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Abstract —For the telerehabilitation robotic system, the stable and
transparent remote therapist-patient interaction under the
internet communication latency remains an open challenge. In this
paper, we proposed a model-mediated telerehabilitation system to
avoid the delayed force feedback on the therapist side. Moreover,
a variable stiffness robot is employed in the proposed
telerehabilitation system to improve the patient-robot interaction
on the slave side. On the slave side, a performance-based variable
stiffness interactive assistance control law was utilized and the task
stiffness estimation method is designed for master-side interaction
model updating. On the master side, the master subsystem was
implemented by a haptic device with visual and force feedback.
The overall telerehabilitation was realized by the TCP/IP internet
communication method. From the premilitary experimental
results, the therapist subject could conduct the therapy with the
aid of visual and force feedback, and the patient subject could
complete the training task with their active efforts.

Index Terms — Telerehabilitation, model-mediated teleoperation,
variable stiffness, variable stiffness actuator (VSA), and physical
human robot interaction (pHRI)

I. INTRODUCTION

Along with the elder society processing, there will be almost
800000 patients who are suffering from stroke, which will lead
to a huge shortage of traditional manual-aided medical sources
[1]. Moreover, post-stroke patients usually are disabled to
hardly access the hospital by themselves. Considering the
access convenience of the patients, the home-based haptic-
enabled robotic telerehabilitation systems were developed for
providing rehabilitation training services for patients from the
hospital to the patient’s home over a distance [2] [3] [4] [5] [6]
[7]. With internet technology, video, and audio information can
be transferred within low time delay and stable communication
to realize the telepresence of remote conferences. However, for
the telerehabilitation scenarios, not only the video/audio
information necessary but also the motion/force are
indispensable for enabling the remote therapist-patient
interaction (RTPI) which can enable the therapists to
interventional assist the patients by operating the master-slave
robotic system during the physical recovery training tasks [8].
However, the physical interaction method under time delay is
disturbed by instability issues [9]. The delayed force/position
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information may cause the undesired dangerous control
commands of the master-slave robotic system. To solve this
problem, the teleoperation theory and technology catch the eye
of researchers and a lot of research works have been proposed
to guarantee the stability or passivity of the teleoperation
system [10] [11] [12]. Teleoperation technology is also widely
applied to medical scenarios, such as the telesurgery robotic
system [13] [14] [15] and the telerehabilitation robotic system
[16] [17] [18] [19]. For the medical teleoperation application,
the position of the operators on the master side and the actual
force of the environment on the slave side are important.
Because the position generated by the operators represents the
desired control commands to complete the teleoperation task
and the actual force reflects the contact condition between the
slave robot and the environment. The actual force of the slave
side should be sent back to the master side for the operator’s
perception as the actual force information includes the
interactions of the soft tissues or the affected limb of the patient.
Thus, the position-force (P-F) teleoperation control frameworks
are common for telemedical applications.

To ensure the stability of the P-F teleoperation system, there
are two main solutions, the wave transformation (WV) method
[20] [21] [22] [23] and the time domain passivity approach
(TDPA) [12] [24]. The WV-based teleoperation system
transfers the position/force information to the wave variables
for internet communications, which can avoid the non-passivity
problems of internet communication under time delay. On the
other hand, the TDPA calculates the passivity power of each
side subsystem by the passivity observer (PO) and regulates the
obtained position/force from the contralateral side by the
passivity controller (PC) to satisfy the passivity requirements.
However, as the regulatory actions for passivity considerations,
the position/force information will be not extremely same as the
real information which lead to distortion issues. The distortion
issues may lead to incomplete tasks for low working efficiency
and the unreal haptic feelings of the therapists for low
transparency. Regarding the transparency metric, the ideal
transparency of the teleoperation is referring to the perfect
match between the master and slave position/force profiles or
the impedance matching between the real impedance of the



Fig. 1. Conception of the model-mediated telerehabilitation system control framework.

environment and the interaction impedance precepted by the
operators. Obviously, stability and transparency are conflicted
so that the some of trade-offs should be considered.

Nowadays, a novel teleoperation control framework, model-
mediated teleoperation (MMT), is proposed to address both
stability and transparency metrics in teleoperation under
communication delays [25] [26]. In the novel MMT framework,
a local interaction model on the master side is implemented to
simulate the environment characteristics of the slave side. To
this purpose, the slave robotic subsystem is supposed to
complete the teleoperation task while estimating the slave
environment characteristic parameters such as stiffness or
damping in real-time. The information transferred from the
slave side to the master side is not the force information but the
environmental parameters. On the master side, the master local
interaction model should be updated by the obtained
environmental parameter so that the operators can feel the
haptic feedback on slave environments by the local model
without delayed force. In our previous work, a home-based
telerehabilitation system with enhanced RTPI was proposed
which includes two training modes, patient-in-charge and
therapist-in-the-loop mode [27]. And the patient's active effort
can be felt by the therapists by the surface electromyography
(sEMGQG) signals-driven intention prediction methods [28] [29]
[30] [31]. However, the separated operation and perception
modes do not intrinsically solve the simultaneous stability and
transparency trade-off issues.

In this study, we present a model-mediated telerehabilitation
system with the patient’s task stiffness estimation for realizing
the stable and transparent RPTI. On the slave side, a flexible
variable stiffness robot is utilized for compliant physical
human-robot interaction (pHRI). Moreover, the performance-
based variable stiffness modulation is used and the patient’s
task stiffness estimation is designed for representing the
interaction characteristics. On the master side, a stiffness-
damping impedance interaction model is implemented which

can be updated by the obtained task stiffness from the slave side.

To our best knowledge, this is the first work of a
telerchabilitation robotic system using MMT. The conception
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and premilitary experimental validation is presented in this
paper. The rest is organized as follows: In Section II, the
technical details are introduced from the system configuration,
and control method of the master and slave side. The
demonstration experimental results are given in Section III.
Finally, the conclusion is drawn in Section IV.

II. METHODS

A. System Overall

In this study, the proposed telerehabilitation system includes
three parts, the master subsystem, the slave subsystem, and the
internet communication port shown in Fig. 2. The master
subsystem is aiming to provide a vivid patient interaction model
for the therapists. To this end, a 6-degree of freedom (DOF)
haptic-enabled manipulator HD?2 is utilized as the master robot
on the master side. To implement the high-fidelity haptic
interface for the therapists, the Hardware-in-the-loop control
board (Q8-USB Controller, Quanser Inc., Canada) is selected
into the master subsystem which is connected to the HD2 by a
SCSI communication cable. In the slave subsystem, a powered
variable stiffness exoskeleton device (PVSED) is employed for
patient assistance. The PVSED has one DOF on the elbow joint
flexion/extension and one DOF for independent stiffness
variations. There are other 5 passive DOFs for natural range of
motion. The patients can wear the PVSED and carry out the
elbow joint flexion/extension motion with the compliant
variable stiffness assistance from the PVSED [32].

The master and slave robotic dynamic can be expressed as a
set of nonlinear differential equations:

M6,y + BBy = Ty + Trn (1)
Mses + Bsés = Tysa + Tpa (2)
Tysa = Ky - (65 — 61) 3)

where M,, and M, are the mass coefficient of the
master and slave robot. And B, and B, are the friction
coefficient of the master and slave robot. The 7,54 and
K stand for the output force and stiffness of the PVSED.



Fig. 2. Configuration of the model-mediated telerehabilitation system.

To communicate the master and slave subsystems, the
internet communication port is built by the TCP/IP method for
a high-fidelity stable internet communication. Due the
inevitable communication delay, the transmit variable will be
written as (t-d) for representing the delay d's.

B. Model-mediated Teleoperation

The conception of the proposed model-mediated
telerchabilitation is to avoid the direct transmissions of a pair of
power variables which will lead to non-passive of the
communication port and further cause the instability due to the
internet communication latency. By transmitting the interaction
model parameters to the master side, the operator interactions

Fig. 3. The working principle of the VSA
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can be guaranteed with local no-delay control loop. Thus, the
proposed model-mediated telerehabilitation system is supposed
to provide dynamic remote therapist-patient interaction for the
therapists through the real-time interaction model update. To
realize this concept, the task interaction dynamic characteristics
of the patients should be estimated and sent to the master side
during the telerchabilitation training task. Therefore, the
forward information (master to slave) is the therapist’s therapy
motions and the backward information (slave to master) is the
estimated task stiffness information of the patients during the
telerehabilitation training task for the therapist’s interaction
model update.

C. Task Stiffness Estimation on the Slave side

The patients on the slave side is expected to track the obtained
therapy motion trajectory with the aid of the PVSED. As the
flexible structure of the PVSED, the assistance torque will be
generated only if there is the deviation angle between the output
link ¢ and the mainframe link 8; shown in Fig. 3. Based on
this characteristic of the PVSED, the assistive interaction torque
Tysa generated by the PVSED can be calculated as (3). In order
to provide the compliant interaction for patient, the assist-as-
needed strategy should be considered [33] [34] [35]. In this
study, a position-error-based variable stiffness control law is
utilized to get the desired input stiffness K; of the PVSED as

follows:

K; = 1695 +¢-|6,, — 6| 4
Where are the obtained therapist position and the actual patient
position, respectively. And € is the positive constant which is
set as 3.418 in this paper.



Fig. 4. The performance-based variable stiffness control framework of the slave subsystem with variable stiffness robot

After obtaining the desired stiffness of the PVSED, the
tracking controller of the PVSED is aiming to control the
mainframe position to tracking the desired position 8,45 to
provide the desired assistance. In our pervious study, the
tracking controller of the PVSED under the variable stiffness
was proposed with proved stability performance, which is
utilized in this study shown in Fig. 4.

Due to the patient active training efforts, the position error
could reflect the patient’s training task dynamic information.
For this consideration, the estimated task stiffness K of the
patient can be calculated as follows:

16.95, 0, — 05 < 3°
R={1695+¢- |6, —0,, 3°<8,—6,<30° (5)
119.5, 30° < 6, — 6,

As the above equation, the task stiffness of patients can be
calculated in real-time and will be transmit to the master side.
Moreover, the task stiffness of the patients will equal to the
minimal stiffness level if the patient can track the desired
position with predefined performance requirements. And the
task stiffness will increase along with the position errors
become larger, which means that the patient limb is too stiff to
be moved.

D. Interaction Model Update on the Master Side

The interaction model on master side is the impedance model
containing the spring and the damping terms [36]. Compared
with the interaction model only including the stiffness term, the
damping term will contribute to the interaction stability and
further ensure the telerchabilitation safety. The interaction
model is given as:

D6y — 0m) +K(6p — 0) =1, (6)

D=2- £- \/E )
Where 6, and 6, stand for the initial angle and angular
velocity of the master robot. 6,, and 6, represent the task
angle and angular velocity generated by the therapists. K and
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D are the estimated task stiffness and damping of the patients
obtained from the slave side, respectively. And ¢ is the
damping coefficient which is 0.7. Therefore, the dynamic
interaction can be implemented by the time-vary impedance
information update, which can reflect the patient training task
state. According to the above equation, the therapist will receive
the interaction torques against to the motion direction of the
motion and the interaction characteristics is determined by the
task position and the patient’s task impedance information.
Moreover, if the patient can track the therapy motions so that
the estimated task stiffness becomes to minimal level, the
therapists will percept the softest impedance interaction
characteristics corresponding to the minimal stiffness of the
PVSED. Conversely, if the patient’s tracking errors are huge so
that the estimated task stiffness is large, the therapist will feel
the harder level impedance interaction characteristics by which
the therapists can be aware of the poor performance of the
patients and adjust the training task difficulty easier for ensure
the remote interaction safety.

III. EXPERIMENTS AND RESULTS

A. Experimental Setup

The premilitary performance of the proposed model-
mediated telerehabilitation system was evaluated in this study.
An experimental demonstration trial was carried out at Kagawa
University. Two subjects were employed in this experiment.
One subject was asked to carry out the elbow joint
flexion/extension motion by holding the HD2 device, and the
other subject was asked to wear the PVSED on the master side
and to track the obtained therapist’s motions on the slave side.
The video information of the slave side was transmitted to the
master side to enable the master subject to be aware of the slave
side tracking performance. The experiment was approved by
the Institutional Review Board (IRB) of the faculty of
engineering under protocol number 01-110.



Fig. 5. Performance results of the master side. Top figure: Therapist
kinematic motions, Middle figure: Interaction model parameters
updated by the obtained patient’s task stiffness from the slave side.
Bottom figure: Feedback torque delivered to the therapist subject.

B. Experimental Results

During the demonstration trial, the master subject conducted
free flexion/extension motions of the elbow joint while watching
the slave subject's motion in the video. And the slave subject was
asked to track the obtained kinematic position with his best
efforts. The experimental results of the master and slave side
were shown in Fig. 5 and Fig. 6. To simulate the patient's active
efforts, the slave subject was asked to against the obtained
position on purpose from 2.8s to 10.5s. Therefore, the deviation
angle between the mainframe and output link became 13.3
degrees so that the PVSED generated the assistive torque at
13.87 Nm. In addition, the master subject also conducted three
motion cycles of sine function like elbow joint motions,
meanwhile the slave subject against the desired motions at the
end of the motion cycle. The peak torques of each motion cycle
are 20.45Nm, 12.40Nm, and 28.71Nm, respectively. Due to the
patient's active efforts, the task stiffness is caused shown in Fig.
6. It is obvious that the estimated task stiffness is almost
corresponding to the output stiffness of the PVSED. During the
telerehabilitation training, the estimated task stiffness will be
transferred to the master side to update the interaction model for
therapist interaction perceptions. According to (6) and (7), the
stiffness and damping terms of the impedance model were
regulated in real-time to provide the dynamic task information.
The interaction feedback torques are shown in Fig. Benefitting
from the model-mediated telerehabilitation method, the therapist
could feel the dynamic interaction force feedback and the visual
feedback of the patient training task states.

IV. CONCLUSIONS
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Fig. 6. Performance results of the slave side. Top figure: Patient
tracking results, Middle figure: Comparison results between the output
stiffness of the PVSED and estimated task stiffness. Bottom figure:
Assistance torque delivered to the patient subject.

In this paper, we proposed a model-mediated
telerehabilitation system with task stiffness estimation to
felicitate telerchabilitation with remote therapist-patient
interactions. The therapists could receive the visual and
interaction force feedback of the telerehabilitation training task
from the slave side and provide the therapy motions for patients.
Moreover, a flexible robot was utilized to provide compliant
interactive assistance to the patients for improving remote
training safety. Based on the variable stiffness robot on the
slave side, the performance-based variable stiffness control law
and task stiffness task estimation method were presented. By
transferring the estimated task stiffness from the slave side to
the master side, the interaction model can be online updated in
real-time to realize the dynamic task interaction feedback. To
validate the performance of the proposed model-mediated
telerchabilitation system with task stiffness estimation, a
premilitary experiment was carried out. The experimental
results show that the model-mediated telerehabilitation system
can enable remote therapist-patient interaction with compliant
assistance and interaction model updating. Future work will
focus on adopting real post-stroke patients into the
experimental validation.

REFERENCES

[1] “Heart Disease and Stroke Statistics—2022 Update: A Report From the
American Heart Association | Circulation.”
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000001052
(accessed Jun. 09, 2022).

G. Bauer and Y.-J. Pan, “Review of Control Methods for Upper Limb
Telerehabilitation With Robotic Exoskeletons,” IEEE Access, vol. 8, pp.

203382-203397, 2020, doi: 10.1109/ACCESS.2020.3036596.

(2]



[10]

(1]

[12]

[13]

[15]

[16]

[17]

(18]

[19]

S. G. Rozevink, C. K. van der Sluis, A. Garzo, T. Keller, and J. M.
Hijmans, “HoMEcare aRm rehabiLItatioN (MERLIN):
telerehabilitation using an unactuated device based on serious games
improves the upper limb function in chronic stroke,” J.
NeuroEngineering Rehabil., vol. 18, no. 1, p. 48, Dec. 2021, doi:
10.1186/s12984-021-00841-3.

A. Garzo, J. H. Jung, J. Arcas-Ruiz-Ruano, J. C. Perry, and T. Keller,
“ArmAssist: A Telerehabilitation Solution for Upper-Limb
Rehabilitation at Home,” /IEEE Robot. Autom. Mag., pp. 2—12, 2022,
doi: 10.1109/MRA.2022.3225716.

M. Kaur, E. Z. Eddy, and D. Tiwari, “Exploring Practice Patterns of
Pediatric Telerehabilitation During COVID-19: A Survey Study,”
Telemed.  E-Health, p. tmj.2021.0506, Mar. 2022, doi:
10.1089/tm;j.2021.0506.

K. D. Knepley, J. Z. Mao, P. Wieczorek, F. O. Okoye, A. P. Jain, and
N.Y. Harel, “Impact of Telerehabilitation for Stroke-Related Deficits,”
Telemed. E-Health, vol. 27, no. 3, pp. 239-246, Mar. 2021, doi:
10.1089/tmj.2020.0019.

S. F. Atashzar, J. Carriere, and M. Tavakoli, “Review: How Can
Intelligent Robots and Smart Mechatronic Modules Facilitate Remote
Assessment, Assistance, and Rehabilitation for Isolated Adults With
Neuro-Musculoskeletal Conditions?,” Front. Robot. Al, vol. 8, p.
610529, Apr. 2021, doi: 10.3389/frobt.2021.610529.

S. Zhang, Q. Fu, S. Guo, and Y. Fu, “A Telepresence System for
Therapist-in-the-Loop Training for Elbow Joint Rehabilitation,” Appl.
Sci., vol. 9, no. 8, Art. no. 8, Jan. 2019, doi: 10.3390/app9081710.

E. Estrada, W. Yu, and X. Li, “Stable bilateral teleoperation with phase
transition and haptic feedback,” J. Frankl. Inst., vol. 358, no. 3, pp.
19401956, Feb. 2021, doi: 10.1016/j.jfranklin.2020.12.027.

R. Balachandran, M. Panzirsch, M. De Stefano, H. Singh, C. Ott, and
A. Albu-Schaeffer, “Stabilization of User-Defined Feedback
Controllers in Teleoperation With Passive Coupling Reference,” IEEE
Robot. Autom. Lett., vol. 6, no. 2, pp. 3513-3520, Apr. 2021, doi:
10.1109/LRA.2021.3064452.

F. Ferraguti, M. Bonf¢, C. Fantuzzi, and C. Secchi, “Optimized Power
Modulation in Wave-Based Bilateral Teleoperation,” [EEEASME
Trans. Mechatron., vol. 26, no. 1, pp. 276-287, Feb. 2021, doi:
10.1109/TMECH.2020.3013978.

H. Li and K. Kawashima, “Bilateral teleoperation with delayed force
feedback using time domain passivity controller,” Robot. Comput.-
Integr. Manuf., vol. 37, pp. 188-196, Feb. 2016, doi:
10.1016/j.rcim.2015.05.002.

Y. Miao, Y. Jiang, L. Peng, M. S. Hossain, and G. Muhammad,
“Telesurgery Robot Based on 5G Tactile Internet,” Mob. Netw. Appl.,
vol. 23, no. 6, pp. 1645-1654, Dec. 2018, doi: 10.1007/s11036-018-
1110-3.

J. Guo, C. Liu, and P. Poignet, “A Scaled Bilateral Teleoperation
System for Robotic-Assisted Surgery with Time Delay,” J. Intell. Robot.
Syst., vol. 95, no. 1, pp. 165-192, Jul. 2019, doi: 10.1007/s10846-018-
0918-1.

X. Bao et al, “Multilevel Operation Strategy of a Vascular
Interventional Robot System for Surgical Safety in Teleoperation,”
IEEE Trans. Robot., vol. 38, no. 4, pp. 2238-2250, Aug. 2022, doi:
10.1109/TR0O.2022.3140887.

G. Bauer and Y.-J. Pan, “Telerehabilitation with Exoskeletons using
Adaptive Robust Integral RBF-Neural-Network Impedance Control
under Variable Time Delays,” in 2021 [EEE 30th International
Symposium on Industrial Electronics (ISIE), Kyoto, Japan, Jun. 2021,
pp. 1-6. doi: 10.1109/ISIE45552.2021.9576228.

S. Handelzalts, G. Ballardini, C. Avraham, M. Pagano, M. Casadio, and
1. Nisky, “Integrating Tactile Feedback Technologies Into Home-Based
Telerehabilitation: Opportunities and Challenges in Light of COVID-
19 Pandemic,” Front. Neurorobotics, vol. 15,2021, Accessed: Jun. 08,
2022. [Online]. Available:
https://www .frontiersin.org/article/10.3389/fnbot.2021.617636

S.F. Atashzar, I. G. Polushin, and R. V. Patel, “A Small-Gain Approach
for Nonpassive Bilateral Telerobotic Rehabilitation: Stability Analysis
and Controller Synthesis,” IEEE Trans. Robot., vol. 33, no. 1, pp. 49—
66, Feb. 2017, doi: 10.1109/TR0O.2016.2623336.

S. F. Atashzar, M. Shahbazi, M. Tavakoli, and R. V. Patel, “A
Computational-Model-Based Study of Supervised Haptics-Enabled
Therapist-in-the-Loop Training for Upper-Limb Poststroke Robotic

472

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

Rehabilitation,” IEEEASME Trans. Mechatron., vol. 23, no. 2, pp. 563—
574, Apr. 2018, doi: 10.1109/TMECH.2018.2806918.

Z. Chen, F. Huang, W. Sun, and W. Song, “An Improved Wave-
Variable Based Four-Channel Control Design in Bilateral
Teleoperation System for Time-Delay Compensation,” /EEE Access,
vol. 6, pp. 12848-12857, 2018, doi: 10.1109/ACCESS.2018.2805782.
D. Sun, F. Naghdy, and H. Du, “Wave-Variable-Based Passivity
Control of Four-Channel Nonlinear Bilateral Teleoperation System
Under Time Delays,” IEEEASME Trans. Mechatron., vol. 21, no. 1, pp.
238-253, Feb. 2016, doi: 10.1109/TMECH.2015.2442586.

N. Feizi, R. V. Patel, M. R. Kermani, and S. F. Atashzar, “Adaptive
Wave Reconstruction Through Regulated-BMFLC for Transparency-
Enhanced Telerobotics Over Delayed Networks,” IEEE Trans. Robot.,
vol. 38, mo. 5, pp. 2928-2942, Oct. 2022, doi:
10.1109/TR0O.2022.3158195.

F. Ferraguti, M. Bonf¢, C. Fantuzzi, and C. Secchi, “Optimized Power
Modulation in Wave-Based Bilateral Teleoperation,” IEEEASME
Trans. Mechatron., vol. 26, no. 1, pp. 276-287, Feb. 2021, doi:
10.1109/TMECH.2020.3013978.

S. F. Atashzar, M. Shahbazi, M. Tavakoli, and R. V. Patel, “A grasp-
based passivity signature for haptics-enabled human-robot interaction:
Application to design of a new safety mechanism for robotic
rehabilitation,” Int. J. Robot. Res., vol. 36, no. 5-7, pp. 778-799, Jun.
2017, doi: 10.1177/0278364916689139.

C. Kim and D. Y. Lee, “Adaptive Model-Mediated Teleoperation for
Tasks Interacting With Uncertain Environment,” /EEE Access, vol. 9,
pp. 128188-128201, 2021, doi: 10.1109/ACCESS.2021.3112207.

X. Xu, B. Cizmeci, C. Schuwerk, and E. Steinbach, “Model-Mediated
Teleoperation: Toward Stable and Transparent Teleoperation Systems,
IEEE  Access, vol. 4, pp- 425-449, 2016, doi:
10.1109/ACCESS.2016.2517926.

Y. Liu, S. Guo, Z. Yang, H. Hirata, and T. Tamiya, “A Home-Based
Bilateral Rehabilitation System With sSEMG-based Real-Time Variable
Stiffness,” IEEE J. Biomed. Health Inform., vol. 25, no. 5, pp. 1529—
1541, May 2021, doi: 10.1109/JBHI.2020.3027303.

H. Li, S. Guo, H. Wang, and D. Bu, “Subject-Independent Continuous
Estimation of sEMG-Based Joint Angles Using Both Multisource
Domain Adaptation and BP Neural Network,” IEEE Trans. Instrum.
Meas., vol. 72, pp. 1-10, 2023, doi: 10.1109/TIM.2022.3225015.
Z.Yang, S. Guo, Y. Liu, H. Hirata, and T. Tamiya, “An intention-based
online bilateral training system for upper limb motor rehabilitation,”
Microsyst. Technol., vol. 27, no. 1, pp. 211-222, Jan. 2021, doi:
10.1007/s00542-020-04939-x.

Z. Yang, S. Guo, H. Hirata, and M. Kawanishi, “A Mirror Bilateral
Neuro-Rehabilitation Robot System with the SEMG-Based Real-Time
Patient Active Participant Assessment,” Life, vol. 11, no. 12, Art. no.
12, Dec. 2021, doi: 10.3390/life11121290.

D. Bu, S. Guo, J. Guo, H. Li, and H. Wang, “Low-Density SEMG-Based
Pattern Recognition of Unrelated Movements Rejection for Wrist Joint
Rehabilitation,” Micromachines, vol. 14, no. 3, Art. no. 3, Mar. 2023,
doi: 10.3390/mi14030555.

Z. Yang, S. Guo, K. Suzuki, Y. Liu, and M. Kawanishi, “An EMG-
Based Biomimetic Variable Stiffness Modulation Strategy for Bilateral
Motor Skills Relearning of Upper Limb Elbow Joint Rehabilitation,” J.
Bionic Eng., Feb. 2023, doi: 10.1007/s42235-023-00339-9.

Z. Yang, S. Guo, Y. Liu, M. Kawanishi, and H. Hirata, “A Task
Performance-Based sEMG-Driven Variable Stiffness Control Strategy
for Upper Limb Bilateral Rehabilitation System,” IEEEASME Trans.
Mechatron., pp. 1-12, 2022, doi: 10.1109/TMECH.2022.3208610.

Z. Yang and S. Guo, “A Hybrid Motion Stiffness Control of Variable
Stiffness Actuator for Upper Limb Elbow Joints Rehabilitation,” in
2022 IEEE International Conference on Mechatronics and Automation
(ICMA), Guilin, Guangxi, China, Aug. 2022, pp. 1324-1328. doi:
10.1109/ICMA54519.2022.9855934.

Z. Yang, S. Guo, and Y. Liu, “Preliminary Evaluation of a
Performance-based Stiffness Control for Upper Limb Elbow Joints
Rehabilitation,” in 202/ I[EEE International Conference on
Mechatronics and Automation (ICMA), Takamatsu, Japan, Aug. 2021,
pp. 1280-1285. doi: 10.1109/ICMA52036.2021.9512573.

H. Cai, S. Guo, Z. Yang, and J. Guo, “A Motor Recovery Training and
Evaluation Method for the Upper Limb Rehabilitation Robotic System,”
IEEE Sens. J., pp. 1-1, 2023, doi: 10.1109/JSEN.2023.3258980.

”»



	Search
	Print

