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Abstract

Shape Memory Alloys (SMAs) possess strong potential for integration as actuators in robotic applications due to their
high power-to-weight ratio and ability to recover their original shape after deformation. Among their various forms, SMA
wires and springs are the most commonly available on the market. In this context, this work presents the design of a test
bench and an actuator based on SMA wires, aimed at displacing high loads in compact environments. The study includes the
mechanical and electrical characterization of Nitinol wires with diameters of 1-2 mm under different loading conditions, the
iterative development of five actuator prototypes, and an evaluation through finite element analysis and experimental testing.
The final actuator architecture confirms the feasibility of SMA-based systems for high-load applications up to 6000 N, offering
an alternative to conventional solutions based on electric motors.

Keywords: Shape Memory Alloys, Actuator Design, Robotics, Smart Materials, Mechanical Design, Mechatronic Systems,
Intelligent Actuators, Finite Element Methods

Disefio de actuadores de alta carga basados en aleaciones con memoria de forma
Resumen

Las aleaciones con memoria de forma (SMA, por sus siglas en inglés) presentan un gran potencial para su integracién como
actuadores en aplicaciones robdticas, debido a su elevada relacion potencia-peso y su capacidad de recuperar la forma original
tras una deformacion. Entre sus diferentes formas, los hilos y muelles de SMA son los formatos comiinmente disponibles en el
mercado. En este contexto, se presenta el disefio de un banco de pruebas y de un actuador basado en hilos de SMA, orientado
al desplazamiento de altas cargas en entornos compactos. El trabajo incluye la caracterizacién mecénica y eléctrica de fibras
de Nitinol con didmetros de 1-2 mm bajo distintas condiciones de carga, el desarrollo iterativo de cinco prototipos de actuador
y una evaluacion mediante andlisis por elementos finitos y ensayos experimentales. La arquitectura final del actuador confirma
la viabilidad de sistemas basados en SMA para aplicaciones de alta carga de hasta 6000 N, como alternativa a soluciones
convencionales con motores eléctricos.

Palabras clave: Aleaciones con Memoria de Forma, Disefio de Actuadores, Robética, Materiales Inteligentes, Disefio
Mecanico, Sistemas Mecatrdénicos, Actuadores Inteligentes, Métodos de Elementos Finitos

1. Introduccién Superelasticity. These properties enable controlled mechan-
ical deformation and recovery through temperature-induced
phase transformations, offering a high power-to-weight ratio,
silent operation, and simplified structure. While these ma-
terials have already been successfully integrated into robotic

Shape Memory Alloys (SMAs) are metalic materials that
can be deformed and return to their original shape after an in-
crease of temperature. SMA materials, such as Nitinol, exhibit
unique properties including the Shape Memory Effect and
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systems for precision mechanisms and low-load applications,
their use in heavy-load scenarios remains limited and insuffi-
ciently studied.

This work presents the design, construction, and evalua-
tion of a SMA-based actuator, capable of displacing heavy
objects, along with the development of a novel test bench de-
signed to test and characterize this actuator. The objective of
the project is to explore the feasibility of implementing SMA-
based actuators in scenarios that demand high force generation
and compact design, with potential application in robotics and
industrial environments. This study builds upon previous re-
search conducted at the RoboticsLab of Universidad Carlos IIT
de Madrid, aiming to extend the operational limits of SMA ac-
tuators. By combining electrical and mechanical characteriza-
tion, finite element analysis (FEA), and iterative prototyping,
this work proposes a compact actuator architecture optimized
for both performance and structural integrity. A key contri-
bution is the development of specialized testing platforms and
control systems to evaluate the response of SMA wires and
actuators under increasingly demanding load conditions.

1.1. Background

SMAs are metallic materials that can undergo significant
deformation and recover their original shape when subjected
to temperature changes. This behavior is primarily attributed
to the reversible transformation between their two stable crys-
talline phases: martensite and austenite. These two crystalline
structures are stable at different ranges of temperature, mean-
ing that the material adopts the martensite structure at lower
temperatures and the austenite structure at higher tempera-
tures (Reynolds, 2003). These materials exhibit two key prop-
erties: Shape Memory Effect (SME) and Superelasticity (SE).
SME is caused by a rise in temperature that triggers a tran-
sition from martensite to austenite, allowing the material to
recover its original shape, while cooling reverses the process.
SE, on the other hand, occurs in the austenite phase under con-
stant temperature when stress induces a martensitic transfor-
mation, which reverts upon stress removal (Mohd Jani et al.,
2014)(Ozbulut and Hurlebaus, 2011). These two properties
have led to the integration of SMA actuators in a variety of
fields such as aerospace (Hollenbach et al., 2006), biomedical
devices (Pfeifer et al., 2013), and robotics (Deng and Tadesse,
2021)(Var and Jovanova, 2023).

Among the different SMA compositions, Nitinol (Nickel-
Titanium alloy) stands out due to its high recoverable
strain, good fatigue resistance, and biocompatibility (Moham-
madgholipour and Billah, 2023). These characteristics make
it especially interesting for actuator design, where compact-
ness, efficiency, and silent operation are required. Despite ex-
tensive research and applications in lower load contexts and
SMA wires with low diameters, the use of SMA wires in sys-
tems designed for lifting heavy loads remains relatively under-
explored. In robotic actuation, SMAs have been used to cre-
ate grippers, artificial muscles, and bio-inspired mechanisms.
However, these implementations typically focus on precision
rather than force. To address this gap, the present work in-
vestigates the mechanical behavior of SMA wires under high-
load conditions and proposes an actuator architecture that op-
timizes both structural reliability and force generation.

2. Materials and Methods

This section presents the components, materials, and tools
used for this project, as well as the actuator’s design evolution
and its control strategy.

2.1. SMA Wire Characterization

The first stage of this work involved the characterization of
SMA wires to determine their suitability for high-load actua-
tion applications. Given the objective of designing a compact
actuator capable of displacing heavy objects, it was essential
to first quantify the mechanical and electrical behavior of the
SMA wires under controlled conditions.

Two wire diameters were chosen for evaluation: 1 mm
and 2 mm, significantly larger than the more common sub-
millimeter SMA wires used in biomedical or robotics appli-
cations. The choice of these diameters was motivated by the
need to generate higher contraction forces while maintaining
compatibility with compact actuator geometries. Manufac-
turer data was limited to diameters below 0.5 mm, so theo-
retical calculations and experimental validation were required
to estimate performance metrics such as activation tempera-
ture, electrical resistance, maximum current, and rated load
for the selected wire sizes, which can be seen in Table 1.

Table 1: Parameters of interest of SMA wires.

Wire 1 Wire 2
Diameter [mm] 1 2
Activation temperature [°C] 40 40
Resistance [Q] 1.08 0.27
Current [A] 16 64
Theoretical rated load [N] 400 1200

To conduct the characterization, a dedicated experimental
workbench was used, developed for previous experiments at
RoboticsLab (Copaci et al., 2024) and displayed in Figure 1.
The structure consists of an aluminum frame with an upper
fixed platform and a lower movable platform. The SMA wire
is fixed between both platforms, allowing vertical contraction
to be measured. The following sensors and components were
integrated into the bench to enable closed-loop measurements:
A position magnetic sensor, coupled with a linear magnetic
strip, which provides incremental displacement readings, a
Hall-effect current sensor that measures the current passing
through the wire during actuation, a cooling ventilator sys-
tem, and springs to simulate heavy loads. The specifications
of these springs can be found in Table 2.

Table 2: Spring specifications.

Light Medium
Stiffness K [N/m] 94 185
External diameter [mm] 32 32
Internal diameter [mm] 16 16
Wire width [mm)] 6.8 6.8
Wire height [mm] 33 4.0
Length [mm] 38 38
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Figure 1: Wire characterization workbench.

To ensure precise and repeatable characterization of SMA
wires under load, a closed-loop control system was imple-
mented using a dedicated experimental platform. The system
integrates both control electronics and data acquisition tools,
enabling dynamic regulation of wire contraction and real-time
monitoring of performance parameters. The control architec-
ture is centered around an STM32F4 microcontroller, which
orchestrates signal generation, sensor feedback, and commu-
nication with the host interface. Actuation is achieved by
direct resistive heating of the SMA wires via a PWM sig-
nal, with duty cycle modulation based on displacement error.
Power regulation is managed by a custom electronics board
equipped with MOSFET transistors, capable of handling cur-
rents up to 20 A. Current is monitored using a Hall-effect sen-
sor, while wire displacement is measured through a magnetic
position sensor, which tracks 2 mm increments along a coded
strip.

The control loop is implemented in Simulink and deployed
to the microcontroller. Two Simulink modules are used: one
for configuring control parameters and generating embedded
code, and another for real-time visualization and interaction.
The host interface allows users to input target displacements,
monitor current and position, and toggle between manual and
automated operation modes. A bilinear PID (BPID) controller
was selected for wire actuation. This strategy combines a con-
ventional PID with a bilinear compensator to enable discrete-
time control of the nonlinear SMA system. Due to the wire’s
integrative behavior the integral gain was set to zero in all
cases to avoid error accumulation. Control parameters were
tuned empirically for each wire diameter, ensuring fast re-
sponse with minimal overshoot.

A total of 40 configurations were tested across the two
wire diameters and spring types. Each trial began by fixing
a wire of known length and diameter between the platforms

and selecting an appropriate spring to generate resistive force.
A reference displacement value was set, and the current was
gradually increased via PWM-controlled actuation until the
desired contraction was achieved. This reference value was
augmented until failure. During this process, sensor data was
recorded and processed in MATLAB. Maximum displacement
and current were analyzed to evaluate control accuracy and
characterize SMA behavior under specific loads. Key perfor-
mance metrics such as experimental mean (Uexp), Relative Er-
ror (RE), Mean Absolute Error (MAE), Root Mean Square Er-
ror (RMSE), and standard deviation (o) were used to quantify
repeatability and inform the actuator design process.

The outcomes of these tests were used to determine the
number of wires and the actuator geometry needed to achieve
the target lifting force of 6000 N under realistic operating con-
ditions. The actuator geometry and design parameters are de-
tailed in the next section.

2.2. Actuator Design and Prototyping

The actuator design process was guided by the objective
of maximizing force output within a compact, modular struc-
ture suitable for integration into industrial systems. Given the
relatively low strain and slow recovery of SMA wires, the de-
sign emphasized mechanical amplification and structural re-
silience. A series of five actuator prototypes were developed
iteratively, each introducing modifications in geometry, ma-
terials, or wire configuration based on previous performance
evaluations. All designs share a common architecture: two in-
terlocking cylindrical bodies with concentric perforations to
house the SMA wires. These perforations guide the wires
along a path, allowing either a direct or looped configura-
tion, and are secured laterally with fasteners. A central per-
foration accommodates a structural mounting screw for inte-
gration into the testing workbench. This geometry facilitates
modular assembly while distributing load uniformly during
contraction. In the following paragraphs, each of the iterations
of the actuator prototypes are described, and their geometries
are all included in Table 3 and pictured in Figure 2,

Table 3: Geometric and functional specifications of the actuator base.

I II III v v

Diameter [mm] 168 75 120 28 80
Height [mm)] 20 10 40 12.5 30
Perforations for wires 20 20 5 10 10
Nitinol wires 10 10 5 5 5
Lateral fasteners [-] 20 20 20 10 10
Number of parts 1 1 2 2 2

e Prototypes I and II were fabricated in post-cured resin.
These early designs featured 20 perforations with 10
looped wires, chosen to assess wire spacing, clamp-
ing reliability, and electrical isolation in polymer-based
structures. Prototype II reduced overall dimensions to
improve compactness, serving as a benchmark for size-
performance tradeoffs.

o Prototype III had a design focused on structural stabil-
ity. A lower steel plate was added to reduce deformation
under load, and the number of wire paths was halved to
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five, eliminating the looping configuration. Bronze fas-
teners were embedded to ensure electrical conduction
without compromising mechanical fixation. This con-
figuration preserved electrical insulation while improv-
ing force distribution and wire handling.

e Prototypes IV and V transitioned to full-steel designs,
in favor of mechanical robustness. A new two-piece
construction enabled easier wire installation without
precise pre-bending, improving assembly repeatability.
Prototype IV prioritized minimal footprint, while Proto-
type V increased diameter and spacing between wires to
reduce bending stress, improve fatigue resistance, and
facilitate high-load operation.

Figure 2: Prototype design evolution: Prototype I (a), Prototype III (b), and
Prototype V (c).

2.3. Simulation and Testing

To evaluate the mechanical performance of the actuator
prototypes under simulated and physical load conditions, a
two-step validation strategy was proposed. Finite Element
Analysis (FEA) simulations were conducted using Autodesk
Inventor to predict structural behavior under idealized condi-
tions, which would be followed by real-world testing using a
custom-built actuator workbench. This combined approach al-
lowed for the comparison of theoretical stress-strain responses
against empirical performance metrics.

Prior to fabrication, each actuator prototype was fully
modeled in Fusion 360 and then imported into Autodesk In-
ventor for simulation. FEA studies were conducted to as-
sess stress distribution, deformation, and displacement under
a range of applied loads corresponding to the maximum esti-
mated forces from SMA wire contraction.

The simulation process consisted of several sequential
steps. The actuator was virtually fixed at its central mount-
ing point, while lateral constraints were introduced to replicate
the clamping effect of the fasteners. In assemblies composed
of two parts, contact definitions were included at the interface
between the steel disks and the surrounding material. Tensile
forces were applied at the wire perforations to simulate con-
traction, with equal and opposite loads used in looped configu-
rations to maintain balanced loading conditions. Each compo-
nent was assigned material properties derived from fabrication
data, allowing the model to reflect variations in elasticity and
yield strength across different prototypes. A parametric sweep
was conducted by simulating five distinct load cases, increas-
ing in 20% increments from the baseline up to the theoretical
maximum load. This resulted in a total of 25 simulation stud-
ies covering all prototype variants.

Key performance metrics evaluated in the simulations in-
cluded:

e Safety Factor (SF), defined as the ratio between the
material’s yield strength and the maximum equivalent
stress. It is expressed as SF = 0 yield/ 0 von Mises-

e Von Mises Stress, used as a scalar measure to predict
yielding of ductile materials.

e Total Displacement, computed as the Euclidean norm of
displacements in the three spatial directions

o FElastic Deformation, related to the strain energy stored
in the material under load.

e Contact Force and Pressure Distributions, extracted
from interface interactions for multi-part prototypes.

A second custom workbench was developed to physically
evaluate the actuator prototypes under realistic loading condi-
tions. The structure was built around a three-dimensional alu-
minum frame capable of housing up to three actuators simulta-
neously. The layout incorporates an antagonistic actuator for
recovery and a brake-lever system to simulate load through
torque resistance. The main components include an electro-
magnetic particle brake, capable of delivering up to 200 Nm
of torque, a static torque sensor, based on strain gauge tech-
nology, and a power supply regulator to energize the brake.
This second workbench is pictured in Figure 3.

(1] SMA wire

Fixed platform
Second actuator
@ Lower lever
Antagonist actuator
(6] Brake mechanism

Figure 3: Actuator evaluation workbench: Components diagram (a), 3D-
model (b) and finished workbench (c).
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Each actuator is connected through a mechanical lever sys-
tem that transmits force to the brake. The generated torque is
measured and converted into equivalent force using the torque
equation 7 = F - r, where the radius corresponds to the lever
arm length. This allows the emulation of variable weights
without physical mass addition, improving repeatability and
safety.

The test procedure follows a similar control methodol-
ogy to the one used for wire characterization. Activation is
achieved by direct heating via PWM-controlled current. Con-
trol is centralized through the STM32F4 microcontroller, with
real-time monitoring and parameter adjustment enabled via
a Simulink-based interface. Two Simulink files structure the
control flow: one deploys the controller to the microcontroller,
and the other enables the user to set reference values and visu-
alize sensor data. During testing, variations in torque readings
before and after actuation are captured and processed to deter-
mine the effective lifting force.

Although the physical experiments were not executed due
to component availability, the complete testing framework
was designed and validated in simulation. This system offers
a controlled environment for future actuator validation, ensur-
ing accurate, repeatable load testing and data acquisition for
future iterations.

3. Results

This section presents the results obtained during the char-
acterization and testing phases, both at the wire level and at the
actuator level. The analysis includes experimental measure-
ments from wire contraction and simulation data from FEA.

3.1. Wire Characterization Results

A total of 40 trials were carried out, combining two SMA
wire diameters and two spring stiffness levels. Displacement
data was collected using the magnetic position sensor, and the
force was inferred through Hooke’s Law based on the mea-
sured spring deformation. The results can be seen in Table
4.

Across all tests, the 1 mm wire demonstrated more consis-
tent actuation behavior, while the 2 mm wire exhibited higher
forces but introduced greater variability due to increased ther-
mal inertia. The experimental results validated the estimated
rated loads. These findings informed the final selection of wire
configurations for actuator integration.

3.2. Actuator Evaluation

FEA results highlighted the impact of geometry and mate-
rial choice on structural behavior. The results of these studies
are found in Table 5. Key findings include:

e Safety Factor: Versions I and II (polymer-based)
showed safety factors lesser than 1.5 under maximum
theoretical loads, while Versions IV and V (full-steel)
consistently exceeded a safety factor of 3, meeting in-
dustrial reliability thresholds.

e Von Mises Stress: Stress concentrations were highest at
the wire perforations and screw interfaces. The bronze
fasteners in Prototype III helped distribute these loads
more effectively.

e Displacement and Deformation: All prototypes main-
tained deformation within acceptable limits. Version V
exhibited minimal displacement (< 0.2 mm) at maxi-
mum load, confirming its rigidity.

o Contact Forces and Pressures: Excessive contact pres-
sure was observed in early prototypes with narrow per-
foration spacing. Adjustments in Prototype V reduced
localized stress peaks, improving fatigue resistance.

Prototype V, the final and most robust design, demon-
strated the best mechanical performance under simulated
high-load conditions.

Although complete actuator trials were delayed due to un-
availability of mechanical parts, preliminary testing confirmed
the viability of the torque-brake-based evaluation methodol-
ogy. Simulated torque loads matched expected force outputs
from the SMA wire bundles, and the electronics platform was
validated for synchronous control and data acquisition. The
experimental setup is ready for future trials and will enable
full quantification of lifting capacity, thermal cycling behav-
ior, and actuator lifespan under industrial load profiles.

4. Discussion

This section presents a critical analysis of the perfor-
mance of the SMA wires and the actuator prototypes, based
on both experimental wire characterization and simulation re-
sults. The discussion focuses on the reliability, limitations,
and practical implications of the proposed actuator system.

The experimental results confirmed that Nitinol wires of
1 mm and 2 mm diameter can be used effectively in high-
load actuation scenarios. The 1 mm wire displayed more pre-
dictable and repeatable behavior, with lower power consump-
tion and shorter recovery times. In contrast, the 2 mm wire
offered significantly higher force output but introduced chal-
lenges related to heat dissipation and activation current thresh-
olds. The bilinear PID controller implemented in the test plat-
form successfully regulated wire contraction with low steady-
state error, especially in the 1 mm configurations. However,
actuation repeatability was affected by environmental factors
such as ambient temperature and cooling efficiency, particu-
larly in longer cycle operations.

Table 4: Experimental results with different springs and forces.

Configuration — F,x [N] Spring  Exp. [mm] ey [mm] RE[%] MAE[mm] RMSE[mm] o [mm]
&1 — Light 400 Light 4.26 4.081 4.20 0.178 0.241 0.199
@1 — Medium 400 Medium 2.16 1.938 10.28 0.232 0.278 0.148
@2 — Light 1200 Light 12.77 10.709 16.16 1.905 2.076 0.390
@2 — Medium 1200 Medium 6.49 5.824 10.26 0.661 0.795 0.605




Gonzalez, J et al. /Jornadas de Automdtica, 46 (2025)

Table 5: FEA simulation results for different actuator prototypes and applied loads.

Configuration  Safety factor Von Mises Stress  Displacement Deformation Contact force  Contact pressure
[MPa] [mm] [%] [N] [MPa]
V-1200 N 15.000 7.367 5.00e-05 4.56e-05 4.563 4.637
V -2400 N 14.048 14.735 1.00e-04 9.12e-05 9.127 9.274
V -3600 N 9.365 22.103 1.50e-04 1.37e-04 13.690 13.911
V -4800 N 7.024 29.470 2.00e-04 1.82e-04 18.253 18.549
V - 6000 N 5.619 36.838 2.50e-04 2.28e-04 22.817 23.186
IV-1200 N 11.749 17.618 1.08e-04 1.44e-04 4.230 13.198
IV -2400 N 5.875 35.237 2.17e-04 2.88e-04 8.459 26.396
IV -3600 N 3.916 52.855 3.25¢-04 4.32e-04 12.689 39.594
IV -4800 N 2.937 70.474 4.33e-04 5.76e-04 16.919 52.792
IV - 6000 N 2.350 88.000 5.42e-04 7.21e-04 21.148 65.990
II-1200 N 5.051 3.959 8.00e-03 3.00e-03 9.025 0.850
I - 2400 N 2.526 7.919 1.60e-02 5.00e-03 18.050 1.700
I - 3600 N 1.684 11.878 2.50e-02 8.00e-03 27.076 2.551
11 - 4800 N 1.263 15.838 3.30e-02 1.00e-02 36.101 3.401
I - 6000 N 1.010 19.797 4.10e-02 1.30e-02 45.126 4.251
I-1200N 2.537 7.882 1.00e-02 2.00e-03 - -
II-2400 N 1.269 15.764 1.90e-02 4.00e-03 - -
II-3600 N 0.846 23.646 2.90e-02 6.00e-03 - -
II-4800 N 0.634 31.528 3.90e-02 8.00e-03 - -
II- 6000 N 0.507 39.410 4.80e-02 9.00e-03 - -
I-1200 N 7.764 2.576 4.00e-03 2.00e-03 - -
I1-2400 N 3.882 5.152 9.00e-03 4.00e-03 - -
I-3600 N 2.588 7.728 1.30e-02 6.00e-03 - -
I1-4800 N 1.941 10.304 1.80e-02 8.00e-03 - -
I-6000 N 1.553 12.880 2.20e-02 9.00e-03 - -
The iterative design process resulted in five actuator pro- References

totypes, each incorporating structural and functional improve-
ments based on prior evaluations. FEA validated that only the
final designs exhibited safety factors above 3 under full-load
conditions. Prototype V demonstrated superior performance
in all simulated metrics, making it the most promising candi-
date for implementation.

The workbench was comprehensively designed and vali-
dated. Its torque-based load simulation offers a scalable plat-
form for future experimental trials on endurance testing and
dynamic load evaluation.

Overall, the methodology developed in this project suc-
cessfully established a foundation for SMA-based high-load
actuators. Future work will focus on full-scale physical test-
ing, long-term fatigue assessment, and the integration of ther-
mal management strategies to enable continuous operation.
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