion for different pathological gait
patterns can be thus reproduced, so that customized pattern
adjustment of the exoskeleton robot is achieved. The phys-
iotherapist increases the bias value based on this simulation
pattern, allowing the rehabilitation robot to gradually train the
affected limb and avoid secondary damage to the patient.

B. MODELING

The predictive forward dynamics simulation framework
relies on a musculoskeletal model. We use OpenSim 3.3
to implement the development and parameterization for the
musculoskeletal model. To model the human lower limb
motion more realistically, our exoskeleton robot designed the
center of gravity of the rod in [19] at the center of the rod
instead of at the joint.

1) MUSCULOSKELETAL MODEL

The musculoskeletal model used for the predictive dynamic
simulation is based on an adult, 1.8m height and 75.2kg
weight, used to simulate lower limb gait. The musculoskeletal
geometry uses a trunk and two three-segment legs (see Fig. 2)
to present the human body which is a muscle reflex model
proposed by Geyer and Herr [20].

Considering the peak isometric forces, the muscle groups
with similar functions in the lower limbs were combined into
one MTU, so we obtained 9 MTU representing each leg:
gluteus maximus (GMAX), biarticular hamstrings (HAMS),
iliopsoas (ILPSO), rectus femoris (RF), vastus (VAS), biceps
femoris short head (BFSH), gastrocnemius (GAS), soleus
(SOL), and tibialis anterior (TA) [21]-[23]. The tendon slack
length for each MTU was calculated using experimental
data [23]. Previous studies in [24], [25] found that represent-
ing muscle paths as a single line tends to overestimate length
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FIGURE 2. Predictive forward framework for dynamic optimization.
Relationship between gait controller, muscle model, contact model,
measurement feedback and forward simulation. We implement
musculoskeletal model in OpenSim 3.3 and use SCONE for forward
prediction simulation.

changes, so we set the maximum muscle fiber contraction
velocity to 15 optimal fiber lengths per second (/' /s). The
tendons are modeled as nonlinear springs that generate torque
when the joint is hyperflexed or hyperextended. Ligaments
generate torque when the hip is flexed over 120° or extended
over 30°, the knee is flexed over 140° or extended over 0°, the
ankle is dorsiflexed over 20° or plantarflexed over 40° [1].

We apply the Hill-type model [15] with three elements in
each MTU model: contractile element (CE), parallel-elastic
element (PE), and serial-elastic element (SE) (see Fig. 3). The
following relations hold true for our model:

FMT = FT = FMCOSO[, (1)
Fr = kr (Lyur — Ly cosa — Lgr) , 2
Fy = afi (La) fo (L) + fee (Lu) 3)

ary1 = 100h (u; — ar) + ar, 4)

where Fyr, Fr and F); are complete musculotendi-
nous actuator, tendon force and muscle force, respectively.
Ly, Ly, Lst are the complete length of the model unit,
muscle length and tendon slack length. k7 denotes the ten-
don stiffness properties. Muscle excitation, u, represents the
neural signals from the central nervous system and is a value
between 0 and 1, representing the discharge rate of neurons.
The excitation-activation model is represented by the first-
order delay of equation (4). The model used the time delay
(t4) parameters of [1].

For all positive feedback and PD control laws, the parame-
ter for time delay, is set for each muscle depending on the
most proximal joint over which the muscle crosses based
on values from previous simulation work using reflex-based
controls [20], [26]: time delay is Sms for the hip, 10ms for
the knee, and 20ms for the ankle. The time delays of 20ms,
10ms, and Sms represent long, medium and short neural
signal delays. They are not tuned but estimated from the time
gaps between M-wave and H-wave of H-reflex experiments
(for details see [27]). When considered with a first-order
activation time constant of 10ms, this delay better represents
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the short-latency TA suppression (56 to 74 ms) observed in
experiments [28]. Muscle activations are calculated from the
muscle excitations using a first-order dynamic model, with
activation and deactivation time constants of 10ms and 40ms,
respectively [29]. Muscle activation, a, and muscle excitation
are represented by the differential equation (4), where A is
the step size (1/2400s), a; and u; denote the muscle acti-
vation and excitation values at the ¢-th timestep. fpr (Ly)
is passive-element force-length curve [30] for inputs that
are not normalized. The relationship between muscle force-
muscle fiber length, f; (Las), and muscle force-muscle fiber
length velocity, f, (LM), is based on the relevant conclusions
of [30], [31].

Fr

[

Lycos(a) Ly
Lun

A

A 4

Muscle Tendon

FIGURE 3. The architecture of the adopted Hill-type muscle-tendon
actuator model. PE is the passive elastic element, CE is the muscle
contractile element, and SE is the serial-elastic element that represents
the tendon. F; is the complete musculotendinous actuator. Ly, Ly, are
the complete length of the model unit and muscle length.

2) KINEMATIC AND KINETIC MODELING FOR LOWER LIMB
EXOSKELETON REHABILITATION ROBOT

The lower limb exoskeleton rehabilitation robot system is
a complex nonlinear highly coupled dynamic system [32].
The model of the robot has three parts: robot kinematics
model, dynamics model and variable parameter impedance
controller.

FIGURE 4. Two link model for dynamic analysis of lower limb exoskeleton
robot. It includes link lengths (/;, I,), the center of gravity for link lengths
(Ic1» Ic2), the approximate mass of the lower limbs (m;, m,), the angles
between the rotational point (g, g,), counterclockwise negative.
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TABLE 1. Parameters for simulation.

Notation Thigh(i = 1) Shank(i = 2)
Length(m) l; 0.4 0.5
Center of gravity
length(m) Lei 0.2 0.23
Mass(kg) m; 8 4
Inertia(kg - m?) I; 0.32 0.2

Planar mechanical structure with two rotating joints (see
Fig. 4). The notation is solved by: for i = 1,2, g; denotes
the joint turning angle, which is also used as a generalized
coordinate, m; denotes the mass of link 7, /; denotes the length
of link i, I, denotes the distance between the previous joint
and the center of mass of link i, and I; denotes the rotational
inertia of link 7 about the axis that passes through its center of
mass and points out of paper.

We use the Denavit-Hartenberg joint variables as gener-
alized coordinates and thus are able to efficiently derive the
Jacobian matrix expressions to calculate the kinetic energy as

=J, ¢
Vel vfl? )
Ve2 = JVL.zq,
with:
—lsingy O
Jo, = | leicosqy 0 |, (6)
0 0
—lising) — leasin (g1 + q2)  —lasin(q1 + q2)
Jooo = | hicosqr +lcacos (q1 +q2)  lacos (q1 + q2)

0 0
(N

The inertia matrix is

L+h I
D(q) — mIJv];IJVcl —+ szvTchvl,z + |: 1 12 2 I§i| ’ (8)

cosacosf + sinasinf = cos(a — B)
2 .2 )
cos“0 + sin“0 =1,
equation (8) combined with the trigonometric constant equa-
tion (9) is obtained as
ml2 +my (IF + 15, + 2L heosqy) + I + I
my (132 + lllczcosqz) + 1
my (132 + [ lczcosqz) + 1
mzlfz + I

D(q)=[

} . (10)

Calculating the Christoffel symbols, we get

.. [ —0.4gasings  —0.4sing2(q1 + ¢2)
Cla.9 = |: 0.441sing 0 - b

The gravity moment vector g (¢) is given by

(my1 + my) licosqr + malacos(qr + g2)
= .12
8@ [ malrcos(q1 + q2) (12)
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FIGURE 5. The gait controller combines state machines and low-level control laws to determine the excitation, using the right leg as an example.

The dynamic equation of the lower limb exoskeleton reha-
bilitation robot is

t=D(@4+C(q.9q+8(qQ + 1, (13)

where ¢ € R? is the angular displacement of the joint,
D (q) € R?*2 is the inertia matrix of the robot, C (¢, §) € R>
denotes the Centrifugal and Coriolis forces, g (q) € R? is the
gravity term, T € R? is the control torque and 7; € R? is
the applied perturbation. Simulation parameters for the robot
(see Table 1).

C. CONTROLLER

1) GAIT CONTROLLER FOR PREDICTIVE FORWARD
SIMULATION FRAMEWORK

We trained a planar musculoskeletal model actuated by 18
MTU actuators to walk by optimizing the parameters of a gait
controller. The parameters are evaluated using a combination
of high-level state machines and low-level control laws to
calculate muscle excitation. The high-level state machine has
two states in stance: early stance (ES), mild stance (MS), and
three states in swing: pre-swing (PS), swing (S), and landing
preparation (LP). Five transitions are generated between the
five states, where the transitions associated with landing and
standing are determined by comparing the ground reaction
force of the ipsilateral foot to the threshold. In contrast, the
transitions related to swing are determined by comparing the
horizontal distance of the ipsilateral foot from the pelvis to
the threshold. The five transitions are ES to MS, where the
horizontal distance between the ipsilateral foot and the pelvis
is less than the threshold; PS to S, where the ground reaction
force of the ipsilateral foot is below the threshold; S to LP,
where the horizontal distance between the ipsilateral foot
and the pelvis is greater than the threshold; LP to ES, the
ground reaction force of the ipsilateral foot is greater than
the threshold; MS to PS, which is not controlled by the free
parameter, occurred when the contralateral leg entered the ES
state. The transition for each state is determined by the activa-
tion of the low-level control law. The low-level control laws
include signal constants, feedback based on muscle length,
muscle velocity and muscle force, and PD control based on
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the pelvic tilt angle. The positive and negative feedback is
denoted by (+) and (-), respectively (see Fig. 5).

In the low-level control laws, given the MTU model, the
positive force feedback law, positive length feedback law,
positive length velocity feedback law and Muscle-driven PD
control law are defined as

ur+ = £KpiFyr (1 — tg), (14)
Uy = max (0, Kit [ZM (t —1g) — LO]) .35
Uy = max (0, Ky [ZM (t — zd)]) , (16)

upp = Kpl6 (t — t5) — O] +Ky[0(t — )], (17)

where Fyr (t —tg), Ly (t —t7) and Ly (t —tg) are the MT
model force normalized by Fyr, Ly and LM with a time-
delay of t;, respectively. Kp, Ky, 8, are proportional coef-
ficients, differential coefficients and joint angles of the PD
controller, respectively. PD controller is to ensure the stability
of the controlled joint movement. The objective function, J,
quantified high-level tasks of walking:

J = wcordcor + U)spdjspd ~+ WheadJhead » (18)

The goal is to minimize the gross cost of transport (J.,)
within the specified speed (Jsp4), while ensuring head (Jpeaq)
stability. To balance the competitive objectives, the weights
were manually adjusted to the following values [1]: w¢o; =
lkg/J, wgpa = 10000s~!, wheaa = 0.25s3/m>. These
weights determine the priority of the solution, that is, the
contribution of the Jp.qq term is greater than the contribution
of Jspa, while ensuring that J¢,, is minimal.

The forward dynamics model for gait controller consists
of 70 free optimization parameters, 16 joint offset, four range
thresholds and load thresholds for swing and stance, respec-
tively [33]. The gait controller is implemented in SCONE,
including leg states update, target features update and compu-
tation of the excitation signal (simulating the central nervous
system), with output as u(t — t4). The gait controller com-
putes muscle excitations, u(t), for a musculoskeletal model
to generate a forward simulation. Sensory feedback, based
on the model’s muscle and joint states, is used in a feedback
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loop with the gait controller. The objective function quanti-
fies the performance of each simulation, and a Covariance
Matrix Adaptation Evolutionary Strategy (CMA-ES) opti-
mization method updates the values of the variables in the
optimization (see Fig. 2).

2) VARIABLE PARAMETER IMPEDANCE

CONTROLLER FOR ROBOT

The lower limb exoskeleton rehabilitation robot system is
a complex nonlinear highly coupled dynamic system [32].
The wearable lower extremity rehabilitation exoskeleton is a
human-machine interactive robotic system, thus requiring not
only the wearer to be comfortable, but the physiotherapist can
adjust the robot’s damping force and stiffness force according
to the patient’s rehabilitation level. The impedance control
relationship is

ME + BE + KE = —F,, (19)

where, F, represents the contact force with the environment,
g = —F,. M, B, and K denote the inertia matrix of the
impedance model, damping matrix and stiffness matrix of the
robot, respectively [34]. E denotes the error between actual
position and desire position (E = g4 — g). Considering that
the rehabilitation robot we developed is mainly used in the
passive training stage of the primary training for the affected
limb. Owing to the relatively gentle and comparatively small
joint angular accelerations during this training stage, the iner-
tia matrix D (q) of the robot kinematics and the inertia matrix
M of the impedance model are considered equal. Thus, when
equation (13) is applied to the external environmental forces
to obtain weakly coupled impedance control in joint space,
as shown in the following nonlinear equation:

1 =C (3.9 §+g(q) — Bag + K4E, (20)

where, ¢ € R? is the joint angular displacement of the joint.
qp € R? is the desired value of joint angular displacement
and. g (q) € R? is the gravity term. By € R? is the desired

C(q,9)q+g(q)

FIGURE 6. Architectural framework of variable impedance PD controller
based on predictive assessment. The input to the control system is the
predicted joint angles and torque after the optimization [35]. In the
exoskeleton robot model, we assume that the masses, lengths and
momentum of Inertia for shank and thigh are 8kg, 0.5m and 0.4kgm?,
respectively.

VOLUME 9, 2021

damping matrix. K; € R? is the desired stiffness matrix. By
and K, are generated by the variable impedance controller
(see Fig. 6). Equation (20) is a simplified spring-damped first-
order dynamic system via a second-order system consist-
ing of spring-damped-mass. This processing eliminates the
torque feedback term and holds the possibility for subsequent
simplification of the robot hardware.

The red dotted box (see Fig. 6) shows the exoskeleton
robot hip and knee joints both applying the impedance control
of equation (20). The variable impedance controller in the
black dotted box (see Fig. 6) allows the physiotherapist to
adjust the impedance parameters K; and B; according to the
rehabilitation training needs. For example, the physiothera-
pist can increase the damping coefficient when active training
of the affected limb is required, and similarly, the elasticity
coefficient can be increased when the robot is required to
drive the affected limb for passive training. The rules for
determining the impedance parameters will be investigated
in our next work.

Ill. RESULTS AND DISCUSSION
A. VALIDATING THE MODEL'S GAIT OVER

A RANGE OF SPEEDS

We validated the ability of the predictive forward model
and applied the optimization framework to capture the walk-
ing trends at four different speeds: three prescribed speeds
0.6 m/s, 1 m/s and 1.4 m/s, and a self-selected speed. Individ-
ual comparisons of each speed with the experimental data of
Schwartz et al. [36] are (see Fig. 7).

The simulated kinematic and kinetic adaptations, joint
angles matched the trends observed in the experimental
data [36], [37]. The optimized gait generated by walking at
a constant speed of 0.6 m/s had significantly larger hip (see
Fig. 7a) and knee angles (see Fig. 7b) in the late swing phase.
At the prescribed speed of 1 m/s, the hip and knee angles were
essentially the same as the self-selected speed in gait cycle,
but in the pre-swing phase, the knee angles (see Fig. 7b)
were smaller compared to the experimental data. With the
prescribed speed of 1.4 m/s, the hip joint angle (see Fig. 7a)
was out of range in the pre-swing phase and the knee joint (see
Fig. 7b) entered flexion earlier, indicating that the optimized
gait speed was increased.

Overall, the generated optimized gait for walking at a
constant speed of 0.6 m/s exhibited greater angles at the
hip, knee, and ankle joints than the other three speed pat-
terns in gait cycle. The self-selected speed was the optimized
gait generated by setting the initial speed in the range of
(0.5-1.5 m/s). The trend for the self-selected gait was most
similar to the prescribed speed of 1 m/s. In addition, the ankle
joint (see Fig. 7c) of our model showed a significant early
entry into dorsiflexion compared to the experimental data.
However, this paper mainly focuses on finding the impacts of
HAMS, GAS and BFSH on the knee joint. Therefore, it has
no influence on the subsequent study.

This indicates that the magnitude of the prescribed speed
is not necessarily related to the change of each joint angle
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FIGURE 7. Validating the model’s gait over a range of speeds. Three prescribed speeds 0.6 m/s
(red), 1 m/s (blue) and 1.4 m/s (green), and a self-selected speed (black) were analyzed. Joint
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FIGURE 9. Validation for knee joint in gait cycle with muscle weakness. Knee kinematics and kinetics with normal
(red), mild (blue), moderate (green) and severe (purple) weakness in HAMS, GAS and BFSH, respectively, are compared
with the experimental data (gray area) collected by Florent et al. [37]. The gait for knee angles (left column) and knee
moments (right column) are plotted with different severities of muscle weakness.

TABLE 2. The impact of contracture or weakness for HAMS, GAS and BFSH on knee joint in gait cycle.

Contracture Weakness
Lower limb Knee
ES MS PS S LP Speed ES MS PS S LP Speed
Angle 3+ 3+ 3+ 3+ 3+ 0 0 2+ 2+ 1-
Mild 0 2+
Moment 2+ 1+ 3+ 1- 0 1- 0 1+ 2- 0
Angle 1+ 1+ 2- 3+ 2+ 0 0 0 2+ 2+
HAMS Mod 1- 2-
Moment 2+ 1+ 3+ 2- 0 2- 0 1+ 1+ 0
Angle 3+ 0 0 3- 2+ 0 0 0 2+ 2+
Sev 2- 2-
Moment 3+ 1+ 3+ 1- 0 2- 0 1+ 1+ 0
Angle 3+ 3+ 3+ 0 3+ 2+ 2+ 2+ 1+ 2+
Mild 2- 0
Moment 1+ 2+ 2+ 2- 0 2+ 0 0 1- 0
Angle 3+ 2+ 3+ 2+ 3+ 2+ 2+ 1+ 2+
GAS Mod 0 0
Moment 2+ 3+ 2+ 2- 0 1+ 0 1- 0
Angle 3+ 3+ 3+ 2+ 3+ 2+ 2+ 0 2+ 2+
Sev 1- 0
Moment 3+ 3+ 3+ 2- 0 1+ 0 1- 1+ 0
Angle 3+ 1+ 1+ 1- 2+ 0 0 1+ 0 1-
Mild 0 0
Moment 3+ 0 2+ 2- 0 3- 3- 3- 3- 2-
Angle 2+ 2+ 2+ 0 1+ 0 0 1+
BFSH Mod 2- 0
Moment 2+ 2+ 2+ 1- 0 0 1+ 2+
Angle 3+ 3+ 3+ 0 3+ 0 0 0 1-
Sev 1- 1+
Moment 3+ 3+ 3+ 2- 2+ 2- 2- 1- 2- 2-

+ represents the enhancement effect; - represents obstruction; the number indicates the intensity.
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in the optimized gait. The self-selected speed could find a
solution to the optimization framework and be insensitive to
the initial guesses. So, we subsequently used self-selected
speed to validate the relationship between HAMS, GAS and
BFSH and knee joint.

The previous results gave us confidence in the forward
predictive model. We then used the framework to study how
the HAMS, GAS and BFSH muscle groups act on the knee
joint in gait cycles under contracture or muscle weakness.
We modified the optimal fiber lengths of the HAMS, GAS,
and BFSH muscles in the musculoskeletal model to 85%,
70%, and 55% of their original value, respectively, repre-
sented by mild, moderate, and severe degrees of contracture.
Similarly, we modified the maximum isometric forces of
these three muscle groups to 25%, 12.5%, and 6.25% of
their original value, respectively, and expressed them as mild,
moderate, and severe muscle weakness, respectively. Angle
simulation with muscle contracture demonstrates that when
different degrees of contracture is applied to HAMS (see
Fig. 8a), GAS (see Fig. 8b) and BFSH (see Fig. 8c), the knee
joint exhibits hyperflexion during the contact phase with the
ground, and the degree of sensitivity from strong to weak is
GAS>BFSH>HAMS. Contractures of HAMS (see Fig. 8a)
and GAS (see Fig. 8b) results in knee hyperflexion during the
swing phase, but it is noted that when the HAMS contracture
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is severe (see Fig. 8a), the knee flexion during the swing
phase is instead significantly relieved. The more severe GAS
contracture (see Fig. 8b), the more severe knee flexion. The
moment simulation results indicate (see Figs. 8(d)-(f)) that all
three muscle contractures cause the knee torque to increase,
and as the contracture becomes more severe, the knee torque
becomes greater. Muscle weakness in the GAS (see Fig. 9b)
and BFSH (see Fig. 9c) muscle groups had little effect on
knee flexion, but mild muscle weakness in the HAMS (see
Fig. 9a) had an accelerating effect on walking speed, while
moderate and severe HAMS muscle weakness hindered walk-
ing speed instead. The effect of muscle weakness in BFSH is
more sensitive to the knee moment (see Fig. 9f ): the more
severe the muscle weakness of BFSH, the weaker the knee
moment in the whole gait cycle.

On the basis of these results, we assessed the level of
influence by HAMS, GAS and BFSH muscle groups on
knee joints in gait cycle (see Table 2). (+) represents the
enhancement effect, (-) represents obstruction. The number
indicates the intensity. The larger the number, the heavier the
impact. The assessment reference value reflects the extent of
impact by HAMS, GAS and BFSH muscle groups on knee
joint in gait cycle.

The physical therapist is able to modify the MTU
parameters in the predictive forward simulation framework
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referencing Table 2. The contracture effect of the MTU actu-
ators is obtained by modifying the optimal fiber length of
the muscle model, similarly, the muscle weakness effect of
the MTU actuators is obtained by modifying the maximum
isometric force of the muscle model. It is experimentally
demonstrated that each change in MTU parameters has a
different effect on the optimization of knee gait. We aim
to reproduce the gait simulation of the affected limb using
the forward predictive simulation framework to obtain real-
time data on knee joint angle and knee joint moment in gait
cycle. The parameters modified by the physiotherapist are
used as the desired values for the lower limb exoskeleton
rehabilitation robot controller to realize the robot’s spatial
motion to track the movement of the affected limb offline.
In addition, physiotherapists can adjust the damping and
stiffness parameters offline through the patient’s condition,
so that the robot can not only quickly follow the affected
limb trajectory, but also adjust the damping force and stiff-
ness force to realize active rehabilitation training or passive
rehabilitation training.

B. EXPERIMENTAL VALIDATION OF MUSCLE ACTIVATION
In the gait cycle, muscle actuators are directly reflected by
muscle activation on its surface [26]. Therefore, we col-
lected experimental data on muscle activation in the HAMS,
GAS and BFSH muscle groups of the normal human right
leg in gait cycle. The height and weight of the subject are
approximately 175 cm and 80 kg, respectively. Electromyo-
grams (EMG) sensor use DTing XSO1 type dry electrode
biosensor (see Fig. 10) and the sampling frequency is
1000 HZ, the signal-to-noise ratio is 59.5 dB, the sampling
accuracy is 12Bit, the amplification is 700 times. DTing XS01
is easy to measure but not easily fixed to the skin. Therefore,
we fix the sensor with nylon straps and tape to avoid relative
displacement to the skin. The EMG sensor communicates
with the handheld device via Bluetooth in real-time to record
and generate image information.

Considering that the intensity of muscle activation
increases with exercise time, the surface EMG signal is
enhanced. Therefore, we intercepted the EMG signals of
these three muscle groups in the latter part of the experiment
for analysis, for it was found that the cycle changes of EMG
signals were relatively stable in the latter part of the experi-
ment (see Fig. 10). We then used the muscle on-off time to
indicate the muscle activation, and compared the binarized
processed EMG signals with simulated muscle activation
(normal gait, self-selected speed) (see Fig. 11).

The simulated muscle activity presented many of the sig-
nificant features observed in the experiments. During early
stance and landing preparation, it was the increase in body
weight that made the HAMS very active. In mid-stance,
when the knee joint needs to be driven to start flexion, the
GAS behaves quite actively. While the swinging phase, the
BFSH was active, allowing maximum knee flexion. There
were some differences between our simulated data and exper-
imental EMG, in which the activity of HAMS and BFSH
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FIGURE 11. Muscle activation in normal gait at self-selected speed.

during landing preparation was lower than the experimental
data. The activation sequence of the three muscle groups also
ensured a continuous flexion-extension of the knee joint in
gait cycle.

C. SIMULATION OF ROBOT KNEE JOINT TRACKING

The approximate clinical gait knee flexion angle and torque
parameters obtained using the predictive forward simulation
framework are used as inputs to the lower limb exoskele-
ton rehabilitation robot controller with variable impedance
parameters. The input values and impedance parameters
allowed for adjustment by the physiotherapist depending on
the rehabilitation situation.

We performed simulations for the variable parame-
ter impedance controller with gravity compensation in
MATLAB (MathWorks, Natick, Massachusetts, USA). Three
sets of impedance parameters (By = 10Ns/m, K; =
5000N /m, B4 = 50Ns/m, K; = 500N/m and By =
50Ns/m, K; = 5000N /m) were set and external sinusoidal
perturbations disturbance was applied during 35%-40% of
the gait cycle. The robot knee joint angle trajectory tracking
and torque tracking in gait cycle were obtained separately
(see Fig. 12).

The simulation results show that the knee joint angle tra-
jectory tracking and torque tracking of our established robot
controller model are effective. When external perturbations
are applied, both robot knee joint angle tracking and torque
tracking vary greatly with different impedance parameters.
Specifically, the large stiffness of the impedance controller
makes the robot knee joint angle tracking excellent in real-
time, and the large damping of the impedance controller
renders the robot knee joint show more obvious elasticity
when it receives external resistance.

The knee moment for the optimized gait is consistent with
the overall trend of the experimental data, however, between
35% and 45% of the gait cycle (from the right foot leaving the
ground to the start of swing). It might be caused by the error
between the model center of gravity and the normal human
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parameters obtained from the uninjured walking simulation (gray area)
are compared to the angular tracking (top) and moment tracking (bottom)
of the robot knee joint with three different impedance parameters,
Damping By (Ns/m) and Stiffness Ky (N/m).

model center of gravity position during the motion. During
80% to 100% of the gait cycle (from right heel touching the
ground to left toe off the ground), the simulation deviated
from the experiment, and the model trunk tilted forward
prematurely. The knee joint angle in the optimized gait of a
normal human is smaller than the experimental data in the
stance phase. The optimized model exhibited leg stiffness in
the stance phase, probably owing to the inadequate design
of the model muscle actuators, which could not mimic com-
pletely the effect of human lower limb muscle groups on the
knee joint.

IV. CONCLUSION

In this paper, a lower limb exoskeleton rehabilitation robot
framework based on predictive forward simulation was pro-
posed, which mainly consists of a clinical gait assessment
framework based on predictive simulation and a variable
parameter impedance robot control framework including
gravity compensation. The paper established a musculoskele-
tal model for predictive forward simulation and opted for
self-selected speed to investigate the impact relationships of
the model’s HAMS, GAS and BFSH muscle groups on the
knee joint in gait cycle, respectively. On this basis, it was
proposed that the parameters of the predictive simulation
muscle model were appropriately modified according to the
affected limb diagnosis combined with the impact relation-
ships of the model muscle groups on the knee joint to obtain
the simulation model and the optimized parameters of each
joint to obtain the maximum matching of the clinical gait.
Real-time parameters of knee joint angle and torque in gait
cycle were applied as the expected values of impedance con-
troller for exoskeleton rehabilitation robot in this paper, and
different angle trajectory tracking and torque tracking effects
of the robot were obtained by adjusting damping matrix and
stiffness matrix parameters of impedance controller.
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We developed an impedance controller with variable
parameters for the lower limb exoskeleton rehabilitation
robot. Although gravity compensation is taken into account,
we equate the inertia matrix of the impedance model and the
inertia matrix of the robot model, however, in the later stage
of rehabilitation training, the acceleration of the rehabilitation
robot will increase with the strength enhancement of the
affected limb, and the performance of our impedance con-
troller will decline. To achieve the ideal impedance control,
it is necessary to meet the requirements of obtaining real-time
feedback of the robot joint angle and joint angular veloc-
ity, real-time feedback of the robot joint torque, and torque
control of the robot. Therefore, our impedance controller
is only suitable for the early stage of rehabilitation when
the rehabilitation movement is slow. Actually, for the actual
robots, the selection of impedance parameters varies greatly
due to their different kinetic parameters. Our team is trying to
solve this problem. First, we intend to obtain the mechanical
impedance parameters based on online recognition. Then we
apply fuzzy neural networks to dynamically tune the target
impedance control parameters to adapt to the changes of
the affected limb. In addition, we also plan to design robust
adaptive PD controllers to achieve smooth trajectory tracking
for passive training modes in which the upper bound of the
perturbed signal is known. To realize the ideal impedance
control, we need to satisfy the requirements of obtaining
real-time feedback of the robot’s joint angle and joint angular
velocity, real-time feedback of the robot’s joint torque, and
the robot’s torque control. These are also the main contents
of our next work.

REFERENCES

[1] C. FE. Ong, T. Geijtenbeek, J. L. Hicks, and S. L. Delp, “Predicting gait
adaptations due to ankle plantarflexor muscle weakness and contracture
using physics-based musculoskeletal simulations,” PLoS Comput. Biol.,
vol. 15, no. 10, pp. 1-27, 2019.

[2] S.J. Olney and C. Richards, ‘“Hemiparetic gait following stroke. Part I:
Characteristics,” Gait Posture, vol. 4, no. 2, pp. 136-148, Apr. 1996.

[3] S. Song and H. Geyer, ‘“‘Predictive neuromechanical simulations indicate
why walking performance declines with ageing,” J. Physiol., vol. 596,
no. 7, pp. 1199-1210, Apr. 2018.

[4] S.Armand, G. Decoulon, and A. Bonnefoy-Mazure, ““Gait analysis in chil-
dren with cerebral palsy,” EFORT Open Rev., vol. 1, no. 12, pp. 448-460,
2016.

[5] J. R. Dettori, B. D. Pearson, C. J. Basmania, and W. M. Lednar, “Early
ankle mobilization, Part I: The immediate effect on acute, lateral ankle
sprains (a randomized clinical trial),” Mil. Med., vol. 159, no. 1, pp. 15-20,
Jan. 1994.

[6] T. M. Campbell and G. Trudel, ‘‘Knee flexion contracture associated with
a contracture and worse function of the contralateral knee: Data from
the osteoarthritis initiative,” Arch. Phys. Med. Rehabil., vol. 101, no. 4,
pp. 624-632, Apr. 2020.

[71 G.E.Rose, K. A. Lightbody, R. G. Ferguson, J. C. Walsh, and J. E. Robb,
“Natural history of flexed knee gait in diplegic cerebral palsy evaluated by
gait analysis in children who have not had surgery,” Gait Posture, vol. 31,
no. 3, pp. 351-354, Mar. 2010.

[8] B. Chen, H. Ma, L.-Y. Qin, F. Gao, K.-M. Chan, S.-W. Law, L. Qin,
and W.-H. Liao, “Recent developments and challenges of lower extremity
exoskeletons,” J. Orthopaedic Transl., vol. 5, pp. 26-37, Apr. 2016.

[9] B. Chen, C.-H. Zhong, X. Zhao, H. Ma, X. Guan, X. Li, F-Y. Lian,
J. C. Y. Cheng, L. Qin, S.-W. Law, and W.-H. Liao, ““A wearable exoskele-
ton suit for motion assistance to paralysed patients,” J. Orthopaedic
Transl., vol. 11, pp. 7-18, Oct. 2017.

VOLUME 9, 2021



Y. Wang et al.: Development of Exoskeleton Rehabilitation Robot Framework for Knee Joint

IEEE Access

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

H. Tannous, D. Istrate, A. Benlarbi-Delai, J. Sarrazin, D. Gamet,
M. C. H. B. Tho, and T. T. Dao, “A new multi-sensor fusion scheme to
improve the accuracy of knee flexion kinematics for functional rehabilita-
tion movements,” Sensors, vol. 16, no. 11, pp. 1-17, Nov. 2016.

Y. Zheng, P. Zhong, K. Liu, K. Yang, and Q. Yue, “‘Human motion capture
system based 3D reconstruction on rehabilitation assistance stability of
lower limb exoskeleton robot climbing upstairs posture,” IEEE Sensors
J., vol. 20, no. 20, pp. 11778-11786, Oct. 2020.

R. W. Jackson, C. L. Dembia, S. L. Delp, and S. H. Collins,
“Muscle-tendon mechanics explain unexpected effects of exoskeleton
assistance on metabolic rate during walking,” J. Exp. Biol., vol. 220, no. 11,
pp. 2082-2095, Jun. 2017.

R. G. Timmins, M. N. Bourne, A. J. Shield, M. D. Williams, C. Lorenzen,
and D. A. Opar, “Short biceps femoris fascicles and eccentric knee flexor
weakness increase the risk of hamstring injury in elite football (soc-
cer): A prospective cohort study,” Brit. J. Sports Med., vol. 50, no. 24,
pp. 1524-1535, Dec. 2016.

D. T. Felson, A. Naimark, J. Anderson, L. Kazis, W. Castelli, and
R. F. Meenan, “The prevalence of knee osteoarthritis in the elderly.
The Framingham osteoarthritis study,” Arthritis Rheumatism, vol. 30,
no. 8, pp. 914-918, Aug. 1987.

S. R. Hamner and S. L. Delp, “Muscle contributions to fore-aft and
vertical body mass center accelerations over a range of running speeds,”
J. Biomech., vol. 46, no. 4, pp. 780-787, 2013.

E. M. Arnold, S. R. Ward, R. L. Lieber, and S. L. Delp, “A model of the
lower limb for analysis of human movement,” Ann. Biomed. Eng., vol. 38,
no. 2, pp. 269-279, Feb. 2010.

K. Veerkamp, T. Geijtenbeek, J. Harlaar, and M. M. van der Krogt,
“The use of predictive simulation to evaluate the effect of gastrocnemius
hyperre-flexia on gait kinematics,” in Proc. 17th Int. Symp. Comput.
Simulation Biomech., AB, Canada, Jul. 2019, pp. 2-3.

A. Rajagopal, C. L. Dembia, M. S. DeMers, D. D. Delp, J. L. Hicks,
and S. L. Delp, “Full-body musculoskeletal model for muscle-driven
simulation of human gait,” IEEE Trans. Biomed. Eng., vol. 63, no. 10,
pp. 2068-2079, Oct. 2016.

Y. Wang, Z. Liu, L. Zhu, X. Li, and H. Wang, “An impedance control
method of lower limb exoskeleton rehabilitation robot based on predicted
forward dynamics,” in Proc. IEEE 19th Int. Conf. Trust, Secur. Privacy
Comput. Commun. (TrustCom), Dec. 2020, pp. 1515-1518.

H. Geyer and H. Herr, “A muscle-reflex model that encodes principles of
legged mechanics produces human walking dynamics and muscle activi-
ties,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 18, no. 3, pp. 263-273,
Apr. 2010.

C. F. Ong, T. Geijtenbeek, J. L. Hicks, and S. L. Delp, ““Predicting gait
adaptations due to ankle plantarflexor muscle weakness and contracture
using physics-based musculoskeletal simulations,” PLoS Comput. Biol.,
vol. 15, no. 10, pp. 1-40, Oct. 2019.

T. K. Uchida, A. Seth, S. Pouya, C. L. Dembia, J. L. Hicks, and S. L. Delp,
“Simulating ideal assistive devices to reduce the metabolic cost of run-
ning,” PLoS ONE, vol. 11, no. 9, pp. 1-19, 2016.

S. R. Ward, C. M. Eng, L. H. Smallwood, and R. L. Lieber, “Are current
measurements of lower extremity muscle architecture accurate?”” Clin.
Orthopaedics Rel. Res., vol. 467, no. 4, pp. 1074-1082, 2009.
S.S.Blemker and S. L. Delp, “Rectus femoris and vastus intermedius fiber
excursions predicted by three-dimensional muscle models,” J. Biomech.,
vol. 39, no. 8, pp. 1383-1391, Jan. 2006.

X. Chen, G. N. Sanchez, M. J. Schnitzer, and S. L. Delp, “Changes in
sarcomere lengths of the human vastus lateralis muscle with knee flexion
measured using in vivo microendoscopy,” J. Biomech., vol. 49, no. 13,
pp. 2989-2994, Sep. 2016.

T. W. Dorn, J. M. Wang, J. L. Hicks, and S. L. Delp, “Predictive simulation
generates human adaptations during loaded and inclined walking,” PLoS
ONE, vol. 10, no. 4, pp. 1-16, 2015.

H. Geyer, A. Seyfarth, and R. Blickhan, “Positive force feedback in
bouncing gaits?”” Proc. Roy. Soc. London B, Biol. Sci., vol. 270, no. 1529,
pp. 2173-2183, Oct. 2003.

J. Duysens, M. Trippel, G. A. Horstmann, and V. Dietz, “Gating and
reversal of reflexes in ankle muscles during human walking,” Exp. Brain
Res., vol. 82, no. 2, pp. 351-358, Oct. 1990.

D. G. Thelen, “Adjustment of muscle mechanics model parameters to
simulate dynamic contractions in older adults,” J. Biomech. Eng., vol. 125,
no. 1, pp. 70-77, Feb. 2003.

VOLUME 9, 2021

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

A. Seth, M. Sherman, J. A. Reinbolt, and S. L. Delp, “OpenSim: A muscu-
loskeletal modeling and simulation framework for in silico investigations
and exchange,” Proc. Iutam, vol. 2, pp. 212-232, Jun. 2011.

M. S. DeMers, J. L. Hicks, and S. L. Delp, “‘Preparatory co-activation of the
ankle muscles may prevent ankle inversion injuries,” J. Biomech., vol. 52,
pp. 17-23, Feb. 2017.

C. Sheng, “Mirror-type rehabilitation training with dynamic adjustment
and assistance for shoulder joint,” J. Biomed. Eng., vol. 38, no. 2, pp. 1-10,
2021.

Z. F. Lerner, M. S. DeMers, S. L. Delp, and R. C. Browning, ‘“How
tibiofemoral alignment and contact locations affect predictions of medial
and lateral tibiofemoral contact forces,” J. Biomech., vol. 48, no. 4,
pp. 644-650, Feb. 2015.

L. Shi, “Model-based active impedance controller development of the
exoskeleton rehabilitation robot (ERRobot) for lower-extremity,” in Proc.
IEEE SmartWorld, Ubiquitous Intell. Comput., Oct. 2018, pp. 150-155.
B.J.Fregly, T. F. Besier, D. G. Lloyd, S. L. Delp, S. A. Banks, M. G. Pandy,
and D. D. D’Lima, “Grand challenge competition to predict in vivo knee
loads,” J. Orthopaedic Res., vol. 30, no. 4, pp. 503-513, Apr. 2012.

M. H. Schwartz, A. Rozumalski, and J. P. Trost, “The effect of walking
speed on the gait of typically developing children,” J. Biomech., vol. 41,
no. 8, pp. 1639-1650, 2008.

F. Moissenet and S. Armand, “Qualitative and quantitative methods of
assessing gait disorders,” in Orthopedic Management of Children With
Cerebral Palsy: A Comprehensive Approach, 2015, pp. 215-240.

J. M. Wang, S. R. Hamner, S. L. Delp, and V. Koltun, “Optimizing
locomotion controllers using biologically-based actuators and objectives,”
ACM Trans. Graph., vol. 31, no. 4, pp. 1-11, Aug. 2012.

YUEFEI WANG received the M.S. degree from
the Institute of Information Engineering and
Automation, Kunming University of Science and
Technology of China. He is currently pursuing
the Ph.D. degree with the Department of Inte-
grated Systems Engineering, Nagasaki Institute
of Applied Science, Japan. From 2015 to 2019,
he worked as a Teacher at the Department of
Automation, Beibu Gulf University, China, where
he worked on passive control and robotics. He is

currently with Applied Simulation Technology, where he is working on
intelligent controller.

ZHEN LIU (Member, IEEE) received the Ph.D.
degree in information science from Tohoku
University, Japan. He is currently a Profes-
sor with the Graduate School of Engineering,
Nagasaki Institute of Applied Science, Japan. His
current research interests include computational
intelligence, cyber security, big data, and data
mining, welfare engineering. He is a member of
IEEE Computer Society, Association for Comput-
ing Machinery (ACM), the Japanese Society for

Artificial Intelligence (JSAI), the Information Processing Society of Japan
(IPS), and the Institute of Electronics, Information and Communication
Engineers (IEICE).

LEI SHI received the M.S. degree from the School
of Mechanics, Xihua University, China, in 2012,
and the Ph.D. degree from the Nagasaki Institute
of Applied Science, Nagasaki, Japan, in 2016.
He is currently pursuing the Ph.D. program,
jointly trained with the South China University of
Technology and Guangzhou Shiyuan Electronic
Technology Company Ltd., Postdoctoral Work-
station. His current research interests include
exoskeleton robot anthropomorphic design and

control technology, multi-sensor fusion technology, and intelligent robot
technology.

168805



