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ABSTRACT

This paper presents the design, modeling, and experimental assessment of a wrist exoskeleton actuated by
Shape Memory Alloy (SMA) springs to support flexion-extension and radial-ulnar deviation of the wrist. A
dynamic model based on the Euler-Lagrange formulation was developed and simulated to estimate the joint torque
requirements, which ranged from 0.26—0.32 Nm for standard wrist movements. A prototype is fabricated and tested
incorporating four SMA spring actuators fixed on an arm splint, with targeted actuation for generating different
wrist motion. Experimental findings revealed that the prototype delivered torque values surpassing simulation
requirements for flexion (0.332 Nm) and extension (0.328 Nm) motions, whereas lower torque was observed for
radial and ulnar deviations, likely due to actuator placement and frictional losses. The actuation cycle frequency for
flexion-extension was measured to be 0.018 Hz, primarily constrained by the thermal characteristics of the SMA
springs. Another important observation is enhanced speed during SMA reversal motion (from extension to flexion)
resulted from antagonistic actuation of the SMA. To further improve the torque and speed generation, an optimal
SMA actuator with reduced thermal mass (thinner diameter, bundle configuration) and active cooling can be designed.
Overall, the SMA-driven wrist exoskeleton exhibits promising potential as a lightweight, wearable system for effective
wrist joint assistance.

Keywords: Shape memory alloy; actuator, artificial muscle; wrist exoskeleton, flexion-extension; radial-ulnar
deviation

INTRODUCTION

Robotic exoskeletons are a remarkable innovation in
assistive technology, providing mechanical support to
individuals with muscle weakness or neurological
disorders. They are generally divided into two types: rigid
and soft, each with its own pros and cons, such as
differences in load capacity and speed (Yeem et al. 2019).
These robots use different actuators (hydraulic, electric,
and pneumatic) and control methods, which greatly affect
their performance. However, these traditional actuator
systems often face significant challenges due to their
bulkiness and weight, which can compromise user comfort
and practicality, especially in wearable devices where ease
of movement and lightness are crucial (Villena et al. 2019).

RELATED WORKS

Traditional wrist rehabilitation devices commonly employ
electric, pneumatic, or hydraulic actuators. For instance,
Krebs et al. (2007) pioneered early robotic systems that
utilized electric motors for precise wrist rehabilitation
exercises. While effective, these systems were often bulky
and expensive, limiting their use to clinical environments.
Similarly, Zhang et al. (2020) introduced a Parallel Wrist
Rehabilitation Robot (PWRR) that used electric actuators
to enhance motion accuracy and mechanical rigidity.
Though the design showed improved motion control, it
still suffered from a large physical footprint. Pneumatic
actuators have also been explored for their compliance and
safety in physical human-robot interaction. Wang and Xu
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(2021) developed a soft parallel robot based on pneumatic
artificial muscles (PAMs) however, the requirement of air
compressor added complexity. Likewise, Su et al. (2019)
proposed a compact wrist rehabilitation robot with
advanced force and stiffness control using precise actuator
systems, though the authors acknowledged the challenges
related to misalignment and size. Mayetin and Kucuk
(2021) proposed a 3-DOF force-sensing unit to support
better feedback control in wrist rehabilitation, but the
inclusion of force sensors and rigid actuators further added
bulkiness to the system.

A comprehensive review by Garcia et al. (2024)
summarized the state-of-the-art in wrist rehabilitation
robots and highlighted the persistent issues of bulkiness
and lack of adaptability in existing systems. The review
emphasized the need for innovative actuation technologies
to create lighter, more wearable, and user-friendly devices.
SMA materials, which change shape in response to
temperature changes, offer a promising solution as
actuators. They are known for their high energy density,
flexibility, and light weight, making them ideal for use in
robotic exoskeletons (Hamid et al. 2023; Pittaccio et al.
2012; Tang et al. 2013). Simone et al. (2020) emphasized
their suitability in soft robotic hands, showing SMA wires
embedded in fingers could produce significant grasping
forces while maintaining flexibility. To overcome SMA
strain limitations, Park et al. (2020) developed a Shape
Memory Alloy Spring Bundle Actuator (SSBA) enclosed
in silicone tubing and actuated by temperature-controlled
water. The system, bundling 24 springs, demonstrated
scalable force output (up to 10 kg load) and significant
displacement gains when heated. Park et al. (2020)
proposed a SMA Fabric Muscle (SFM) integrating 20 SMA
springs into fabric layers through stitching. The actuator
achieved a minimum force of 100 N and 50% contraction
strain. Its textile nature allowed seamless integration into
wearable garments, offering comfort and compliance.
Jeong et al. (2019) introduced Soft Wrist Assist (SWA), a
wearable robot powered by five SMA spring actuators.
Optimized for wrist flexion, extension, and radial/ulnar
deviation, the design combined SMA springs with a cooling
system in a compact layout, able to deliver up to 10 N force
with 40% contraction strain. Ali and Kim (2023) presented
a novel artificial muscle using spiral windings of a single
SMA wire routed through pulleys and roller bearings. This
design extended actuator length without increasing the
linear footprint, allowing compact yet strong SMA
actuation. Jia et al. (2024) introduced an Artificial Muscle
Matrix (AMM) embedded in a Smart Digital Structure
(SDS) with NiTi SMA wires and silicone elastomer. This
actuator achieved synchronized control of force and
displacement with compact dimensions and was intended
for bionic joint applications. Hope and McDaid (2017)

developed a wrist and forearm exoskeleton actuated by
SMA wires with mechanical amplification and rotary
sensors. Using differential and bias-spring configurations,
they achieved multi-DOF control (pronation-supination,
radial-ulnar deviation, and flexion-extension).

While previous research shows SMA actuator’s
potential in exoskeleton, most designs are either complex
or need external cooling system. This work aims to address
this gap by presenting the design, modeling, and
experimental validation of a simple wrist exoskeleton
prototype. The design incorporates four SMA springs in
antagonistic configurations to effectively control all four
targeted wrist motions i.e. flexion, extension, ulnar and
radial deviation; without complex bundling or fluid cooling
for enhanced speed.

METHODOLOGY

Literature review and
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FIGURE 1. Workflow of the research

In this work, the modelling, design and construction of a
flexion/extension and radial/ulnar wrist joint rehabilitation
device utilizing SM A springs as actuators will be performed
and tested. The work starts with simulation studies to
estimate the required joint torque during both flexion-
extension and ulnar-radial deviation motions. The
estimated joint torque from the model will be compared
with the torque output of the SMA-based wrist assistive
device to assess whether the actuator can deliver sufficient
force to achieve the intended movement, and
recommendations for further improvement of the prototype.



KINEMATICS OF WRIST ROTATIONS

Understanding the biomechanics of wrist motion is vital
for designing effective assistive devices that aim to restore
or enhance wrist function. The wrist joint is a highly
complex and versatile structure that allows for a wide range
of motion, including flexion-extension, ulnar-radial
deviation, supination, and pronation. Flexion typically
ranges from 60° to 80°, while extension ranges from 60°
to 75°. Ulnar deviation, which is the movement of the wrist
towards the little finger, ranges from 30° to 45°, and radial
deviation, the movement towards the thumb, ranges from
15° to 25° (Parelli et al. 2023; Fischer et al. 2020)

- ,

b) Flexion

a) Extension

¢) Ulnar d) Radial

FIGURE 2. Motion of wrist in a) extension b) flexion ¢) ulnar
deviation d) radial deviation

MODELLING AND SIMULATION STUDIES

The dynamic models for wrist joint flexion-extension and
ulnar-radial deviation are derived using the Euler-Lagrange
formulation where £ is the system’s DOF, ¢, is the set of
the generalized coordinates, and Q, is the set of non-
conservative forces (Garcia et al. (2024), Serbest et al.
(2018)):

d(é‘L) d(aL)_
dt\dq,) dt\dgy = M

Lagrangian, L is the difference between kinetic energy,
T and potential energy, J of the system:

L=T-V )

Where T and V are taken as:

1 1
T=§m1292+§]9 (3)
V =mglsing “4)

J is the moment of inertia, 6 and @ are angular
displacement and velocity, respectively. m is mass and the
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gravity center is located at a proximal distance, . From
Eq. (1), angle O is taken as the generalized coordinate,
torque and viscous damping; with damping coefficient, ¢
as the non-conservative forces. Therefore, the Euler-
Lagrangian model is updated as:

d /oL d(aL)_ p
dat\ag, ) at\ae,) "¢ ®)

Solving the second order ODE, the dynamic models
for wrist joint flexion-extension and ulnar-radial deviation
can be written as:

ml26 + J6 + mglcosO =1 —cf (6)

This model will be simulated using Simulink by
solving the highest order derivative as:

1

9=m(r—c9—mglcosﬂ) @

The parameters used for the dynamic models are
tabulated as follows:

TABLE 1. Parameters for dynamic motion of wrist (Thomas et

al. 2022)
Parameter for hand Value
Mass, m (kg) 0.6% of body mass

Length, L (m) 10.8% of body height
Proximal distance, / (m) 50.6% of hand length

Moment of inertia, J (kgm?) mk’

Damping coefficient, ¢ (Nms) 0.01
Radius of gyration, k (m) 29.7% of hand length

(0.36)"9.81*0.1836

FIGURE 3: MATLAB Simulink model for Eq. 7

For simulation study, parameters shown in Table 1 are
used incorporating the average Malaysian adult body mass
and height. A closed-loop PID controller was implemented
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within the dynamic model. It operates by taking the
tracking error i.e. the difference between the desired
reference trajectory and the actual angular displacement
of the hand as its input and generating the corresponding
joint torque as output to drive the movement. This approach
enables the estimation of joint torque during both flexion-
extension and ulnar-radial deviation motions, across ranges
of motion. It also provides a framework for evaluating and
selecting appropriate actuators in exoskeleton design. The
estimated joint torque from the model is subsequently
compared with the torque output of the prototype, presented
in the later section.

A Proportional-Integral-Derivative (PID) controller
is a widely used control strategy in engineering systems
due to its simplicity. The PID controller comprises
proportional term (P), which produces an output
proportional to the current error, e(?), the integral term (7),
which accounts for the accumulation of past errors to
eliminate steady-state error; and the derivative term (D),
which predicts future error based on its rate of change. Its
output u(?) is mathematically expressed as:

de(t)
dt ®)

u(t) = Kpe(t) + KEJ. e(t)dt + K,

In this study, the PID parameters were determined
using a heuristic tuning method. The PID gains which
yielded stable and responsive control behavior for the
model are found to be Kﬁ =100, K. =3, and K, = 20.

.

o]

)

‘

2]
Q)

FIGURE 4. MATLAB Simulink model with PID
implementation
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FIGURE 5. Simulation result: Angular displacement vs. time
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FIGURE 7. Simulation result: Correlation between torque
required and wrist angular displacement

The simulation results shown in Figures 5, 6 and 7
demonstrate the performance of the wrist exoskeleton
under PID control using dynamic model in Eq (7). In Figure
5, the angular displacement closely tracks the reference
trajectory with respect to time. Figure 6 shows the
simulated joint torque required to actuate the wrist at
different angular position, where maximum torque values
recorded are 0.27 Nm for extension, 0.26 Nm for flexion
and 0.33 Nm for both radial and ulnar deviations. It can
be observed that the maximum torque required occurred
at 0 = 0° when the hand is positioned perpendicular to the
direction of gravity, where the moment arm is longest. As
the hand moves, the torque decreases due to the shortening
of the perpendicular distance between the force vector and
the joint axis. In Figure 7, the correlation between required
torque at different angular displacements of the wrist is
shown.

In healthy individuals, the maximum torque generated
during daily activities (ADL) ranges from 6—-10 Nm for
pronation/supination, 8—14 Nm for flexion/extension, and
about 1.3 Nm for radial/ulnar deviation. For rehabilitation,
lower torque levels are recommended to prevent injury or
strain, especially in patients with muscle or bone
impairments. Therapeutic guidelines suggest applying
torque between 0.35-1.5 Nm for flexion/extension and
not more than 0.5 Nm for radial/ulnar deviation (Pitzalis
et al. 2023; Serrano et al. 2018). For this study, the ROM
targeted for the wrist movements, and the corresponding
required torque value obtained from simulation study are
shown in Table 2:



TABLE 2. Theoretical required torque and targeted ROM

Motion TargetROM Required torque, T,
(Nm)
Extension 30° 0.27
Flexion 40° 0.26
Radial 15° 0.32
Ulnar 20° 0.32
PROTOTYPE DEVELOPMENT

Arm Splint

Glove

(@)

(b)

FIGURE 8. a) Top and b) bottom side of the wrist assistive
device prototype

The prototype incorporates a glove and an arm splint,
both equipped with straps to ensure they remain securely
fastened to the hand, preventing any unwanted movement
(Fig. 8). To achieve targeted actuation, four terminal blocks
are secured with stitches at four locations: one slightly
below the knuckles on the upper side of the arm (with the
palm facing down), one on the arm itself (palm facing
down), one at the center of the palm, and one on the arm
(palm facing up). These terminal blocks serve as anchor
points for the four SMA spring actuators used in the
prototype. Two SMAs are secured to the terminal blocks
on the top side of the arm, and the other two SMAs are
attached to the blocks on the bottom side of the arm,
ensuring balanced distribution of force. The SMAs are
connected electrically in series to ensure the same amount
of current is delivered for actuation consistency. The
specifications of the SMA springs used in this study are
presented in Table 3.
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TABLE 3. SMA Spring (Nexmetal Corp.) specifications

Parameter Value
Activation temperature 45-60°C
Wire diameter 0.75 mm
Spring outer diameter 6.6 mm
Spring free length 16 mm
Spring solid length 50 mm
Spring index 7.7

To achieve the intended wrist motion, the SMA
actuators are placed at different sections on the arm to
create the required force (torque) for the wrist ROM
targeted as found from simulation studies. The placement
and configuration of the actuators are illustrated in Figure
9. The approach taken to produce the four wrist motions
independently involves supplying power to the SMA
actuators in pairs. For example, to achieve extension (Mode
1), power is supplied to the two SMAs on the top side
the arm. Conversely, for flexion (Mode 2), power is applied
to the two SMAs on the bottom side of the arm. For radial
deviation (Mode 3), power is directed to the left SMA on
the top side and the right SMA on the bottom side. Finally,
for ulnar deviation (Mode 4), power is supplied to the right
SMA on the top side and the left SMA on the bottom side.
This targeted powering strategy is to generate appropriate
torque for the intended wrist movement.

PERFORMANCE MEASUREMENT

TORQUE GENERATION

To determine the torque produced by the prototype, the
force exerted by the SMA actuators embedded on the
exoskeleton will be measured. The method for measuring
torque is illustrated in Fig. 10, which consists of a force
gauge (ZP-100N), a string, and a retort stand with clamps
to ensure secure and stable positioning. A variable power
supply is used to deliver 2A of current and 5V of voltage
to the SMAs. For each of the targeted wrist motions which
are extension, flexion, radial deviation, and ulnar deviation
force measurements are recorded over a one-minute
duration. These maximum forces enable the calculation
of the maximum torque using the formula Torque = Force
x Length, where length is the distance between wrist joint
and force normal to the palm, measured as 6¢cm.
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MODE 1 (Extension)
MODE 2 (Flexion)
MODE 3 (Ulnar)
MODE 4 (Radial)

FIGURE 9. The SMA coil pair activated (red-heated, black-
unheated) to achieve different wrist modes

Force Gauge

FIGURE 10. Detailed setup for torque measurement process
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FIGURE 11. Experimental result for torque and force
generated by SMA spring in a) extension (Mode 1), b) flexion
(Mode 2), c) radial (Mode 3) and d) ulnar (Mode 4)

Figure 11 shows that the SMA spring actuators
produced maximum torques of 0.328 Nm and 0.332 Nm
during extension and flexion, respectively, after about 30
seconds of actuation. These values exceed the simulated
requirements of 0.27 Nm for extension and 0.26 Nm for
flexion, demonstrating that the actuator configuration is
sufficient to support these motions effectively. For radial
and ulnar deviations, the prototype exhibited lower torque
outputs that did not meet the estimated requirement of 0.32
Nm. In terms of speed, all modes achieved the maximum
torque at around 20 seconds.

The deficit torque generation in radial/ulnar modes
may be attributed to the increased friction between the
SMA actuators and the glove material during sideward
wrist movements, which may prevent effective force



transmission. Another contributing factor could be the
mechanical configuration of the SMA placements. Unlike
extension and flexion, which benefit from direct and
opposing actuator alignment along the wrist’s vertical axis,
the radial and ulnar deviations rely on diagonal actuation
paths. A more effective configuration would involve
positioning the SMAs along the sides of the palm i.e.
aligning them along the thumb for radial deviation and
along the little finger for ulnar deviation. This lateral
placement would increase the moment arm, thereby
enhancing torque output for these motions.

ACTUATION SPEED

The actuation speed of the prototype in one cycle is further
measured to assess the feasibility of the prototype. The
method for measuring the speed of actuation is depicted
in Figure 12 where the wrist part is left free to move in
extension-flexion pairs. The setup includes the MPU6050
sensor to measure the tilt angle, an Arduino Uno, and a
variable power supply providing 2A of current and 5V of
voltage to the SMA actuators. The speed of actuation is
determined by the time taken to reach the peak angle of
the first motion (extension) before transitioning to the
second motion (flexion), following the alternating
powering strategy as depicted in Figure 9 for Mode 1 and
2. The operational frequency of the SMA actuator can be
calculated using (Nizamani et al. 2017):

1
T thtte ©)

fw

where f;, is the operational frequency, t;, is heating
time and t,- is cooling time of the SMA actuator.

Figure 13 shows the angle measured for extension and
flexion mode. The upper region of the graph represents
extension mode, and the lower region of the graph
represents flexion mode. The red and blue region refers to
when the SMA pairs for the Modes are heated and cooled,
respectively.
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Power Supply

| —

FIGURE 12. Detailed setup for actuation speed measurement
process

During cooling phase for one of the modes, the SMA
pair of the other mode is actuated to create a biased force
to overcome the residual stress and helps restore the
original position more rapidly. This is illustrated from the
asymmetrical response times during heating and cooling
phases as shown in Figure 13. The wrist motion reaches
the extension peak (about 35°) from initial position at
approximately 25s, returns back to 0° in 15s, reaches
flexion maximum (about -35°) in about 14s, and returns
back to 0° in 10s. The total cycle time for complete
extension-flexion motion is around 1 min. The operational
frequency for the SMA for Mode | and 2, and for one
complete extension-flexion cycle is tabulated in Table 4.

40 Extension (Mode 1)

Time (s)

1 5 913172125293

-40 Flexion (Mode 2)

FIGURE 13. Angle vs. time (red-heating phase, blue-cooling
phase)

TABLE 4. Operational frequency from experiment studies

Motion Frequency
Extension 0.03Hz
Flexion 0.05Hz
One cycle 0.018Hz
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The operational frequencies recorded for the extension
(0.03 Hz) and flexion (0.05 Hz) motions indicate a
relatively slow actuation speed, which is typical for SMA-
based systems due to their inherent thermal response
characteristics. The total cycle frequency of 0.018 Hz is
obtained for one full extension-flexion cycle. The faster
reversal motion (flexion) is aided by the antagonistic
actuation mechanism, where the opposing SMA pair is
activated to generate a bias force that facilitates faster return
to the neutral position (0°). This highlights the advantage
of the bidirectional SMA configuration in improving SMA
actuator speed during the cooling phase. However, the
heating phase remains the limiting factor due to the thermal
inertia of the SMA material, suggesting a need for design
improvements. Enhancements such as cooling via forced
convection, using lower-volume SMA actuators, or SMA
materials with faster transition temperature could
significantly increase the actuation frequency.

CONCLUSION

This study presented the design, modelling, and
experimental evaluation of a wrist exoskeleton prototype
actuated by Shape Memory Alloy (SMA) springs to assist
with flexion-extension and radial-ulnar deviation motions.
Simulation results showed that the required torque for
typical wrist rehabilitation motions ranges between
0.26-0.32 Nm. The developed prototype successfully
generated torque values exceeding simulation requirements
for flexion (0.332 Nm) and extension (0.328 Nm).
However, the torques generated for radial and ulnar
deviation modes are insufficient, likely due to actuator
placement and increased friction. The faster reversal
motion (from extension to flexion) was enabled by the
biasing effect of the opposing SMA, while the slower
heating phase was attributed to the low heat transfer rate
to the SMA spring actuators

For future improvement, it is recommended to
optimize the placement of SMA actuators, particularly for
lateral wrist movements, to increase the moment arm and
reduce friction. Actuation speed could be enhanced through
active cooling strategies, reduced SMA thermal mass by
using lower volume material, or higher heating rate such
as pulsed high-current input. Overall, the SMA-based wrist
exoskeleton shows strong potential as a lightweight
wearable solution for various applications requiring
compact actuators like exoskeleton.
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