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Abstract

Bilateral rehabilitation systems with bilateral or unilateral assistive robots have been developed for hemiplegia patients to
recover their one-side paralysis. However, the compliant robotic assistance to promote bilateral inter-limb coordination
remains a challenge that should be addressed. In this paper, a biomimetic variable stiffness modulation strategy for the Vari-
able Stiffness Actuator (VSA) integrated robotic is proposed to improve bilateral limb coordination and promote bilateral
motor skills relearning. An Electromyography (EMG)-driven synergy reference stiffness estimation model of the upper limb
elbow joint is developed to reproduce the muscle synergy effect on the affected side limb by independent real-time stiff-
ness control. Additionally, the bilateral impedance control is incorporated for realizing compliant patient—-robot interaction.
Preliminary experiments were carried out to evaluate the tracking performance and investigate the multiple task intensities’
influence on bilateral motor skills relearning. Experimental results evidence the proposed method could enable bilateral

motor task skills relearning with wide-range task intensities and further promote bilateral inter-limb coordination.

Keywords Biomimetic stiffness modulation - Compliant physical human-robot interaction (pHRI) - Electromyography
(EMG) - Variable stiffness actuator (VSA) - Rehabilitation robotics - Synergy-based control - Skill relearning

1 Introduction

Bilateral rehabilitation has become a promising approach
for the motor recovery of hemiplegia patients who have one
side disability, as it can use the healthy side motions as refer-
ence guidance to improve the control ability of the affected
side limb and further promote bilateral limb coordination
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[1-3]. With the rapid development and progression of arti-
ficial intelligence and big data processing and computation
during the past decades, robotics-mediated bilateral reha-
bilitation systems [4], including end-effector type robots [,
6], exoskeleton-type robots [7-9], and different driven-type
robots [10], have been developed for providing repeatable,
precisive, and high-efficient rehabilitation training [11].
Significantly, the bilateral rehabilitation robotic systems
not only assist the affected side limb to complete the bilat-
eral training task but also emphasize facilitating the natural
inter-limb coordination between bilateral limbs that enable
the hemiplegia to relearn the lost special bimanual motor
skills [12, 13].

For this purpose, a common way to implement bilateral
rehabilitation systems is to assist the bilateral limbs of hemi-
plegia patients to complete the synchronic and symmetric
training task, including the axial symmetric force match-
ing task or central symmetric trajectory tracking task [14].
In the force match task, the bilateral rehabilitation system
should assist the output force coordination of bilateral limbs
for completing the predefined bilateral training task [15].
Additionally, the bilateral rehabilitation robots are supposed
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to have real-time adaptability to the residual motor of the
affected limbs for avoiding the patient-robot confrontations
[16]. For the symmetric force output tasks, the output force
contributions of the bilateral limbs should be kept at the
same level for improving the output force control coordi-
nation ability of the bilateral limb [17]. The multi-sensory
feedback is also important for hemiplegia patients to per-
form the bilateral isometric force control task and precept
the bilateral motor skills, such as mirror visual feedback [18,
19]. In contrast, the asymmetric force output tasks are more
complicated, because these tasks may require un-synchronic
force outputs of the bilateral limbs to interact and compen-
sate for each other to complete the complex bilateral force
control task with good performance [20]. Especially, the
bilateral asymmetric force output force would be influenced
by the dynamic physical coupling condition, because one
side limb will influence the coupled contralateral side limb
dynamics [21]. On the other side, the kinematic coordina-
tion-based bilateral rehabilitation system may simplify the
above issues by concerning the bilateral kinematic informa-
tion of the dynamic bilateral task. And the kinematic trajec-
tory of the bilateral limbs is supposed to be symmetric and
synchronic in both coupled and uncoupled conditions as that
can enable hemiplegia patients to perceive the natural inter-
limb coordination and stimulate the re-modulation of the
brain—spinal cord pathway [22]. Moreover, the compliant
patient-robot interaction of bilateral rehabilitation remains
challenging because the suitable robotic assistant force
delivered to the affected limb is difficult to be determined
when the affected limb cannot follow the desired symmetric
reference trajectory as the healthy limb. The inappropriate
assist force may cause potential interaction confrontation
which may even lead to the training injury. Therefore, the
compliant patient-robot interaction should be achieved by
the safety-enhanced mechanism structure and the compli-
ant interaction control strategy such as Assist-As-Needed
(AAN) control strategy [23-25].

From the viewpoint of anatomy, human joint motion
is driven by the corresponding pair of antagonistic mus-
cles [26, 27]. Even for the same task with the same kin-
ematic trajectory, the pair of antagonistic muscles may
have different contraction levels according to the environ-
ments or task-oriented requirements (e.g., Different loads)
[28]. This phenomenon is well known as the ‘muscle syn-
ergy effect’ [29, 30]. Moreover, the output stiffness of the
joint is determined by both the variations of the pair of
antagonistic muscle contraction levels and corresponding
joint kinematics (such as joint position and velocity) [31].
Therefore, the synergy effect and kinematics should be
investigated together for the interpretation of the specific
task-oriented human motion patterns to promote the bilat-
eral task skills transfer [32, 33]. Moreover, the muscle
contractions-based synergy effects and human motor can
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be reflected by the electromyography (EMG) signals [11,
34]. In our previous research, we proposed a home-based
variable stiffness upper limb rehabilitation system. The
healthy side limb information was utilized as the reference
to guide the affected side limb with tracking assistance and
real-time stiffness regulation [35]. However, the compliant
interaction control was ignored in this study. Recently, a
novel task performance-based electromyography (EMG)-
driven variable stiffness control strategy was presented,
which incorporated a position-based impedance control
framework for achieving the AAN-compliant interaction
control, but the healthy side stiffness was transferred with
the modification of the Task Performance Index (TPI), so
that the affected side limb may not percept the whole stiff-
ness profile for task skills relearning [36].

In this paper, an EMG-driven biomimetic variable stiff-
ness modulation strategy was proposed for kinematic-
based bilateral task skill relearning. A bilateral imped-
ance control framework was implemented in the Powered
Variable Stiffness Exoskeleton Device (PVSED) to adapt
the proposed biomimetic variable stiffness modulation
strategy for compliant patient—robot interaction. The EMG
signals and kinematic trajectory of the healthy side limb
were collected to generate the real-time reference stiffness
profiles and reference trajectory, which will be indepen-
dently reproduced by the PVSED to assist the affected side
limb and facilitate task skills relearning. The contributions
of this paper were summarized as follows:

1) The biomimetic variable stiffness modulation concept
was proposed for upper limb elbow joint bilateral reha-
bilitation. By analyzing the muscle synergy effect of the
healthy side limb as the reference, human motor pattern-
like assistance can be achieved for the affected side limb.

2) The EMG-driven synergy reference model is utilized to
construct the biomimetic variable stiffness modulation
for the bilateral motor skills interpretation, which can
promote bilateral motor skills relearning and bilateral
inter-limb coordination.

3) The rehabilitation training safety was also enhanced by
the proposed biomimetic variable stiffness modulation
by incorporating the compliant mechanism VSA and the
bilateral impedance control framework to achieve the
compliant patient-robot interaction.

The rest of this article is organized as follows: In Sec-
tion II, the overall system configuration is introduced and
the biomimetic design of the PVSED is reviewed. And the
proposed biomimetic variable stiffness modulation strat-
egy is introduced in detail in Section III. Experimental
results are presented in Section IV and the discussion is
given in Section V. Finally, the conclusion is drawn in
Section VI.
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2 System Overview of the PVSED System
2.1 Mechanical Design of the PVSED

As well known, the human joint motor is mainly driven by a
pair of antagonistic muscles, that can adapt to the environ-
ment for completing high-flexible and high-complexed tasks.
Especially, the human upper limb is the most used during
daily life activities. Regarding the elbow joint of the upper
limb, it can drive the extension/flexion movements between
the forearm and brachium by the pair of antagonistic mus-
cles, the biceps, and triceps. According to the different con-
traction levels of the antagonistic muscles, the elbow joint
can adapt to different tasks or environments from soft to
hard. Inspirited by the anatomic structure of the elbow joint,
a biologically inspired variable stiffness exoskeleton robot
with a VSA was developed in our previous work to real-
ize the high-adaptive independent stiffness regulation and
flexible flexion/extension movements of elbow joint motor
assistance for rehabilitation training [37].

The PVSED was designed in a lightweight, portable, and
user-adaptive mechanical structure with one active Degree
of Freedom (DOF) and 5 passive DOFs on the elbow joint.
In addition, there is a VSA for active stiffness modulation
of the elbow joint. The mainframe structure of the PVSED
mainly includes a back frame, a shoulder frame, and an
upper limb frame, as shown in Fig. 1. Each of them has an
adjustable structure for adapting to the different user-specific
body sizes. Moreover, there is a main joint actuator system
for elbow joint flexion/extension movements and a variable
stiffness actuator system for independent variable stiffness
regulation. Concerning the main actuator system for achiev-
ing elbow joint flexion/extension movements, the pulley of
the elbow joint is driven by a cable transmission mecha-
nism which is connected to the DC motor (Maxon RE-30
Graphite Brushes Motor) placed on the back frame. In the
independent stiffness actuator system, a VSA is implemented

on the mainframe. The VSA consists of a screw with a mov-
able pivot driven by a compact DC motor (Maxon RE-13
Graphite Brushes Motor) fixed on the mainframe, a pair of
antagonistic springs, and an output link for interaction with
users. If there is deflection between the mainframe and out-
put link, the users will feel the elastic force caused by one of
the antagonistic springs elongated resulting in the compliant
interaction. As Fig. 2 shows, the variable stiffness principle
of the PVSED can be described according to the definition
of stiffness, given as

Fiel _ FSPring'l.Ll

K= = , (1)
0,-6, 6,-6, L

where F; represents the interaction force effecting to the
output link, and F;,, is the spring force of the VSA. [ is
the moment arm of the PVSED which is a constant. The
deflection angle can be calculated as 6, — 0,. And L, /L,
indicates the transmission ratio. To realize the independent
variable stiffness modulation to adapt to the different tasks,
the movable pivot position L, can be controlled by the RE-13
motor rotation angle 6, through the ball screw, which can
actively regulate the transmission ratio L, /L, between the
elastic element and the output link. Therefore, the desired
output stiffness K of the PVSED can be realized by rotat-
ing the angle of the RE-13 motor 6, to change the movable
pivot L, to the corresponding position for approaching the
desired transmission ratio L, /L,. As above analyzed, the
stiffness control problem can be transferred to the RE-13
rotation control for the control practice convenience. In our
previous study [38, 39], a pivot-to-stiffness identification
experiment was carried out in five different pivot positions
from the initial position of 0 mm to the maximal position of
20 mm with the increment of 5 mm to measure the output
stiffness of the PVSED. In the trial, the output link was fixed
to a force sensor (MINI 4/20, BLAUTOTEC. Ltd.), so that
the force could be recorded in each position by rotating the
mainframe of the PVSED. Substituting the measured force

Fig. 1 Mechanical design of I T
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Fig.2 Components and variable
stiffness principle of the PVSED
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Fig. 3 Pivot-to-stiffness fitting curve

and rotation angle to Eq. 1, the output stiffness of each pivot
position can be calculated and the fitting curve of pivot-to-
stiffness identification could be further obtained by a least-
squares-approximation-based 2nd-order polynomial fitting
function as shown in Fig. 3. Therefore, the pivot-to-stiffness
identification function is described as follows:

K(6,) =0.1443L,(6,)” +2.287L,(0,)

+16.95(0 < L,(6,) <20mm), @
where the K represents the output stiffness of the PVSED.
And the 6, stands for the rotation angle of the RE-13 motor
of the VSA. And L,(6,) is the pivot position. Therefore,
the output stiffness can be calculated by Eq. 2 only using
the RE-13 rotation, which can be used in practice for
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independent variable stiffness regulation. It should be noted
that the pivot position has a constant range according to the
ball screw length, which means that the output K is also
bounded. From the pivot-to-stiffness identification experi-
ment results, the minimal output stiffness K,;, and the maxi-
mal output stiffness K, of the PVSED are 16.95 Nm/rad
and 119.5 Nm/rad, respectively. Benefiting from this human
joint-like biomimetic design, the PVSED can provide highly
flexible and compliant motor assistance on the elbow joint
of the patient.

2.2 Control System Setup

Bilateral rehabilitation utilizes simultaneous and symmet-
ric bimanual motor tasks in which the hemiplegia patients
were instructed to simultaneously perform the training task
by both their health side and affected side limb to promote
the natural coordination of bilateral limbs. Significantly, the
biomechanical information of the healthy side limb is the
most meaningful reference for the affected side limb dur-
ing this bilateral symmetric and synchronic rehabilitation
training task. Therefore, both the kinematic trajectory and
dynamic profile of bilateral limbs should be considered
together. For this purpose, the bilateral rehabilitation sys-
tem should enable symmetric motion tracking assistance and
enable hemiplegia patients to percept the dynamic contralat-
eral biomechanical reference information for facilitating the
bilateral motor skill transfer. In this study, the overall system
configuration is designed for achieving trajectory tracking
and independent stiffness modulation, including the proces-
sor unit, motor sensory unit of healthy side motion capture,
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PVSED kinematic sensory units, EMG signals collection
and processing unit, and the PVSED motor control unit, as
Fig. 4 shown. The Arduino mega 2560 was selected as the
processor unit to communicate each sensor and control the
servo motor controller for motor trajectory tracking control
and to implement the EMG-driven synergy reference stiff-
ness estimation model. For the trajectory tracking control,
there is an inertial measurement unit (GY-25 T tilt angle
module) placed on the healthy side limb to capture the refer-
ence trajectory of the bilateral training task. And the other
two were attached to the output link of the PVSED coupled
with the affected side limb to collect the actual position, and
the main frame of the PVSED for calculating the deflec-
tion of the VSA, respectively. Each of the inertial meas-
urement units communicates with the processor unit by the
I2C method. In the PVSED motor control unit, two ESCON
50/5 servo controllers were employed to drive the DC motor
RE-30 of the main joint actuator system and RE-13 of the
variable stiffness actuator system by the PWM command
from the processor unit. In the stiffness modulation sys-
tem, the desired rotation angle of the RE-13 motor can be
derived by the desired output stiffness according to Eq. 2,
and a PID controller was implemented to drive the RE-13
motor for high-precision angle rotation control. To realize
the compliant pHRI under the variable stiffness, a hierar-
chical compliant assistance tracking controller was imple-
mented in the main actuator system to control the RE-30
motor for bilateral limbs’ kinematic coordination and to
avoid patient-robot confrontation, which will be introduced
in Sect. 3.3. As above introduced, the proposed control sys-
tem can capture the kinematic trajectory of bilateral limbs
and the EMG signals of the healthy side limb to control the
joint movement and stiffness of the PVSED to provide bilat-
eral motor assistance for symmetric mirror motor perception

Fig.4 Control system configu-

and independent stiffness regulation for adjustable training
intensities and high subject-adaptability.

3 Motor Skills Relearning-Oriented
Biomimetic Stiffness Modulation Strategy

In this section, the technical details of the proposed EMG-
based biomimetic stiffness modulation strategy will be
introduced for bilateral motor skills relearning. First, the
EMG signals from the healthy side limb will be collected
and processed for calculating muscle activation. Then, the
muscle synergy reference model was utilized to estimate the
reference stiffness using the obtained muscle activations.
The overall computational produce of the EMG signals is
shown in Fig. 5. Finally, a biomimetic impedance control-
ler cascaded with an inverse dynamic-based torque control-
ler was implemented for realizing the bilateral motor skill
relearning-oriented stiffness modulation and bilateral sym-
metric motion tracking.

3.1 EMG Signal Collection and Preprocessing

Along with the muscle fiber’s contraction driven by the neu-
ral impulses, there will be an electronic potential difference
on the muscle fiber sides. Therefore, the muscle activation
dynamics can be quantitatively represented through the
EMG signals that are the sum of this muscle fiber electronic
potentials. For single muscle activation, the raw EMG sig-
nals can be collected by an electrode placed on the specific
position of the muscle. In this study, the commercial EMG
device (Personal-EMG. Oisaka Electronic Equipment Ltd,
Japan) was utilized for collecting the raw EMG signals at
a 1000 Hz sampling rate. Due to the noise always exists
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during the signal sampling processing, the raw EMG signals
should be filtered for noise rejection by the EMG signal fil-
ter (Personal-EMG filter box, Oisaka Electronic Equipment
Ltd, Japan). After noise rejection, the EMG signals should
be processed for normalization. A fourth-order Butterworth
high-pass filter with a cut-off frequency 10 Hz, a full-wave
rectifier, and a low-pass filter with a cut-off frequency 2 Hz
was used to get the filtered EMG signals. In the normaliza-
tion processing, the linear normalized EMG was calculated
from the Maximum Voluntary Contraction (MVC) test at
first, and a nonlinear normalization was applied to transfer
the Muscle Activation Level (MAL) as follows:
e — 1

A(u) = ———,
) = —— 3)
where 7 stands for the processed EMG signals and a is a non-
linear shape factor and was selected as — 0.1 in this study.

3.2 Synergy Reference Stiffness Estimation Model

The human motor patterns can be represented as the synergy
effect by the corresponding muscles’ contractions. Moreo-
ver, the muscle synergy effects can reflect the specific task
skills and the subject-specific motor preference. Even for
the same task, the preference of different subjects will lead
to differences in the muscle synergy patterns. Therefore, for
hemiplegia patients, the synergy effect of healthy side limbs
was utilized as the symmetric and synchronic reference for
realizing the bilateral motor skills relearning in this study.
To illustrate the synergy effect of bilateral motor tasks,
the motor behaviors are decomposed into two parts in this
paper, including the kinematic metric and dynamic metric.
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Stiffness estimation

Regarding the kinematic metric, the limb movement tra-
jectory in task space provides the basic evaluation of the
symmetry and synchronization of the motor task, which
should be symmetric with the middle line of the subject
body. Furthermore, the task intensity, environmental load,
and the participant level of the subjects, which reflect the
dynamic characteristic, are considered the dynamic metric
in this study. For the flexion/extension motion of the upper
limb elbow joint, the extension motion in the sagittal plane
is generated by biceps contracting and triceps relaxing,
and vice versa. The muscle stiffness is also dynamically
variable along with the contraction and relaxation, which
can be reflected by the EMG signals, shown in Fig. 6. To
establish the relationship between the EMG signals and
force/stiffness characteristics, an antagonistic effect-based
model was utilized as the reference [40]. As the effect of
a pair of antagonistic muscles, the joint output torque =
and the joint output reference stiffness K, generated by the
muscular contraction flexors and extensors can be repre-
sented as follows:

T=a,+5(ApA,) @)

K, = aq*K (A, A,), )

where a_ is the torque transfer gain and g, represents the
stiffness transfer gain. The A, and A, are the MAL of flexors
and extensors. The 6(») is the MAL difference of the antago-
nistic muscles referring to A, — A,. In addition, the stiffness
parameter function K () is determined by the combina-
tion of the muscle activation levels of antagonistic muscles
Ay +A,. The definition of the 6(+) and k(e) is given by the
hyperbolic tangent functions as follows:
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Dynamic information of bilateral motor task
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where ag, b, a;, and b, are the positive constant gains that
can be obtained by a calibration experiment. As the refer-
ence stiffness K, of the healthy side limb has been obtained,
the PVSED should reproduce this dynamic joint stiffness in
the affected side limb for motor task skills transfer. There-
fore, the mapping relationship between the healthy side ref-
erence joint stiffness K, and the desired PVSED stiffness
K, should be established. Considering the variable stiffness
range of the PVSED, the desired stiffness of the VSA can be
calculated by the following linear mapping function:

Kd = Kr (K - Kmin

max

) + Kmin’ (8)

where the K, is 119.5Nm/rad and K, is 16.95Nm/rad
as introduced in Sect. 2.1. And K, is the reference stiffness
of healthy side limb obtained by the EMG-driven synergy
reference stiffness estimation model. All the computational
produce was implemented in the processor unit. Benefiting
from this synergy reference model, the dynamic reference
metric of the bilateral task can be quantitatively calculated
only using the muscle activation levels of the pair of antago-
nistic muscles.

High stiffness ---- contractions

https://imgbin.com/png/9QzZSDxg/sliding-filament-theory-muscle-
contraction-myosin-sarcomere-myofilament-png)

3.3 Bilateral Impedance Control

To avoid the potential patient—robot confrontations for
training safety, the impedance control strategy was imple-
mented to deliberately regulate the desired delicate soft
compliant assistive behaviors to provide compliant physical
human-robot interaction. Significantly, the motivation of
the proposed bilateral impedance control is to transfer the
dynamic reference biomechanical characteristics from the
healthy side limb to the affected side limb for promoting the
bilateral motor task skills, shown in Fig. 7. For this purpose,
the bilateral impedance control is given as follows:

Mh(éj_éh) +Bh(9j_9h) +Kh(9j_9h) =1 9

where 6, and its first- and second-order derivation, are the
angular position, velocity, and acceleration of the healthy
side limb. Similarly, 0]-, and its first- and second-order deri-
vation, are the angular position, velocity, and acceleration
of the output link, which also can refer to the affected side
limb. And the M,, B,, and K, are the inertia, damping,
and stiffness parameter of the healthy side limb, which are
expected to be transferred to the affected side limb. Due to
the subject-specific body size and mass, the biomechanical
parameters should be measured and calculated in advance
as follows [41]:
2

_ 2
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Fig.7 Control framework
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K, =K, (11)

B, = v, VK, (12)
where m, and [, are the mass of the human forearm and
length from the center of the forearm to the elbow joint.
And v,, stands for the damping coefficient, which is set at
0.7. By incorporating the estimated stiffness from the syn-
ergy reference model as Eq. 10, the biomechanical imped-
ance characteristics can be transferred to the affected side
limb including the real-time varying stiffness and damping
features. The output of the bilateral impedance control is
the desired torque to control the main actuator system of the
PVSED. Considering the human—robot coupled system, the
coupled dynamics can be described as follows:

M0 +B6; + G; = 7, +u (13)
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7, =K(6,) « (6, - 6)), (14)

J
where Mj, Bj, and Gj are the inertia, damping, and gravita-
tional term of the human—robot coupled system mass of the
human forearm and length from the center of the forearm
to the elbow joint. 7; is the torque generated from the VSA
calculated as Eq. 14. Due to the active participation of the
subjects, the coupled dynamics can be adaptively offset by
the human voluntary motion [42]. According to the certainly
equivalent principle, the control effort u can be derived from
Eq. 12 by inverse dynamics as
S 0,-0) = 505) + 50,46, -
s)
The overall control framework is summarized in Fig. 8. In
practice, the desired kinematic trajectory of the healthy side
and the actual position of the PVSED can be captured by the
GY-25 T IMU sensor and transferred to the processor unit.

(. By, .
u=M,<9,,—ﬁ’;(9j—e,,)—
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Moreover, the filtered EMG signals can be recorded and
calculated as the synergy-based reference stiffness estima-
tion model to obtain the input stiffness K, and damping B, by
the processor unit. For realizing the real-time independent
stiffness modulation, the input stiffness K, can be transferred
to the desired rotation angle of the variable stiffness actuator
system as Eq. 2. For achieving the compliant tracking assis-
tance control, the desired control input « of the PVSED can
be derived according to Egs. 9 and 15.

To sum up, the dynamic reference metric was estimated
by the synergy reference model introduced in Sect. 3.2,
which was utilized to real-time regulate and transfer the
bilateral biomechanical impedance characteristics from the
healthy side limb to the affected side limb for promoting
bilateral skill relearning. The bilateral impedance controller
cascaded with an inverse dynamics-based torque controller
was implemented to realize compliant assistance control for
the human-robot coupled system shown in Fig. 9. Further-
more, when the affected side limb could not complete the
desired task trajectory as the healthy side limb, the robot
would provide a compliant assistance force to the affected
limb by the VSA according to the proposed EMG-driven
stiffness modulation strategy and bilateral impedance con-
troller. Once patients feel uncomfortable on the affected
limb, patients can actively relax their healthy side limb mus-
cle, which can reduce the PVSED stiffness and damping
and further decrease the interaction force as Eq. 9 shown.
Therefore, the proposed control framework can intuitively
enhance patient—robot interaction safety by the passive com-
pliant mechanism VSA and active myoelectric variable stift-
ness control.

—~ ' SEMG electrodes
‘ g on biceps and
L triceps

A GY-25T

Inertial
mcasurcment unit

(GY-25T)

(a) ©

Fig. 9 Experiment setup

4 Experiments
4.1 Experimental Protocols

In this study, the symmetric bilateral curl movements of the
elbow joint flexion/extension were selected as the bilateral
motor task. The subjects were instructed to stand in front of
the monitor and wear the PVSED on their right-side limb,
which was considered the affected side in this study. After
skin cleaning by alcohol for rejecting skin bioimpedance
disturb, two Ag/AgCl dry electrodes were attached to the
biceps and triceps of the contralateral side limb for raw
EMG signals’ collections. And the overall system was set
up as Sect. 2.2 introduced to realize the proposed biomimetic
stiffness modulation strategy. During the experiment, the
subjects were asked to naturally perform the bilateral curl
motor task. At the same time, the raw EMG signals of the
healthy limb, and kinematic information of both side limbs
were recorded for stiffness estimation and assistive interac-
tion control. All the experiment setups are shown in Fig. 9.
Due to the rehabilitation intensity should be adjustable
for different recovery stage patients, we also explored the
different task intensity influences on bilateral motor skills
relearning for the middle or last recovery stage. This experi-
mental protocol would be reproduced with 1.5 kg load and
2.5 kg load using dumbbells according to [43] suggested.
Five healthy volunteers (male, 25 + 3 years old, 172 +4 cm,
65 +10.2 kg) were recruited for this study. No subject had
any neuromuscular disorder history. And all subjects have
been well understood and agreed with the experiment pro-
tocols with signed consent. All the experimental protocols
were admitted by the Institutional Review Board (IRB) in
the Faculty of Engineering, Kagawa University (Ref. No.
01-110).

4.2 Experimental Results

To validate the performance of the proposed biomimetic
stiffness modulation strategy, first, we conducted a compas-
sion experiment between the low/high stiffness condition
without biomimetic variable stiffness and biomimetic vari-
able stiffness condition. Considering the variable range of
the PVSED introduced as Sect. 2.1, the minimal stiffness
K..in 16.95 Nm/rad was set as a low stiffness condition and
maximal stiffness K, ,, 119.5 Nm/rad was selected as a high
stiffness condition. As Fig. 10 shows, there is an increasing
trend in the tracking error from the low stiffness condition
to the high stiffness condition which is also corresponding
to the increasing trend of the stiffness. This phenomenon is
consistent with our previous study, because as the stiffness
increases, the torque to generate the same deviation angle
of the VSA is also increasing. Therefore, the interaction
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torque, related to the deviation angle and the stiffness of the
VSA, also conforms to this phenomenon. The interaction
torques of low stiffness and high stiffness conditions are only
related to the deviation angle due to the constant stiffness
set due to the EMG-based biomimetic stiffness modulation
strategy are not incorporated. In the biomimetic variable
stiffness condition, the PVSED output stiffness could influ-
ence the interaction torque according to the desired stiff-
ness calculated from the healthy side EMG signals that can
validate the feasibility of the proposed biomimetic stiffness
modulation strategy. Furthermore, we found that the peak
interaction torques of every curl movement are different in
biomimetic variable stiffness condition, which indicated
that the dynamic bilateral motor skills were reproduced by
the PVSED and precepted by the affected limb. Compared
to the constant stiffness condition, the biomimetic variable
stiffness is more suitable for bilateral rehabilitation as it can
provide more individual-adaptive training reference accord-
ing to the dynamic biomechanical information of the healthy
side for promoting inter-limb coordination.

To further evaluate the performance of the rendering
of a wide range of human motor patterns of the proposed
biomimetic stiffness modulation strategy, a different load
condition comparison experiment was conducted too with
0, 1.5, and 2.5 kg load conditions. In the 0 kg condition as
Fig. 11, the amplitudes of the EMG signals from the BB and
TB were under 4 mV, which refers to the natural curl move-
ments of the elbow joint flexion/extension. As the proposed
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biomimetic stiffness modulation strategy, the desired stift-
ness and damping profile were under the maximal values
30Nm/rad and 4Nm/rad for all 5 subjects. However, due to
the subject-individual task performance, the average track-
ing errors of 5 subjects have no relationship which leads
to the not significant relationship between the average tor-
ques of 5 subjects too. On the other hand, a strong relation-
ship could be found for the single subject condition that the
average torques were determined by the deviation angles of
the training task. Generally, the stiffness and damping pro-
files were regulated according to the EMG signals from the
contralateral side limb in real time, and the coordination of
the bilateral limbs can be achieved. All 5 subject condition
confirms this phenomenon. For the 1.5 kg load condition as
Fig. 12, the amplitude of the EMG signals increased obvi-
ously, which also led to the increase of the desired stiffness
and damping profiles. Different from the 0 kg load condition,
the average torques were related to both tracking perfor-
mance and desired stiffness profile, which can be attributed
to the relatively large stiffness caused by the larger EMG
signal amplitude. Similar to the 0 kg load condition, all 5
subjects could perform the bilateral curl movements with
the 1.5 kg load. For the 2.5 kg load condition as Fig. 13,
due to the further increased load, the amplitude of the EMG
signals got large too. Meanwhile, the desired stiffness and
damping profiles came as the relatively largest among the
three load conditions. Similar to the 1.5 kg condition, the
average torque was also related to both task performance and
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desired stiffness profiles. This reason was the same due to
the increased EMG signals causing a large desired stiffness
profile. It should be noted that there were some abnormal
values in the average tracking error and average torque in the
No.5 subject trials. That may cause by the relatively large
load leading to the extreme difficulty to conduct good task
performance for this subject, which results in abnormal val-
ues in the average tracking errors. Furthermore, due to the
torque generated by the deviation angle and desired stiffness,
abnormal torque values were conducted.

5 Discussion

The robotic-aided bilateral rehabilitation training is a prom-
ising approach to recovering the bilateral limb coordina-
tion of hemiplegia patients. Regarding the mirror bilateral
training task, the bilateral limb kinematic trajectories are
expected to be exactly symmetric, which requires the reha-
bilitation robot system can assist the affected side limb to
track the desired trajectory of the healthy side limb in a
proper means. Because of the weakness of the affected side
limb, the patient—robot interaction assistance is supposed to
be compliant and flexible to enhance training safety. Espe-
cially for the exoskeleton-type rehabilitation robotic system,
the patient’s affected limb is usually fixed on the exoskeleton
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Subject

robot which leads to the coupled patient-robot interaction
system. In this study, the passive compliance was enabled by
the variable stiffness exoskeleton robot PVSED which inte-
grates an antagonistic-based VSA in the forearm to actively
adjust the output stiffness of the elbow joint. The perfor-
mance and advantages of the PVSED have been evaluated
in our previous studies [35]. As Fig. 10 shows, the average
interaction torques of the minimal stiffness level 16.95 Nm/
rad to the maximal stiffness level 119.5 Nm/rad varied from
0.36 Nm to 3.05 Nm. As the independent variable stiffness
modulation of the PVSED, the different output stiffness
levels could bring the different compliant characteristics of
the patient-robot interaction for patients of different injury
levels or different recovery stages.

In addition, the VSA-integrated robot can contribute to
the adaptability of a wide range of task intensity and diffi-
culty. When humans perform the upper limb bilateral motor
tasks, the pair of the antagonistic muscles on the correspond-
ing joint could actively adjust the contraction level to gener-
ate the optimal joint output torque and stiffness for adapting
to the different task requirements. This cooperation of the
antagonistic muscles represents the motor synergy effect
which can be considered as an interpretation of the bilat-
eral motor pattern and skills. To quantitatively calculate and
reproduce the desired motor pattern and skills of the bilat-
eral mirror motor task, an EMG-driven synergy reference
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Table1 ANOVA results

Source SS DF MS F P value

0 kg, 55.6386 2 27.8193 2241 8.8785x10-5
1.5 kg,
2.5kg

Error 14.8984 12 1.2415

Total 70.537 14

stiffness estimation model was implemented in this study
by which the torque and stiffness profiles of the healthy side
limb could be obtained in real time. The EMG signals of
the antagonistic flexors and extensors (biceps and triceps in
this study) were collected during the bilateral training tasks.
After the noise rejection and preprocessing, the filtered
EMG signals were utilized to obtain the muscle contraction
level for calculating the desired joint output torque and stiff-
ness. To illustrate the muscle synergy effect on the different
task intensities and difficulties, a comparison experiment
was conducted with 0, 1.5, and 2.5 kg load conditions. From
the experimental results, the amplitudes of the EMG sig-
nals increased from 2.252 to 4.607 mV for biceps and 2.629
to 3.0107 mV for triceps according to the 0-2.5 kg load
conditions, which is caused by the EMG signal is always
positive correlative with the muscle output force. Due to
this reason, the desired stiffness profiles calculated by the
synergy reference model in three load conditions were also
increased from 27.759Nm/rad in 0 kg, 30.459Nm/rad in
1.5 kg to 32.981Nm/rad in 2.5 kg. For the real-time task
performance, the desired stiffness could be exactly repro-
duced by the VSA for all load conditions of all 5 subjects as
shown in Figs. 11, 12, 13. Furthermore, a one-way Analysis
of Variance (ANOVA) was conducted, as Fig. 14 shown.
And the p-value is 8.8785 x 107> that indicates the differ-
ences between the stiffness of the three load condition means
are significant, shown in Table 1. Therefore, the proposed

EMG-based synergy reference model could quantitatively
represent the different bilateral motor skills by the output
stiffness transfer. Employing the reference stiffness trans-
fer, the affected side limb could precept the task-specific
output stiffness under the reference guidance of the healthy
side limb. These task-specific output stiffness profiles from
the healthy side limb are the most optimal for hemiplegia
patients, because it represents their individual-specific motor
skills for completing and adapting to the wide-range intensi-
ties of bilateral mirror synchronic task.

As above discussed, the proposed biomimetic variable
stiffness modulation strategy could independently regulate
the PVSED output stiffness for the patient-robot coupled
interaction system. Due to the variable stiffness character-
istic of the overall system, the system impedance charac-
teristic should be consistent with the variable stiffness pro-
files. For this purpose, the damping level of the coupled
system was also set as a dynamic variable corresponding
to the variable stiffness as Eq. 12. From the experimental
results, it is obvious that the damping profiles were con-
sistent with the desired stiffness profiles for achieving the
system output impedance level adjustment as Fig. 11, 12,
13 shown. It should be noted that the motivation for imple-
menting the bilateral impedance control is aiming to provide
active compliance to the coupled patient-robot interaction
system, because impedance control could allow bad task
performance (tracking errors) and generate compliant force
feedback to correct the tracking errors. Furthermore, by
incorporating the bilateral impedance control, the damp-
ing item could bring extra force to stabilize the oscillation
caused by the stiffness term for further enhancing the safety
of the patient-robot interactions, and the patient can intui-
tively control the stiffness of the PVSED by the contractions
of the muscles for active training intensity self-adjustment.
Meanwhile, the tracking performance could be further
improved by this damping effect, which can be proved from
the experimental results that the average tracking errors of
0, 1.5, and 2.5 kg were 4.96 degrees, 4.06 degrees, and 2.77
degrees and the average dampings are 3.68 Nm ¢ s/rad, 3.85
Nm e s/rad, and 3.95 Nm * s/rad, which indicated that the
tracking errors were eliminated by the increasing damping
coefficient. Noted that the results of subject 5 in the 2.5 kg
condition were excluded, because there were abnormal val-
ues of the tracking errors due to the inadequate motor ability
to 2.5 kg load. These results also reveal that all 5 subjects
could perform the bilateral curl task for all load conditions
with the aid of the proposed biomimetic variable stiffness
modulation system. To sum up, the experimental results evi-
denced that the proposed biomimetic stiffness modulation
strategy has the ability to reproduce the bilateral motor pat-
tern and skills by means of variable stiffness for promoting
the motor ability relearning of hemiplegia patients.
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Although the advantages of the proposed system have
been shown, there are still some limitations in this study.
First, the total dynamics of the human upper limb and the
PVSED were considered for representing the patient—robot
coupled system. However, some uncertain terms of the
system dynamics and the limited precision of the dynamic
identification are still existing. In this study, we ignored the
influence caused by system uncertain dynamics and only
the inverse dynamic-based control framework was realized
for a feasibility study, which is expected to be improved
in future works. Second, as mentioned above, there were
abnormal values in the experimental trials of subject 5 in
the 2.5 kg load condition. The reason for this issue is the
inadequate motor ability of subject 5 within the 2.5 kg con-
dition. From this phenomenon, the proposed biomimetic
variable stiffness modulation strategy could only be effi-
cient only if the subjects have the ability on completing the
training task. Therefore, we argue that the proposed biomi-
metic variable stiffness modulation strategy is limited by
the motor ability of the subjects, which indicated that the
proposed system could assist hemiplegia patients in regain-
ing the motor ability of their healthy side limb rather than
augmenting the motor ability more than themselves. Third,
only the bilateral elbow flexion/extension motion task was
validated in this study. Because there is only one active DOF
on the elbow joint of the PVSED, this paper focuses on the
feasibility validation of the proposed biomimetic variable
stiffness control strategy which can adapt to the bilateral
motor task intensities and individual-specific by independ-
ent joint motion control and stiffness regulation. However,
the proposed control strategy is expected to be applied to
multi-DOF variable stiffness robots. In the multi-DOF con-
dition, we should determine the stiffness matrix of the target
muscle synergy effects corresponding joints and regulate
them independently. Moreover, the human-robot coupled
system dynamic and bilateral impedance control should also
be transferred to the matrix form for adapting the multi-DOF
condition. The multi-DOF condition will be validated in the
developed multi-DOF PVSED in our future work. Fourth,
only healthy subjects were involved in this research for pre-
liminary evaluation of the proposed method. Clinical trials
with hemiplegia patients are expected to be conducted for
further evaluation. Therefore, the challenges of the clini-
cal application also should be noted. The synergy reference
model should be calibrated in advance for obtaining the
precisive model parameters. Although this synergy refer-
ence model is relatively simple than the hill-model-based
musculoskeletal model, the parameter calibration is still
time-consuming. Furthermore, the predefined bilateral train-
ing tasks should also be adjusted according to the therapist
for different injury level patients (for example, the training
motion ranges should be adaptive to patients’ disable states).
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6 Conclusion

This paper presented a novel EMG-driven biomimetic
variable stiffness modulation strategy that incorporates the
bilateral impedance control framework aiming to promote
bilateral motor skills relearning for hemiplegia patients. Pre-
liminary experiments were carried out to evaluate the fea-
sibility and performance of the proposed variable stiffness
rehabilitation strategy. The different load experiments reveal
that the proposed strategy could transfer the wide-range
bilateral motor patterns and skills of the healthy side limb
to the affected side limb within the different task intensities.
The proposed biomimetic stiffness modulation strategy has
the following advantages:

1) The biomimetic variable stiffness modulation concept
was proposed for upper limb elbow joint rehabilita-
tion, which is aiming to promote inter-limb coordina-
tion and bilateral motor skill relearning. The bilateral
motor skills were interpreted by the synergy effect of
the pair of antagonistic muscles on the elbow joint using
the EMG-based synergy reference stiffness estimation
model.

2) Benefiting from the proposed synergy reference model,
the bilateral motor patterns and task skills could be
quantitatively represented by the EMG signals from the
specified antagonistic muscles on the joint. Furthermore,
as the comparison experimental results of the different
loads show that the average stiffness values are 27.759
Nm/rad in 0 kg, 30.459 Nm/rad in 1.5 kg to 32.981 Nm/
rad in 2.5 kg, respectively, the affected side limb could
percept the different compliant level assistance accord-
ing to the required bilateral motor patterns.

3) Based on the proposed biomimetic variable stiffness
modulation strategy, a bilateral impedance control
framework based on the inverse dynamics of the human—
robot coupled system was implemented to realize the
reference trajectory tracking. By transferring the biome-
chanics of the healthy side limb, the compliant patient—
robot interaction can be achieved with the corresponding
variable impedance characteristic, which was proved as
the comparison results that with the increasing trends
of the stiffness and damping values from 0 kg to 2.5 kg
(average stiffness are 27.759 Nm/rad in 0 kg, 30.459
Nm/rad in 1.5 kg to 32.981 Nm/rad in 2.5 kg, and aver-
age damping are 3.68 Nm e s/rad, 3.85 Nm e s/rad, and
3.95Nm e s/rad), the average tracking errors show the
decreasing trends (4.96 degrees, 4.06 degrees, and 2.77
degrees).

Therefore, the proposed biomimetic stiffness modulation
strategy could regulate the output stiffness for enabling the
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affected side limb perception of the bilateral motor skill pat-
tern and relearning in different task intensities. Future works
will focus on solving the influence caused by the uncertain
terms of the system identification.
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