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I. INTRODUCTION & MOTIVATION

Healthcare plays a vital role in society, especially as the
global aging population presents pressing challenges. By 2050,
22% of the world’s population will be over 60 [28], leading to
increased demand for healthcare services. Aging is associated
with neurological conditions like stroke and social challenges
such as caregiving. My research focuses on stroke rehabilita-
tion and elderly caregiving, as both share two key challenges:
(1) labor intensity and (2) service accessibility.

First, these services are labor-intensive. Stroke rehabilita-
tion requires repetitive training, following the “power law
of practice” in motor learning [11} |12], involving significant
time and effort from healthcare providers. Similarly, caregiv-
ing demands continuous support, monitoring, and immediate
emergency response. Robotics can help by delivering high-
dosage, high-intensity robot assistance. Teleoperation further
improves service efficiency, enabling healthcare providers to
operate multiple robotic systems for different users, such as
stroke patients and older adults [25].

Second, service accessibility remains a challenge. In geo-
graphically vast countries like the United States and Canada,
many healthcare users with mobility limitations struggle to
access healthcare facilities. Teleoperated robots [S]], supported
by advanced 5G/6G networks [4]], offer a promising solution
by bridging the gap between users and healthcare providers.

Driven by these challenges, my research aims to develop in-
tuitive human-robot interfaces that allow healthcare providers
to remotely operate robots assisting users in activities of daily
living (ADLs), while addressing their physical, cognitive, and
emotional needs. Previously, I focused on hardware interfaces,
including developing upper-limb exoskeletons for stroke re-
habilitation [17, 27, 15} [2, 26] and haptic devices [19] for
bilateral teleoperation. Now, my work has shifted to software
interfaces, specifically how robots can interpret human intent
and engage intelligently using artificial intelligence (AI).

II. PRIOR WORK

In this section, I will briefly introduce my previous work on
developing upper-limb exoskeletons and haptic devices, along
with the key research challenges and my contributions. My
research is inherently interdisciplinary, as I believe meaningful
collaboration across fields is essential for developing innova-
tive technologies with real-world impact.

To address the challenges in stroke rehabilitation, I in-
tegrated robotics, biomechanics, physiotherapy, and neuro-

science to develop exoskeletons with human-in-the-loop con-
trol for bimanual ADL training. Similarly, I combined mecha-
tronics, solid mechanics, and soft robotics to design stiffness-
rendering haptic devices for bilateral teleoperation. By draw-
ing on multiple disciplines, my work bridges engineering and
human-centered healthcare.

A. Upper Limb Exoskeleton for Bimanual ADL Training

Stroke rehabilitation requires bimanual ADL training. While
conventional unimanual training, such as constraint-induced
movement therapy (CIMT) [13], enhances motor function,
it does not improve interlimb coordination because of the
bilateral-specific neurons in the supplementary motor area and
primary motor cortex [23]]. Thus, bimanual training is essential
for patients to relearn bimanual ADL tasks.

1) Bilateral Exoskeleton Design: Existing exoskeletons for
bimanual training have limitations, including inadequate distal
joint assistance [29], unnecessary restrictions on less-impaired
joints [10], bulky design in bilateral configuration, and limited
control frameworks for underactuated systems.

To address these challenges, I developed a 9-degree-of-
freedom (DoF) Underactuated Upper Limb Exoskeleton—a
lightweight (1.783kg), cable-driven system for bimanual ADL
training [[17, 27]]. It features distal joint assistance from the
elbow to wrist, while allowing passive scapula and shoulder
movement, ensuring natural joint motion without restricting
less-impaired joints. Its compact self-alignment mechanism
with a passive ball joint enables bilateral configuration, avoid-
ing interference between the two arms. The primary-secondary
joint assistance strategy enables adaptive, patient-controlled
movement without predefined task-space trajectories.

The exoskeleton’s effectiveness was validated through ex-
periments with ten healthy participants. It significantly reduced
their muscle activity and motion differences in a symmetric bi-
manual ADL task. This exoskeleton presents a promising step
toward effective, patient-driven bimanual stroke rehabilitation.

2) Exoskeleton Sensing for VR: Virtual reality (VR) offers
a controlled, immersive environment for stroke rehabilitation,
training patients in ADLs [, 9]. However, its effectiveness
is hindered by inaccuracies in robot motion sensing [24].
Conventional sensors, such as rotary encoders and inertial
measurement units, have inherent issues like complex instal-
lation, signal drift, and magnetic interference.

To overcome these limitations, I proposed an innovative and
reliable sensing system that combines rotary encoders with



visual-inertial sensors for reliable joint angle measurements
in upper limb exoskeletons used in VR training [18]]. This
system measures various joint types: encoders for hinge joints,
visual-inertial sensors for ball and revolute joints along the
limb’s longitudinal axis. It provides real-time measurement to
simulate virtual arms interacting with objects in VR.

Experimental results, compared to Vicon as the reference
standard, showed that the visual-inertial sensors achieved root-
mean-square errors (RMSE) below 2.3491° and demonstrated
a strong correlation (r > 0.9640, p < 0.001). Furthermore,
experiments with seven healthy participants revealed that the
muscle activations, joint range of motion, and joint trajectories
in the VR task closely mirrored those in real-world tasks. This
sensing system is easy to implement, magnetometer-free, and
can be adapted to other robotic systems, offering a promising
solution to enhance the accuracy and reliability of VR-based
rehabilitation.

3) Exoskeleton Control for Asymmetric Bimanual ADLs:
Existing upper limb exoskeletons face major challenges in
training asymmetric bimanual ADLs. Traditional task-space
control methods [22| 21} 3] often struggle to provide indi-
vidualized joint motions necessary for training compensatory
techniques in occupational therapy [20]. They also lack the
flexibility to customize joint error tolerances for motor learn-
ing [11] and patient safety. Moreover, these methods are
unsuitable for underactuated exoskeletons.

To overcome these challenges, I proposed a novel exoskele-
ton control framework that integrates independent impedance
joint control and visual guidance in VR to facilitate asymmet-
ric bimanual ADL training [14]. This framework enables the
robot to provide personalized assistance for each joint based
on the patient’s impairments while incorporating therapist-
demonstrated joint trajectories for compensatory techniques.
The VR visual guidance helps patients coordinate their move-
ments by allowing them to anticipate robot assistance and
match it with their unassisted joint motions.

I validated the framework with 15 healthy participants, who
demonstrated significant reductions in joint angle errors and
muscle activation, indicating the effective robot assistance.
VR-guided motion also showed a strong correlation with
therapist-demonstrated motions. This approach enables per-
sonalized impaired-joint support, promotes coordinated move-
ment, and ensures user safety by training in VR. The results
highlight the framework’s potential to enhance asymmetric
bimanual ADL training and advance stroke rehabilitation.

B. Pneumatic Haptic Device for Bilateral Teleoperation

While robots can improve service efficiency, accessibility
remains a significant challenge in countries with large geo-
graphical landscapes. Due to limited telepresence [6], health-
care providers face difficulties in assisting users in ADLs.

A key challenge in robot teleoperation is providing kines-
thetic feedback that helps operators gauge appropriate robot
grip force, especially when grabbing daily objects with varying
stiffness. Existing systems struggle with issues such as system

instability [[7], sensation distortion [7]], and joint misalignment
in kinesthetic devices like exoskeletons [8]].

To address these limitations, we proposed a novel wearable
haptic device [19], using a honeycomb jamming mechanism
to provide real-time, adjustable stiffness feedback during tele-
operated object-grasping tasks. The device, weighing only 20
grams, can vary its stiffness from 1.15SN/mm to 2.64N/mm
using 30kPa vacuum pressure, offering operators kinesthetic
feedback similar to direct object grasping. This device is
integrated into a bilateral teleoperation framework, allowing
operators to control grip force with accurate haptic feedback
on object stiffness. The key advantages of the device include
its lightweight and compact design, ensuring finger mobility,
and its ability to provide reliable feedback.

Experimental results demonstrated the device’s effective-
ness, showing a small RMSE and strong correlations in
motion, stiffness rendering, and force feedback during object-
grasping tasks. The device provided stable, real-time kines-
thetic feedback, enabling strong potential for telerehabilitation
and VR, where precise, responsive haptic feedback is essential.

III. FUTURE WORK

As noted, my research aims to develop intuitive human-
robot interfaces that enable healthcare providers to remotely
assist users in ADLs, while ensuring robotic support addresses
users’ physical, cognitive, and emotional needs.

To date, my work has primarily focused on robot hardware
interfaces, particularly developing exoskeletons to assist users
in ADLs and haptic devices to improve telepresence by
providing healthcare providers with haptic feedback. However,
achieving my broader research goal remains a challenge, as it
involves not only the interaction between healthcare providers
and the robot, but also between the robot and users at remote
locations. This leads to the central research question: How
can a robot simultaneously interact with both the healthcare
provider and the user, ensuring that the provider can control the
robot intuitively while guaranteeing user safety and delivering
meaningful assistance in the remote location?

This question drives my future research toward developing
an intuitive teleoperation framework with shared autonomy
for older-adult caregiving. Building on my human-centered
robotics experience, I aim to integrate robotics, biomechanics,
psychological theories, and machine learning to enhance tele-
operation by understanding caregivers’ intentions and helping
them monitor older adults’ physical, emotional, and cognitive
states, reducing caregivers’ cognitive and physical load.

This research includes two main components: (1) an intelli-
gent teleoperation interface that recognizes caregiver-intended
assisting actions and sends high-level action commands to re-
mote robots for autonomous caregiving [16]]; and (2) a system
that monitors and relay older adults’ physical, emotional, and
cognitive states to caregivers through the interface, or adapts
the robot’s assistance autonomously, enabling personalized,
responsive care. Together, these components can potentially
improve remote caregiving quality and make it more human-
centered.



(1]

(2]

(3]

(4]

(51

(6]

(71

(8]

(9]

[10]

[11]

REFERENCES

Xinming Chen, Fang Liu, Shaohong Lin, Ligiang Yu, and
Ruhui Lin. Effects of virtual reality rehabilitation training
on cognitive function and activities of daily living of pa-
tients with poststroke cognitive impairment: a systematic
review and meta-analysis. Archives of Physical Medicine
and Rehabilitation, 103(7):1422-1435, 2022.

H.H Cheng, T.M. Kwok, and H. Yu. Design and control
of the portable upper-limb elbow-forearm exoskeleton
for adl assistance. In 2023 IEEE/ASME International
Conference on Advanced Intelligent Mechatronics (AIM),
pages 343-349, 2023.

Stefano Dalla Gasperina, Keya Ghonasgi, Ana C
de Oliveira, Marta Gandolla, Alessandra Pedrocchi, and
Ashish Deshpande. A novel inverse kinematics method
for upper-limb exoskeleton under joint coordination con-
straints. In 2020 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), pages 3404—3409.
IEEE, 2020.

Shuping Dang, Osama Amin, Basem Shihada, and
Mohamed-Slim Alouini. What should 6g be? Nature
Electronics, 3(1):20-29, 2020.

Kourosh Darvish, Luigi Penco, Joao Ramos, Rafael Cis-
neros, Jerry Pratt, Eiichi Yoshida, Serena Ivaldi, and
Daniele Pucci. Teleoperation of humanoid robots: A
survey. [EEE Transactions on Robotics, 39(3):1706—
1727, 2023.

Kai Feng, Qingsong Xu, Seng Fat Wong, and Bin Zi.
Design and development of a teleoperated telepresence
robot system with high-fidelity haptic feedback assis-
tance. IEEE Transactions on Automation Science and
Engineering, 2024.

Wei Fu, Marinus M van Paassen, David A Abbink, and
Max Mulder. Framework for human haptic perception
with delayed force feedback. IEEE Transactions on
Human-Machine Systems, 49(2):171-182, 2018.
Ruipeng Ge, Yuan Liu, Zhe Yan, Qian Cheng, Shiyin
Qiu, and Dong Ming. Design of a self-aligning four-
finger exoskeleton for finger abduction/adduction and
flexion/extension motion. In 2023 International Con-
ference on Rehabilitation Robotics (ICORR), pages 1-6.
IEEE, 2023.

David Jack, Rares Boian, Alma S Merians, Marilyn
Tremaine, Grigore C Burdea, Sergei V Adamovich,
Michael Recce, and Howard Poizner. Virtual reality-
enhanced stroke rehabilitation. IEEE transactions on
neural systems and rehabilitation engineering, 9(3):308—
318, 2001.

Bongsu Kim and Ashish D Deshpande. An upper-body
rehabilitation exoskeleton Harmony with an anatomical
shoulder mechanism: Design, modeling, control, and
performance evaluation. The International Journal of
Robotics Research, 36(4):414-435, April 2017. ISSN
0278-3649.

T. Kitago and J.W Krakauer. Motor learning principles

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

for neurorehabilitation. Handbook of clinical neurology,
110:93-103, 2013.

M. Korman, N. Raz, T. Flash, and A. Karni. Multiple
shifts in the representation of a motor sequence during
the acquisition of skilled performance. Proceedings of the
National Academy of Sciences, 100(21):12492-12497,
2003.

Gert Kwakkel, Janne M Veerbeek, Erwin EH van Wegen,
and Steven L Wolf. Constraint-induced movement ther-
apy after stroke. The Lancet Neurology, 14(2):224-234,
2015.

T. M. Kwok and H. Yu. Asymmetric bimanual adl train-
ing with underactuated exoskeleton using independent
joint control and visual guidance. IEEE Access, 12:9277—
9291, 2024.

T. M. Kwok, H.H. Cheng, and H. Yu. A 2-dof elbow
exoskeleton with spherical scissor mechanism for adl
assistance. In 2023 IEEE International Conference on
Robotics and Biomimetics (ROBIO), pages 1-6, 2023.
Thomas M. Kwok, Jiaan Li, and Yue Hu. Lever-
aging GCN-based Action Recognition for Teleop-
eration in Daily Activity Assistance, April 2025.
arXiv:2504.07001.

T.M. Kwok and H. Yu. A novel bilateral underactuated
upper limb exoskeleton for post-stroke bimanual adl
training. [EEE Transactions on Neural Systems and
Rehabilitation Engineering, 32:3299-3309, 2024.

T.M. Kwok, T. Li, and H. Yu. A reliable kinematic
measurement of upper limb exoskeleton for vr therapy
with visual-inertial sensors. In 2023 IEEE/ASME Inter-
national Conference on Advanced Intelligent Mechatron-
ics (AIM), pages 584-590, 2023.

T.M. Kwok, B. Zhang, and W.T. Chow. A wearable
stiffness-rendering haptic device with a honeycomb jam-
ming mechanism for bilateral teleoperation. Machines,
13(1), 2025. ISSN 2075-1702.

Lynn A Legg, Sharon R Lewis, Oliver J Schofield-
Robinson, Avril Drummond, and Peter Langhorne. Oc-
cupational therapy for adults with problems in activities
of daily living after stroke. Cochrane Database of
Systematic Reviews, (7), 2017.

MatjaZz Mihelj, Tobias Nef, and Robert Riener. A novel
paradigm for patient-cooperative control of upper-limb
rehabilitation robots. Advanced Robotics, 21(8):843-867,
2007.

Tobias Nef, Matjaz Mihelj, and Robert Riener. Armin:
a robot for patient-cooperative arm therapy. Medical &
biological engineering & computing, 45:887-900, 2007.
RL Sainburg, D Good, and A Przybyla. Bilateral synergy:
a framework for post-stroke rehabilitation. Journal of
neurology & translational neuroscience, 1(3), 2013.
Hakim Si-Mohammed, Catarina Lopes-Dias, Maria
Duarte, Ferran Argelaguet, Camille Jeunet, Géry Casiez,
Gernot R Miiller-Putz, Anatole Lécuyer, and Reinhold
Scherer. Detecting system errors in virtual reality using
eeg through error-related potentials. In 2020 IEEE



[25]

[26]

[27]

(28]

[29]

Conference on Virtual Reality and 3D User Interfaces
(VR), pages 653-661. IEEE, 2020.

A. Song, C. Wu, D. Ni, H. Li, and H. Qin. One-therapist
to three-patient telerehabilitation robot system for the
upper limb after stroke. International Journal of Social
Robotics, 8:319-329, 2016.

T.M. Kwok and H. Yu. An apparatus for upper —limb
motion assistance, . WO Patent W02022216231A1, Oct.
13, 2022.

T.M. Kwok and H. Yu. Apparatus for assisting movement
of upper limb of user, . WO Patent WO2022216230A1,
Oct. 13, 2022.

World Health Organization. Ageing and health, 2024.
URL https://www.who.int/news-room/fact-sheets/detail/
ageing-and-health. Accessed: Feb. 7, 2025.

Kuan-Yi Wu, Yin-Yu Su, Ying-Lung Yu, Ching-Hui
Lin, and Chao-Chieh Lan. A 5-degrees-of-freedom
lightweight elbow-wrist exoskeleton for forearm fine-
motion rehabilitation. IEEE/ASME Transactions on
Mechatronics, 24(6):2684-2695, 2019.


https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

	Introduction & Motivation
	Prior Work
	Upper Limb Exoskeleton for Bimanual ADL Training
	Bilateral Exoskeleton Design
	Exoskeleton Sensing for VR
	Exoskeleton Control for Asymmetric Bimanual ADLs

	Pneumatic Haptic Device for Bilateral Teleoperation

	Future Work

