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ARTICLE INFO ABSTRACT

Keywords:

Shape Memory Alloy (SMA) wires are widely used in wearable and soft-robotic systems due to their high power-
SMA to-weight ratio and muscle-like behavior. However, their strong thermo-electro-mechanical coupling requires

Arduino precise experimental characterization to ensure safe and efficient operation. This study presents an Arduino-

SVVZ:/rIable robotics based multi-sensor platform for characterizing a 0.38 mm Flexinol® NiTi SMA wire under controlled elec-

Actuators trical actuation. The system integrates non-contact infrared temperature sensing (MLX90614-BCC), force mea-
surement using a load cell with HX711, displacement monitoring via VL6180X time-of-flight sensor, and real-
time electrical tracking using ACS712 current and voltage modules. Regulated current pulses and PWM-
controlled Joule heating were applied following a defined protocol, with prior calibration to ensure accuracy.
Results demonstrate the transient thermal response, force-time behavior, stroke characteristics, and electrical
input profiles under varying conditions. The synchronized multi-parameter acquisition identifies safe operating
windows for wearable rehabilitation applications and provides a scalable framework for optimizing SMA-driven
robotic systems.

Introduction operation, and muscle-like actuation behavior [1,15—18]. These char-

Intelligent materials—including ionic polymer-metal composites
(IPMCs), dielectric elastomers (DEAs), piezoelectric polymers (PEPs),
composite materials, and shape memory alloys (SMAs) exhibit adaptive
responses to external stimuli and provide diverse functional advantages.
Consequently, these materials have been increasingly applied in life-
related fields, particularly wearable robotics and biomedical applica-
tions, where compactness, compliance, and safe human machine inter-
action are essential [1—11]. Shape memory alloys (SMAs) constitute a
unique class of smart materials capable of generating large recoverable
strains through reversible martensite-austenite phase transformations
triggered by thermal or electrical stimuli [12—14]. Among these mate-
rials, nickel-titanium (NiTi) alloys have received considerable attention
due to their high power-to-weight ratio, compact form factor, silent

acteristics make SMA wire actuators particularly attractive for wearable
robotics, soft robotic systems, and rehabilitation devices, where light-
weight, compliant, and biomimetic actuation is essential for safe and
effective human-machine interaction [19—24].

In electrically driven SMA actuators, axial contraction and force
generation are achieved through Joule heating, which induces the
martensite-to-austenite phase transformation. Upon removal of the
electrical input, the actuator cools and returns to its original shape
through the reverse transformation, typically assisted by an external
bias load or elastic element [13,25]. This strongly coupled thermo-
—electro-mechanical behavior enables simple actuator architectures but
also introduces significant challenges in control and performance
repeatability. The dynamic response of SMA wires is highly sensitive to
electrical current amplitude, heating duration, wire geometry, and heat
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dissipation conditions, particularly under transient actuation cycles [26,
27].

A major limitation in the practical deployment of SMA wire actua-
tors, especially in wearable and rehabilitation applications, is their
thermal behavior. Slow cooling rates restrict actuation frequency and
responsiveness, while excessive temperature rise can lead to material
degradation, reduced fatigue life, and potential safety concerns when
operating near the human body [28—31]. Consequently, understanding
and accurately characterizing the thermal and electrical response of
SMA wires under realistic operating conditions is critical for defining
safe actuation windows and optimizing performance [32].

Previous studies have shown that SMA actuator performance is
strongly influenced by alloy composition, transformation temperature,
and wire diameter [17,33—35]. Low-transformation-temperature (LT)
NiTi alloys are generally preferred for biomedical and wearable systems
because they operate at lower activation temperatures, reducing power
consumption and thermal risk compared to high-temperature SMAs
[36—38]. Commercial Flexinol® NiTi wires with diameters in the range
of 0.30-0.50 mm have therefore been widely adopted in hand rehabil-
itation and soft robotic devices due to their favorable balance between
force output, displacement capability, and thermal response [1,39,40].
Wires with diameters around 0.38 mm are frequently reported to pro-
vide sufficient force for hand-assistive tasks—typically on the order of
15-20 N—without excessive electrical demand or prolonged cooling
times [17,41].

While numerical and analytical models have been extensively used to
estimate the thermal and mechanical behavior of SMA wires, their
predictive accuracy is often limited by simplifying assumptions related
to convective cooling, temperature-dependent material properties, and
phase transformation hysteresis [42—44]. As a result, experimental
characterization remains essential to capture the true transient behavior
of SMA actuators and to establish reliable correlations between

Table 1
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electrical excitation, temperature evolution, contraction displacement,
and generated force. To provide a comprehensive overview of existing
studies, representative SMA characterization platforms and wearable
rehabilitation systems are compared in Table 1. The comparison high-
lights the measured physical variables, control and data-acquisition
platforms, and the primary focus or limitations of each study, thereby
identifying the research gap addressed by the proposed characterization
platform.

As summarized in Table 1, previous studies have mainly focused
either on SMA actuator characterization or on wearable rehabilitation
applications. Actuator characterization studies generally investigated
selected thermal, mechanical, or electrical variables, whereas wearable
rehabilitation systems primarily emphasized device design, motion
control, and functional evaluation. Although several studies reported
temperature, force, displacement, current, or voltage measurements,
synchronized acquisition of all five parameters under multiple current-
duration operating conditions remains limited. Moreover, many exist-
ing characterization systems rely on laboratory-grade instrumentation,
while wearable systems often lack detailed actuator-level thermo-elec-
tro-mechanical evaluation. This gap highlights the need for a low-cost,
portable, and expandable experimental platform that can characterize
SMA actuators while supporting future integration into wearable reha-
bilitation devices [11,38,45-55].

To address this gap, the present study develops a synchronized
thermo-electro-mechanical characterization platform capable of simul-
taneously measuring temperature, force, displacement, current, and
voltage under multiple operating conditions. Unlike conventional SMA
characterization platforms that typically evaluate only selected thermal,
electrical, or mechanical variables, the proposed system integrates all
five measurements within a single synchronized experimental frame-
work to identify practical operating windows for electrically driven SMA
actuators used in wearable rehabilitation. The platform is implemented

Comparison of representative SMA characterization and wearable rehabilitation systems.

Year/ Primary Application T F X I A Controller / DAQ Primary Focus / Limitation

Ref.

2014 Actuator characterization and v v v v v NI-DAQ + MATLAB Control-oriented characterization of a single SMA
[45] control actuator.

2015 Actuator characterization v v oo/ % x Custom measurement system Thermo-mechanical characterization without
[46] simultaneous electrical measurements.

2017 Linear actuator characterization v x v / v Arduino + MATLAB Thermo-mechanical characterization; force measurement
[47] was not included.

2018 Hand rehabilitation glove x v /7 x Arduino Uno Wearable glove validation without comprehensive
[48] actuator characterization.

2018 Wrist rehabilitation exoskeleton x x v o/ x STM32 Wearable exoskeleton emphasizing control performance.
[49]

2018 Hand rehabilitation glove x v /7 /7 x Arduino Mega 2560 Wearable glove with position and force control.
[38]

2019 Smart textile actuator x x vooox v NI USB—6009 + MATLAB Mechanical optimization of tube-guided SMA actuators.
[50]

2020 Prosthetic hand x v /v /7 v Arduino Uno Application-oriented prosthetic hand validation.
[51]

2021 Soft robotic hand v v v A x DAQ -+ Pyboard Characterization of coiled SMA actuators; electrical
[52] characterization was incomplete.

2021 Hand rehabilitation device AN v v v v PWM controller Development and evaluation of an SMA-driven hand
[11] rehabilitation device.

2022 Actuator characterization v v o/ x x LabVIEW + DAQ Thermomechanical characterization using thermal
[53] activation rather than electrical excitation.

2023 Elbow rehabilitation exoskeleton v x v x yaN STM32 + PWM Motion-control-oriented SMA elbow exoskeleton.
[54]

2024 Soft wearable rehabilitation v v o/ % x Arduino Mega 2560 Knitted-SMA exoglove emphasizing ROM, grip force,
[55] exoglove wearability, and user evaluation.

2025 SMA spring actuator v v /7 x HBM Quantum + programmable Fast SMA spring characterization under high-current

[11] power supply
Arduino Mega 2560 -+ synchronized
multi-sensor platform

This Thermo-electro-mechanical v v 7/ v
study  characterization platform for
wearable rehabilitation

activation and sub-second response optimization.
Low-cost synchronized measurement of temperature,
force, displacement, current, and voltage under multiple
current-duration operating conditions.

T: Temperature, F: Force, x: Stroke displacement, I: Current, V: Voltage.

Legend: v = experimentally measured/reported; x = not reported; A = partially reported or indirectly evaluated.
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using a low-cost Arduino Mega 2560 controller integrated with
commercially available sensors, providing a cost-effective, modular so-
lution with real-time visualization and automatic data logging on a
laptop for subsequent analysis. Furthermore, its modular hardware ar-
chitecture facilitates straightforward system expansion and provides the
synchronized feedback signals required to support the future imple-
mentation of closed-loop control strategies and wearable rehabilitation
applications.

In this work, an experimental thermo-electro-mechanical charac-
terization of a low-temperature Flexinol® NiTi SMA wire with a diam-
eter of 0.38 mm and a length of 300 mm is presented. An Arduino-based
multi-sensor platform was developed to enable synchronized real-time
measurement of electrical current and voltage, surface temperature,
contraction displacement, and generated actuation force during
controlled heating—cooling cycles. The SMA actuator was investigated
under three distinct heating durations (1 s, 2 s, and 3 s), selected to
represent a broad range of motion demands encountered in rehabilita-
tion exercises, spanning rapid, high-response movements to slower,
controlled, and repetitive actuation patterns [56—58]. By systematically
evaluating the SMA response across different current levels and activa-
tion times, this study provides validated performance data, identifies
practical operating limits, and delivers experimentally grounded insight
to support the design and optimization of SMA-driven wearable and
rehabilitation systems.

Materials and methods

An experimental platform was designed and constructed to charac-
terize the thermo-electro-mechanical behavior of a Shape Memory Alloy
(SMA) wire actuator under controlled electrical excitation [46]. The
system enables synchronized, real-time measurement of electrical input
(current and voltage), surface temperature, axial contraction displace-
ment, and generated force during repeated heating-cooling cycles. The
tested actuator was a low-transformation-temperature (LT) Flexinol®
nickel-titanium (NiTi) wire with a circular cross-section diameter of
0.38 mm (=375 pm) and an active length of 300 mm. The wire,
composed of approximately 50% nickel and 50% titanium, was supplied
by Dynalloy Inc. (Irvine, CA, USA) and used in its straight configuration
[26]. The schematic mechanical configuration of the SMA wire actua-
tion rig is illustrated in Fig. 1, while the complete experimental setup is
shown in Fig. 2.

The SMA wire was mounted horizontally with one end rigidly fixed
to a stationary support and the other end connected to a low friction
sliding carriage. A bias spring was aligned in series with a load cell to
provide recovery force during cooling and to enable direct measurement
of the contraction force generated by the SMA wire [52]. Electrical
actuation was achieved through Joule heating using a regulated DC
power supply and a metal-oxide-semiconductor field-effect transistor
(MOSFET) switching module controlled by an Arduino Mega 2560 mi-
crocontroller [48,59,60].

Top view

leedI_Su;?port Temperature Sensor
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Thermal, mechanical, and electrical responses were measured using
an integrated multi-sensor arrangement. Surface temperature was
monitored using a non-contact infrared sensor (MLX90614) positioned
beneath the SMA wire, while axial displacement was measured using a
time-of-flight laser distance sensor (VL6180X) aligned with the sliding
carriage. Electrical current and voltage supplied to the SMA wire were
recorded using a Hall-effect current sensor (ACS712) and a voltage
sensor module, respectively. All sensor signals were acquired synchro-
nously by the microcontroller and transmitted to a host computer for
real-time visualization and data logging. This configuration ensured
accurate temporal alignment among thermal, electrical, and mechanical
measurements, enabling reliable characterization of the SMA wire
behavior under cyclic actuation..Table 2,3,4

A complete hardware prototype of the proposed thermo-electro-
mechanical characterization platform was designed, fabricated, and
experimentally validated for SMA actuation and measurement. To
improve the clarity and reproducibility of the proposed charac-
terization platform, the key electrical, control, and protection pa-
rameters are summarized in Tables 2-4.

The summarized parameters define the hardware architecture and
operating limits of the proposed characterization platform. The elec-
trical excitation strategy, PWM-based actuation, and selected operating
current-duration conditions are described in the following section.

Power supply and electrical actuation protocol

Safe and efficient actuation of the Shape Memory Alloy (SMA) wire
was achieved through careful selection of electrical parameters based on
manufacturer specifications and electrical resistance calculations. The
tested Flexinol® low-temperature NiTi SMA wire had an active length of
300 mm and a nominal electrical resistance of 8.3 Q/m, resulting in a
total resistance of approximately 2.49 Q. Using Ohm’s law, the theo-
retical actuation voltages corresponding to applied currents of 1.3 A,
1.6 A, and 2.2 A were calculated as 3.24V, 3.98V, and 5.48V,
respectively. To account for wiring resistance, connector losses, MOS-
FET switching drops [59], and the temperature-dependent increase in
SMA resistance during heating, an additional voltage margin of
approximately 1V was incorporated. Accordingly, practical
power-supply settings of 4.3V, 5.0 V, and 6.5 V were employed.

Electrical actuation was implemented using a regulated DC power
supply with current-limiting capability and a PWM-controlled MOSFET
driven by an Arduino Mega 2560 microcontroller. The actuation pro-
tocol applied three current-duration combinations, namely 1.3 A for 3 s,
1.6 A for 2's, and 2.2 A for 1 s, as summarized in Table 5. These oper-
ating conditions were selected to provide different electrical heating
profiles while ensuring that the SMA wire reached the austenitic trans-
formation range (As ~ 68 °C to Af ~ 78 °C), thereby initiating the
martensite-to-austenite phase transformation responsible for wire
contraction. The high-current short-duration condition (2.2 A-15s)
provides rapid heating and fast actuation, whereas the medium-current

Target Surface

SMA wire

Carriage

Fig. 1. Schematic of the SMA Wire Actuation Rig and Sensor Arrangement.
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Fig. 2. Experimental setup for SMA actuation and measurement. (1) DC power supply, (2) MOSFET driver module, (3) mechanical frame with SMA wire and bias
spring, (4) load cell with HX711 amplifier, (5) laser distance sensor (TOF050C), (6) infrared temperature sensor (MLX90614), (7) current sensor (ACS712), (8)
voltage sensor module, (9) Arduino Mega 2560 microcontroller, (10) laptop for data acquisition and control, (11) SMA wire, and (12) digital multimeter for cali-

bration and validation.

Table 2
Electrical parameters of the proposed characterization platform.

Table 4
Protection and operating parameters.

Parameter

Value / Specification

Parameter Specification

SMA actuator

Wire diameter
Active wire length
Material composition
Nominal resistance
Total wire resistance
Power supply
Switching device

Flexinol® LT NiTi wire
0.38 mm

300 mm

~50% Ni / 50% Ti

8.3 Q/m

249 Q

Regulated DC power supply
MOSFET driver module

Control method PWM
Current levels 1.3A,1.6 A,22A
Heating durations 3s5,25,15
Theoretical voltages 3.24,3.98,5.48V
Practical supply voltages 4.3,5.0,6.5V
Table 3
Control and data acquisition parameters.
Parameter Specification

Main controller
Temperature sensor
Force sensor
Displacement sensor
Current sensor
Voltage sensor

Host interface

Data visualization
Data storage
Measurement mode

Arduino Mega 2560

MLX90614 infrared sensor

Load cell + HX711 amplifier
VL6180X (TOF050C)

ACS712

Voltage sensor module

Laptop (serial communication)
Real-time monitoring

Automatic logging for post-processing
Synchronized multi-sensor acquisition

(1.6 A-2 s) and low-current (1.3 A-3 s) conditions provide progressively
smoother actuation with reduced thermal loading. Rather than evalu-
ating a single operating point, these three conditions represent a prac-
tical range of actuation profiles that support different rehabilitation
training scenarios, including rapid grasping, moderate functional
movements, and slower controlled therapeutic exercises. Consequently,
the proposed platform enables comprehensive evaluation of SMA per-
formance under operating conditions representative of diverse wearable

Actuation method
Current limiting
Voltage margin
Thermal protection

PWM-controlled Joule heating

Regulated DC power supply

~1 V to compensate for wiring/MOSFET losses

Operating current-time combinations selected to maintain
safe thermal operation

Natural air cooling

22A-15;1.6 A-25;1.3A-3s

Cooling mechanism
Safe operating
conditions

System objective Stable, repeatable thermo-electro-mechanical

characterization

Table 5
Actuation current and duration settings for SMA wire
testing.

Current applied Time (sec)

1.3A 3s

16A 2s

22A 1s

rehabilitation applications while maintaining safe thermal operation
[28].

Pulse-width modulation was employed to regulate the average
heating power delivered to the SMA wire, improving energy efficiency
and preventing excessive temperature rise by exploiting the SMA’s
relatively slow thermal response. During each heating-cooling cycle,
electrical current and voltage were continuously monitored, allowing
instantaneous power (P = V-I) and total energy input (E = V-I-t) to be
quantified. A real-time safety routine immediately interrupted actuation
if predefined current or temperature thresholds were exceeded, ensuring
safe operation of both the SMA element and the electronic components.
All thermal, mechanical, and electrical signals were synchronously ac-
quired at a sampling rate of 10 Hz and streamed in real time to a host
computer for data logging and subsequent analysis, enabling compre-
hensive thermo-electro-mechanical characterization of the SMA
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actuator under controlled and application-relevant actuation conditions.

Electrical actuation, PWM control, and data acquisition

Electrically driven actuation of the SMA wire was achieved through
Joule heating, in which the martensite-austenite phase transformation
is governed by the rate of heat transfer to and from the material. Direct
current input rapidly raises the SMA temperature to induce contraction,
while natural convective cooling enables recovery upon current
removal. To regulate the average heating power and enable controlled
actuation, pulse-width modulation (PWM) was employed. By varying
the duty cycle of the applied signal, PWM allows fine control of the
delivered thermal energy, prevents overheating, and improves energy
efficiency, taking advantage of the SMA’s relatively slow thermal
response to achieve uniform and stable temperature evolution. This
approach is particularly suitable for wearable and rehabilitation appli-
cations, as it enables operation from portable power sources and pro-
vides robustness against voltage fluctuations.

The electrical actuation and measurement process was governed by
an Arduino Mega 2560 microcontroller, which coordinated both PWM-
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based control and synchronized data acquisition. A high-power MOSFET
driver was used to switch the SMA wire using a PWM signal, with duty
cycles typically set to 100% for rapid heating and reduced values (e.g.,
80-90%) to moderate heating rates when required. Heating durations of
1-3 s were applied depending on the selected actuation level. During
each experiment, the microcontroller initialized all connected sensing
modules—including the load-cell amplifier, current and voltage sensors,
infrared temperature sensors, and time-of-flight distance sensor—and
acquired calibrated measurements in real time. A safety routine
continuously monitored electrical current and SMA surface tempera-
ture, immediately interrupting actuation if predefined thresholds were
exceeded to prevent overheating or electrical overload. All thermal,
mechanical, and electrical signals were synchronously sampled at 10 Hz
and streamed to a host computer in CSV format for real-time logging and
post-processing, enabling reliable and repeatable thermo-electro-
mechanical characterization of the SMA actuator under controlled
actuation conditions.

The overall logic of the Arduino-based control and data-acquisition
program, including system initialization, PWM-driven actuation, real-
time safety monitoring, and synchronized sensor sampling, is

Start )

o
|

Initialize Sensors & Load EEPROM Calibration

|

Open Serial Connection to Laptop (Excel Stream)

|

10-Second (Setup time)

|

Activate MOSFET (PWM 100% - adjustable)

!

Heating Duration: 1s/2s/ 3s (Based on Current)

Turn MOSFET OFF
(Safety trip)

AOA for 1sec\

(1=2.00 Afor 2sec),
\ (I=1.50 Afor 3sec)
S\._OrT=90°C

<
e S

Safety check

2

No

-

—Tieating tir
ea |ng |me>

f|n|shed//
l Yes

No

Every 100 ms: Read
Time, Current & Voltage, Load Cell, Distance, IR temp

|

» Stream Data to Excel

Fig. 3. Arduino-Based SMA Actuation and Data Acquisition Flowchart.
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summarized in Fig. 3.

Non-contact temperature measurement using MLX90614-BCC sensor

The surface temperature of the Shape Memory Alloy (SMA) wire was
monitored using a non-contact infrared temperature sensor
(MLX90614ESF-BCC), positioned approximately 2 cm from the wire to
enable real-time temperature measurement during electrical actuation.
Initial temperature measurements using a type-K thermocouple electri-
cally insulated with Kapton tape exhibited unstable readings and
delayed thermal response, primarily due to poor thermal conduction
through the insulation layer and the difficulty of maintaining reliable
contact with the electrically active SMA wire. To overcome these limi-
tations, a non-contact infrared sensing approach was adopted, elimi-
nating electrical interference and ensuring consistent temperature
acquisition throughout repeated heating—cooling cycles [61].

The BCC variant of the MLX90614 sensor was selected due to its
narrow field of view (approximately 10-20°), which is well suited for
precise temperature measurement of small-diameter targets such as the
0.38 mm SMA wire used in this study. This focused optical configuration
minimizes the influence of surrounding structures and background ra-
diation, which can otherwise distort infrared measurements. In contrast,
the standard BAA variant of the MLX90614 features a wide field of view
(~90°), making it more appropriate for large surfaces but unsuitable for
localized temperature sensing of thin actuators. The narrow spot size
and reduced background sensitivity of the MLX90614-BCC enabled ac-
curate and stable monitoring of SMA surface temperature under dy-
namic actuation conditions, supporting reliable correlation between
thermal input and mechanical response [62].

Force measurement using load cell

The force generated by the Shape Memory Alloy (SMA) actuator was
measured using a load cell integrated with an HX711 signal-
conditioning module. The load cell had a nominal capacity of 5 kg
with a resolution of 5 g, providing sufficient sensitivity for capturing the
tensile forces produced during SMA contraction. As the SMA wire was
electrically heated and contracted, the generated force was transmitted
through a series elastic element (bias spring) to the load cell. The spring
ensured controlled force transmission and provided a restoring mecha-
nism during the cooling phase, enabling repeatable cyclic actuation [52,
53,63].

The analog output of the load cell was amplified and digitized by the
HX711 module and calibrated using known reference masses prior to
testing [38]. The measured mass values were converted to force using
the standard gravitational relationship:

F=mxg (€8}

where Fis the force in newtons, mis the measured mass in kilograms, and
gis the gravitational acceleration (9.81 m-s™2).

The use of a series spring configuration was selected to reflect
practical conditions encountered in wearable and rehabilitation sys-
tems, where elastic elements are commonly incorporated to improve
safety, enhance compliance, and assist actuator recovery. Spring
absorbed part of the contraction energy during heating and released it
during cooling, reducing residual strain accumulation in the SMA wire
and improving repeatability over successive cycles. This configuration
enabled stable force measurements while ensuring mechanical protec-
tion of the SMA element and consistent recovery behavior, making it
suitable for long-term cyclic testing and rehabilitation-oriented actua-
tion studies.

Displacement measurement using VL6180X time-of-flight sensor

The axial contraction displacement of the Shape Memory Alloy
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(SMA) wire during electrical actuation was measured using a VL6180X
time-of-flight (ToF) laser distance sensor positioned directly in front of
the moving carriage. To ensure stable and repeatable distance readings,
a flat plastic target (50 mm x 50 mm) was rigidly attached to the car-
riage, providing a uniform reflective surface for the optical measure-
ment. The VL6180X operates by emitting an 850 nm vertical-cavity
surface-emitting laser (VCSEL) pulse and determining distance from the
photon return time using integrated ToF timing circuitry, enabling
direct distance measurement with minimal sensitivity to surface
reflectance variations.

The sensor is optimized for short-range measurements (0-60 mm)
and exhibits high accuracy in the 10-20 mm range, which closely
matches the maximum contraction stroke of the SMA wire (approxi-
mately 15 mm). The VL6180X provides a typical resolution of about
1 mm with stable real-time output, making it suitable for continuous
displacement tracking during both heating and cooling phases. The
sensor was interfaced with the Arduino Mega microcontroller via the I>C
communication bus and shared the SDA and SCL lines with other system
sensors. Its non-contact operation, compact form factor, and high short-
range precision enabled reliable measurement of small-scale SMA
displacement throughout repeated actuation cycles.

Electrical signal measurement using current and voltage sensors

The electrical characteristics of the SMA actuation circuit were
continuously monitored using a Hall-effect current sensor (ACS712) and
a voltage-divider sensing module, enabling real-time measurement of
current, voltage, and electrical power supplied to the SMA wire. The
ACS712 sensor (5 A range) provided galvanic isolation between the
high-current actuation circuit and the Arduino Mega 2560 analog input,
ensuring safe operation and reliable signal acquisition. The sensor ex-
hibits a linear sensitivity of approximately 185 mV-A~', allowing ac-
curate detection of current variations during dynamic heating and
cooling cycles. The voltage-sensing module scaled the applied supply
voltage (0-25 V range) to the 0-5 V input range of the microcontroller’s
analog-to-digital converter, enabling direct measurement of the poten-
tial difference across the SMA wire [64].

Both current and voltage signals were sampled synchronously with
the thermal, force, and displacement measurements at a sampling in-
terval of 100 ms throughout each actuation cycle. Prior to testing, sensor
calibration was performed using a precision digital multimeter to cor-
rect offset errors and verify linear response. The acquired electrical data
were used to compute the instantaneous electrical power delivered to
the SMA wire (P =V x I) and the total energy input per actuation cycle
( E = Px t). These measurements provided a quantitative basis for
correlating electrical input with the resulting thermal response,
contraction displacement, and force output of the SMA actuator [65].

Experimental hardware and system integration

The experimental actuation system was built around an Arduino
Mega 2560 microcontroller, which coordinated electrical actuation,
sensor data acquisition, and serial communication with a host computer.
The system integrated multiple sensing modules to enable synchronized
monitoring of the SMA wire’s thermo-electro-mechanical behavior,
including force, displacement, temperature, current, and voltage. Force
measurement was performed using a load cell interfaced through an
HX711 amplifier [38], while non-contact displacement and temperature
measurements were obtained using a VL6180X time-of-flight sensor and
an MLX90614-BCC infrared temperature sensor, respectively. Electrical
current and voltage supplied to the SMA wire were monitored using an
ACS712 Hall-effect current sensor and a resistive voltage-divider
module.

Actuation of the SMA wire was controlled via a logic-level N-channel
MOSFET driven by a PWM signal generated by the microcontroller,
enabling precise regulation of heating power [52]. Power distribution
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and signal routing were implemented using a breadboard and terminal
connections, with all sensor and power grounds tied to a common
ground node connected to the Arduino to minimize electrical noise.
Communication with the host computer was achieved through a USB
serial interface, which was used for both program upload and real-time
data streaming. The measured signals were continuously logged in CSV
format for subsequent analysis. A schematic overview of the complete
hardware wiring and system integration is provided in Fig. 4, illustrating
the interconnection of the control unit, sensors, power electronics, and
SMA actuator.

All sensor measurements, including temperature, displacement,
force, current, and voltage, were synchronously transmitted from the
Arduino Mega 2560 to a host computer via a USB serial interface. Data
were streamed in comma-separated-value (CSV) format and logged in
real time using Microsoft Excel, with a fixed sampling interval of 100 ms
to ensure temporal alignment across all sensing channels during both
heating and cooling phases. The recorded datasets were subsequently
used for post-processing, visualization, and analysis of the thermo-
electro-mechanical response of the SMA actuator.

Calibration and validation

To ensure the accuracy and reliability of the thermo-electro-
mechanical measurements obtained from the SMA actuation system,
all sensing channels were calibrated and independently validated using
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external reference instruments. Electrical current and voltage mea-
surements were verified using calibrated digital multimeters, including
a clamp-type multimeter for non-invasive current measurement and a
probe-based multimeter for direct voltage verification. The reference
readings were compared with the outputs of the ACS712 current sensor
and the voltage-divider module to confirm measurement linearity and
consistency across the tested operating range.

Temperature measurements acquired from the MLX90614-BCC non-
contact infrared sensor were validated using a contact-based digital
multimeter equipped with a K-type thermocouple placed directly on the
SMA wire surface during controlled heating cycles. Displacement mea-
surements from the VL6180X time-of-flight sensor were validated
through independent optical observation using a high-magnification
digital inspection microscope in conjunction with a millimeter-scale
reference. The close agreement between the external reference in-
struments and the embedded sensor outputs confirmed the accuracy,
repeatability, and robustness of the measurement system employed in
this study.

The calibration procedures, measurement performance, and valida-
tion characteristics of the sensing modules are summarized in Table 6.
The associated measurement uncertainties and the measures adopted to
minimize their influence are discussed subsequently.

Sensor drift and response delay were considered negligible during
the relatively short experimental duration because all measurements
were conducted under stable laboratory conditions and within the
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Table 6
Calibration summary and measurement performance of the sensing modules.
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Sensor Reference Instrument

Range Resolution Accuracy Validation Method
MLX90614 IR sensor K-type thermocouple 20-100 °C 0.02°C +0.5°C Point-by-point comparison
ACS712 current sensor Digital multimeter 0-5A 66-185 mV/A +1.5% Current comparison
Voltage sensor Digital multimeter 0-25V Arduino ADC Validated against digital multimeter Voltage comparison
Load cell + HX711 Standard weights 0-5kg 24-bit ADC 0.05% FS Linear calibration
VL6180X Digital microscope 0-20 mm 1 mm +1 mm

Distance comparison

Note: Sensor resolutions and accuracy specifications are based on the respective manufacturers' datasheets, whereas the validation methods correspond to the

experimental calibration procedures performed in this study.

specified operating limits of the sensing modules. The overall mea-
surement uncertainty arises primarily from sensor resolution, calibra-
tion error, electrical noise, infrared emissivity variation, environmental
temperature fluctuations, and sensor alignment during the experimental
measurements. Consequently, the remaining measurement uncertainty
is not expected to alter the observed thermo-electro-mechanical trends
or affect the identification of the proposed operating conditions.

Statistical analysis

The experiments were repeated under each operating condition to
evaluate the repeatability and reliability of the proposed thermo-electro-
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mechanical characterization platform. The measured temperature,
force, displacement, current, and voltage data were analyzed using
descriptive statistical methods. The quantitative electrical results are
reported as mean + standard deviation (SD), while the corresponding
thermo-mechanical performance indicators are summarized in Table 7.

Results and discussion
Non-contact temperature response

Fig. 5 presents the infrared sensor-measured temperature profiles of
the 300 mm Flexinol® SMA wire subjected to different current
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Fig. 5. IR sensor-measured temperature profiles of the 300 mm SMA wire for (a) 1s, (b) 2's, and (c) 3 s heating durations.
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amplitudes and heating durations (1 s, 2's, and 3 s). For all actuation
conditions, the temperature increased sharply immediately after current
application, indicating rapid Joule heating and the onset of the
martensite-to-austenite phase transformation. The peak temperature
showed a clear dependence on both current magnitude and heating
duration, confirming the expected Joule heating relationship Q = I’Rt.

For short, high-current pulses (1s, 1.95-2.20 A), the SMA wire
reached the highest peak temperatures (=~ 60-85 °C), enabling fast
actuation response suitable for rapid motion tasks. However, these
conditions also resulted in steep thermal gradients, which may increase
thermal stress and reduce long-term actuator durability. Intermediate
heating conditions (2's, 1.35-1.60 A) produced moderate peak tem-
peratures (=~ 55-80 °C), offering a balanced compromise between
actuation speed and thermal safety. Longer heating durations at lower
current levels (3 s, 1.05-1.30 A) resulted in controlled temperature rises
(=~ 50-75 °C), which are advantageous for repetitive or continuous
operation where reduced fatigue and thermal accumulation are critical.

During the cooling phase, all temperature curves exhibited a rapid
initial drop followed by a slower decay, consistent with Newtonian
convective cooling dominated by natural convection to ambient air. The
similarity of the cooling slopes across different current levels suggests
that heat dissipation was primarily governed by environmental condi-
tions rather than the initial heating amplitude. This behavior highlights
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the importance of optimizing heating profiles rather than relying solely
on passive cooling for cycle-time reduction [61].

It should be noted that the surface temperatures measured by the
MLX90614-BCC infrared sensor are slightly lower than the internal core
temperatures of the SMA wire. This offset arises because infrared sensing
captures surface radiation, while resistive heating is most intense within
the wire core. Previous studies have reported similar discrepancies, with
IR-based surface measurements underestimating internal trans-
formation temperatures by approximately 3-8 °C, depending on wire
diameter and airflow conditions. Despite this limitation, the IR mea-
surements reliably captured relative temperature trends and trans-
formation behavior [61,62].

Overall, the temperature results demonstrate a clear and reproduc-
ible correlation between electrical input parameters and thermal
response, validating the selected actuation currents and durations.
These findings establish a safe and effective thermal operating window
near the austenite-finish temperature (= 60-70 °C) and provide a robust
basis for subsequent displacement and force characterization, as well as
for defining PWM-based control strategies that balance response speed,
thermal safety, and actuator longevity.

—_—2A ——109A —18A ——1.7A

15 20 25 30
Time-sec

—1.4A —1.3A —1.2A

0 5 10

35
—13A
30
25
20

15

(©)

Force N

10

(6}

4— Setuptime —Pp

—1.2A

15 20 25 30

Time-sec

—1.1A —1.0A —0.9A

0 5 10

15 20 25 30
Time-sec

Fig. 6. Force-time response of the 300 mm SMA wire measured by the load cell during (a) 1 s, (b) 2's, and (c) 3 s heating durations.
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Force-time response

Fig. 6 illustrates the force-time responses of the 300 mm SMA wire
under different current amplitudes and heating durations (1 s, 2 s, and
3s), as measured by the load cell. In all cases, force generation
commenced immediately after current application, reflecting the rapid
martensite-to-austenite phase transformation and the recovery of the
pre-strained SMA wire. The force increased sharply during the heating
phase and reached a distinct peak before decaying during cooling,
indicating reversible thermo-mechanical actuation behavior.

The peak force exhibited a clear dependence on both current
magnitude and heating duration. Short, high-current actuation (1 s, ~
1.95-2.20 A) produced the highest force outputs, reaching approxi-
mately 25-32 N, due to rapid temperature rise and high transformation
driving energy. Intermediate actuation conditions (2 s, ~ 1.35-1.60 A)
generated moderate peak forces in the range of 20-28 N, providing a
balance between force magnitude and actuation stability. Longer heat-
ing durations at lower current levels (3 s, ~ 1.05-1.30 A) resulted in
lower peak forces of approximately 15-22 N, corresponding to slower
thermal input and partial transformation. These trends are consistent
with the Joule heating relationship Q = I?Rt, confirming that the total
actuation energy governs force output.
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During the cooling phase, all force profiles displayed a rapid initial
decrease followed by a gradual relaxation tail, corresponding to the
reverse austenite-to-martensite transformation and the release of stored
elastic energy. The similarity of the force decay slopes across different
actuation conditions suggests that recovery dynamics were primarily
limited by thermal dissipation rather than mechanical resistance. This
behavior mirrors the temperature cooling profiles and highlights the
strong coupling between thermal and mechanical responses.

From an application perspective, the results indicate that short, high-
current pulses are suitable for rapid force generation but may impose
higher mechanical and thermal stresses, potentially accelerating mate-
rial fatigue. In contrast, longer-duration, lower-current actuation pro-
vides smoother force evolution with reduced stress, making it more
favorable for repetitive or continuous operation. Intermediate actuation
conditions offer a compromise between force magnitude, response
speed, and operational stability.

Overall, the force measurements demonstrate a strong and repro-
ducible correlation between electrical input, thermal response, and
mechanical output. These findings provide a quantitative basis for
selecting optimal current-time combinations in PWM-controlled SMA
systems, enabling efficient force generation within safe operating limits
while enhancing actuator reliability and lifespan.
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10



Q.Y. Hamid et al.

Displacement-time response

Fig. 7 shows the displacement-time responses of the 300 mm SMA
wire measured using the VL6180X time-of-flight sensor under different
current amplitudes and heating durations (1's, 2s, and 3 s). For all
actuation conditions, displacement increased rapidly immediately after
current application, reflecting the onset of the martensite-to-austenite
phase transformation and the associated axial contraction of the SMA
wire. The displacement reached its maximum near the end of the heating
interval and subsequently decreased during cooling as the material
reverted to the martensitic phase.

For short-duration heating (1 s), higher current levels (~ 2.0-2.2 A)
produced the largest contraction strokes, reaching peak displacements
of approximately 14-15 mm. This behavior indicates that rapid energy
input promotes fast and near-complete phase transformation, resulting
in high actuation amplitude. Under intermediate heating conditions
(2 s), moderate current levels (~ 1.35-1.60 A) achieved comparable
displacement magnitudes (~ 12-15 mm) but with smoother transitions
and slightly slower recovery, suggesting that extended heating com-
pensates for lower current by sustaining the transformation energy. For
longer heating durations (3 s), lower current levels (= 1.05-1.25 A) still
produced measurable contraction (= 10-13 mm), accompanied by more
gradual displacement evolution and extended cooling times due to
reduced thermal gradients and slower heat dissipation.
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Across all tests, the displacement-time profiles exhibited a charac-
teristic heating plateau followed by a gradual decay during cooling,
consistent with the hysteretic thermo-mechanical behavior of NiTi SMA
materials. The displacement magnitude scaled with the total thermal
energy input, in agreement with the Joule heating relationship Q = I’Rt,
confirming that both current amplitude and heating duration govern the
effective actuation stroke. In contrast, the similarity of the cooling slopes
across different conditions indicates that recovery dynamics were
dominated by convective heat loss to the ambient environment rather
than electrical parameters.

From a functional perspective, short, high-current pulses enable
rapid and large displacements but introduce more abrupt motion, which
may increase mechanical stress and fatigue. Longer heating durations at
lower currents yield smoother, more stable actuation with improved
reversibility, making them more suitable for repetitive or rehabilitation-
oriented applications. Overall, the displacement results demonstrate a
strong coupling between electrical input, thermal response, and me-
chanical output, providing essential guidance for optimizing PWM-
based control strategies that balance actuation speed, stroke magni-
tude, and long-term reliability.

Current and voltage responses

The electrical behavior of the SMA actuator was evaluated through
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synchronized current-time and voltage-time measurements, as pre-
sented in Fig. 8 and Fig. 9, respectively. The current-time profiles
recorded using the ACS712 sensor (Fig. 8) exhibit well-defined, flat
plateaus during the heating intervals for all tested actuation durations
(1s, 2, and 3s), confirming stable and regulated current delivery
throughout each activation cycle. Each pulse is characterized by a rapid
rise upon MOSFET switching, a steady-state region with minimal fluc-
tuation, and an abrupt drop to zero at switch-off, demonstrating precise
timing control and reliable PWM-based actuation. The absence of
overshoot, drift, or transient instability across repeated cycles highlights
the robustness of the electrical control circuit and indicates that
temperature-induced resistance variations of the NiTi wire did not
significantly disturb current regulation within the selected operating
range.

The corresponding voltage-time responses shown in Fig. 9 further
confirm the electrical stability of the system. The measured voltage
plateaus closely follow the rectangular switching profile of the MOSFET
and fall within the theoretical voltage ranges predicted by Ohm’s law,
based on the calculated electrical resistance of the 300 mm SMA wire (~
2.49 Q). These theoretical voltage bands, summarized in Table 2, are in
strong agreement with the experimentally observed values for high-,
mid-, and low-current actuation regimes, confirming accurate and
repeatable energy delivery. Minor voltage variations observed along the
plateau are expected and can be attributed to temperature-dependent
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changes in the electrical resistivity of NiTi during martensite-austenite
phase transformation, a phenomenon well documented in SMA
literature.

Taken together, Figs. 8 and 9 demonstrate that the SMA actuator
operated under tightly controlled and repeatable electrical conditions.
The strong agreement between measured current, measured voltage,
and theoretical predictions confirms that the applied Joule heating en-
ergy Q = I’Rtwas both predictable and consistent. This electrical sta-
bility directly underpins the thermal, force, and displacement responses
discussed in the preceding sections, validating the Arduino-based PWM
control platform as a reliable foundation for electrical optimization and
future multi-channel SMA actuation in rehabilitation-oriented
applications.

Quantitative performance analysis

To complement the time-history responses presented in Figs. 5-9, the
principal thermo-electro-mechanical performance indicators extracted
from the experimental measurements are summarized in Table 7. These
quantitative metrics provide a concise comparison of the three operating
conditions and facilitate quantitative evaluation of the electrical input,
thermal response, and mechanical output of the SMA actuator for
wearable rehabilitation applications.Table 8

As summarized in Table 7, all three operating conditions produced
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Table 7
Theoretical voltage ranges of the 300 mm SMA wire based on Ohm’s law.

Heating Condition Current Range (A) Expected Voltage Range (V)

I =220t01.95A
=1.60to 1.35 A
I =1.30to 1.05 A

V ~ 5.48to0 4.86 V.
V ~ 3.98to0 3.36 V.
V ~3.24t0 2.61 V.

High-current set —1 s
Mid-current set —2 s
Low-current set —3 s

comparable peak temperatures ranging from 76.30 to 77.84 °C, indi-
cating that each operating condition successfully reached the austenitic
transformation range required for SMA activation. The highest me-
chanical output was obtained under the 2.2 A-1s condition, which
generated a peak force of 28.40 N and a maximum displacement of
15 mm. Reducing the current while proportionally increasing the
heating duration gradually decreased the peak force, whereas the peak
displacement remained nearly unchanged (14-15 mm), demonstrating
that comparable actuation strokes can be achieved with lower electrical
power when a longer activation period is permitted. The mean electrical
power decreased from 12.35W to 4.18 W as the applied current
decreased from 2.2 A to 1.3 A. Nevertheless, the total electrical energy
supplied during each operating condition remained nearly constant
(12.35-12.73 J), indicating that the different current-duration combi-
nations primarily modified the heating rate and transient thermo-
mechanical response rather than the overall energy input. These find-
ings provide practical operating guidelines for selecting suitable elec-
trical actuation conditions according to the response speed and force
requirements of wearable rehabilitation systems.

Beyond the quantitative performance evaluation, the practical im-
plications of the proposed characterization platform for wearable
rehabilitation applications and future control development are dis-
cussed in the following sections.

Applicability to wearable rehabilitation systems

Although the present experiments were conducted using a single
Flexinol® SMA wire under controlled laboratory conditions, the objec-
tive of this study was to establish the thermo-electro-mechanical char-
acteristics of the actuator before integration into wearable rehabilitation
devices. This characterization approach is commonly adopted in the
development of SMA-driven rehabilitation systems, since the actuator’s
performance directly determines the achievable force, displacement,
response time, and thermal behavior of the final wearable device. The
extracted performance indicators therefore provide practical design
guidelines for actuator selection and operating-condition optimization
in future SMA-based rehabilitation gloves. This actuator-level charac-
terization approach has also been employed in the development of the
proposed W-DFAS rehabilitation glove, where the experimentally
characterized SMA actuator served as the foundation for the complete
wearable rehabilitation system [28].

Future control strategies

The proposed characterization platform also provides a suitable
experimental foundation for the development of advanced closed-loop
control strategies for SMA actuators. By simultaneously acquiring tem-
perature, force, displacement, current, and voltage in real time, the
platform generates synchronized multi-sensor datasets that can be used
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for controller design, parameter identification, and performance opti-
mization. Unlike open-loop current excitation, the measured feedback
signals provide the sensing and data acquisition framework required for
future implementation of intelligent control approaches, including
adaptive control, fuzzy logic control, model predictive control (MPC),
and machine learning-based control algorithms to improve motion ac-
curacy, response speed, thermal safety, and robustness against actuator
nonlinearities. Recent developments in intelligent actuator control,
including adaptive RISE control, reinforcement learning, and model-
data hybrid control strategies developed for electrohydraulic systems,
demonstrate the effectiveness of combining model knowledge with
experimental data for nonlinear control and optimization. Although
these intelligent control strategies were originally developed for hy-
draulic and electrohydraulic actuators, they provide valuable inspira-
tion for future SMA control through adaptive learning, reinforcement
learning, and model-data hybrid optimization, particularly when com-
bined with synchronized thermo-electro-mechanical datasets generated
by the proposed characterization platform. Furthermore, the automatic
data logging capability facilitates the development of data-driven
models and digital twins for future wearable rehabilitation systems.
Therefore, the proposed platform serves not only as a thermo-electro-
mechanical characterization system but also as an experimental test-
bed for future intelligent control development and wearable rehabili-
tation research. [66—72].

Conclusion

This study presented a comprehensive experimental investigation of
a 300 mm NiTi shape-memory-alloy (SMA) wire actuator under
controlled electrical excitation, with synchronized measurement of
thermal, mechanical, and electrical responses. A fully integrated
Arduino-based control and data-acquisition platform was successfully
developed, enabling precise regulation of current, pulse duration, and
real-time monitoring of temperature, force, displacement, voltage, and
current during actuation cycles.

The results demonstrated a strong and consistent coupling between
electrical input energy and actuator performance. Current-time and
voltage-time measurements confirmed stable, repeatable, and well-
regulated electrical excitation, with measured voltage plateaus closely
matching theoretical values predicted by Ohm’s law. This agreement
verified accurate Joule heating delivery and confirmed the reliability of
the PWM-controlled MOSFET actuation circuit. Minor voltage variations
observed during heating were attributed to the temperature-dependent
resistivity of NiTi during martensite-austenite phase transformation and
remained within safe operating limits.

Thermal analysis using the MLX90614-BCC infrared sensor revealed
predictable temperature evolution under different current-time combi-
nations. Short, high-current pulses generated rapid temperature rise
suitable for fast actuation, while longer, lower-current pulses produced
smoother heating profiles advantageous for fatigue reduction and long-
term operation. The measured surface temperatures remained within
the effective transformation range of the SMA wire, validating the
selected actuation window for safe operation.

Force and displacement measurements further confirmed that actu-
ator output scales with thermal energy input. Higher currents produced
larger and faster force and displacement responses, whereas longer
heating durations improved motion smoothness and recovery stability.

Table 8
Quantitative thermo-electro-mechanical performance indicators of the SMA actuator under different current-duration operating conditions.
Current (A) Time Peak Temp. (°C) Peak Force (N) Peak Displacement Mean Voltage + SD (V) Mean Current Mean Power (W) Energy (J)
(s) (mm) + SD (A)
2.2 1 76.30 28.40 15 5.524 + 0.240 2.236 + 0.051 12.35 12.35
1.6 2 77.84 27.15 14 3.967 + 0.178 1.605 + 0.035 6.37 12.73
1.3 3 76.34 23.30 14 3.217 + 0.128 1.300 + 0.046 4.18 12.55
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These findings highlight an important trade-off between rapid response
and mechanical stress, which is particularly relevant for rehabilitation
applications requiring both dynamic and gentle motion profiles.
Overall, the experimental results confirm that controlled combina-
tions of current amplitude and heating duration provide a flexible means
of tuning SMA actuator behavior. The validated experimental platform
establishes a reliable foundation for PWM-based optimization, cyclic
durability studies, and extension toward multi-channel SMA actuation.
These outcomes directly support the future development of wearable
and rehabilitation devices, where adaptable force, displacement, and
response speed are essential for patient-specific therapy protocols.

Abbreviations
SMA Shape memory alloy
PWM Pulse-width modulation
IPMCs Ionic polymer-metal composites
DEAs Dielectric elastomers
PEPs Piezoelectric polymers
MOSFET Metal-oxide-semiconductor field-effect transistor
LT Low-transformation-temperature
Csv Comma-separated-value
ToF Time-of-flight
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