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A B S T R A C T

New strategies for the design of Shape Memory Alloy (SMA) actuators are needed to fill the gap between their
high potential and limited industrial implementation. This gap stems from a number of challenges, such as the
need for robust methods to predict and track their thermomechanical behavior under varying operational
conditions, the lack of tools to model and mitigate functional fatigue during cycling, and the absence of
systematic design frameworks that take into account the complex interdependencies of activation parameters.
In this regard, this work proposes a straightforward strategy for designing SMA wire actuators based on
parametric simulations of their thermomechanical behavior. The influence of key activation parameters,
including heating time, cooling time, electrical current, axial stress, and wire diameter, on SMA actuator
performance is investigated by focusing on initial actuation strain and maximum operating temperature. An
experimental study is performed to explore the interdependencies of these parameters and their impact on the
actuator behavior. On this basis, a new parametric analysis method is proposed to identify optimal actuation
parameters for various operating conditions. The method consists of a three-step approach. Each step focuses
on different aspects of the SMA actuation (e.g. activation conditions, SMA dimensions and SMA cyclic behavior)
that together address the majority of imposed industrial specifications.
1. Introduction

Despite the great potential for using Shape Memory Alloys (SMA)
as actuators in industrial context (e.g. automotive), it is scarcely im-
plemented [1]. Major reasons for this are the insufficient knowledge of
the thermomechanical behavior under operational conditions, the lack
of designing methods and the lack of understanding of the properties
degradation upon cycling, also known as Functional Fatigue (FF) [2–7].

During the actuation, the phase transformation is triggered by the
heating and cooling process under mechanical loading. For the heating
stage, two main techniques are employed to heat up the SMA com-
ponent: external heating and electrical or Joule heating. The latter is
widely adopted over the former due to its higher heating rate and easier
implementation (no need for additional equipment and the possibility
of being powered by portable batteries) [8,9]. Nevertheless, the use
of an electric drive makes control and use more challenging due to
the electro-thermal-mechanical coupling nature. In this way, the phase
transformation and consequently the actuation becomes dependent on
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the adjustment and control of several parameters related to the power
supply.

When considering electrical heating, parameters controlling the
amount of energy passing through the SMA component drives the
actuation. In light of this, some affecting parameters can be listed:
the heating time 𝐻 𝑇 (period during which the electric current passes
through the SMA component), the cooling time 𝐶 𝑇 (period without
electric current), the maximum voltage 𝑈 , the maximum current 𝑖,
the SMA component resistance 𝑅 (defined by the SMA dimensions),
the global resistance 𝑅𝑇 (when more than one SMA component are
considered) and the current waveform (e.g., sine, square, and ramp
signal) [5,10]. These parameters compose the activation setup of the
SMA actuators. It is worth noting that the electric resistance of SMAs is
not constant during an actuation cycle and varies with the metallurgical
state and with temperature evolution. The effect of the microstructure
and temperature on the electric resistance has been addressed in [11–
15]. Other features can externally impact the actuator’s operation. For
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Nomenclature

𝜋𝑡 Thermodynamic forces conjugate to 𝜉
𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐 Total electric resistivity
𝜎 Axial mechanical stress
𝜎𝑐 𝑟𝑖𝑡 Critical stress below which 𝐻𝑐 𝑢𝑟 = 𝐻𝑚𝑖𝑛

𝜀, 𝜀𝑡𝑟, 𝜀𝑟, 𝜀𝑒𝑙, 𝜀𝑡ℎ Uniaxial total, transformation, residual,
elastic, thermal strain

𝜀𝑡𝑟 Transformation strain
𝜀𝑡𝑟0 Initial actuation strain
∅ SMA wire diameter
𝜉 Martensitic volume fraction
𝐴𝑡 Set of internal state variables
𝐴𝑠, 𝐴𝑓 Austenitic phase transformation start and

finish temperatures at zero stress
𝐴𝑤𝑖𝑟𝑒 Cross section area of the wire
𝑐 Specific heat
𝐶 𝑇 Cooling time
𝑑 Diameter
𝐺 Gibbs free energy potential
𝑔𝑡 Transformation hardening energy
ℎ Convection coefficient
ℎ Heat convection coefficient
𝐻𝑐 𝑢𝑟, 𝐻𝑚𝑖𝑛 Max. and Min. saturation current transfor-

mation strain
𝐻𝑠𝑎𝑡 Saturation current transformation strain
𝐻 𝑇 Heating time
𝑖 Maximum current
𝑘 Exponential evolution rate coefficient
𝐿 Length of the specimen
𝑀𝑠, 𝑀𝑓 Martensitic phase transformation start and

finish temperatures at zero stress
𝑞 Heat flux
𝑅 SMA component electric resistance
𝑟 Internal heat generation rate
𝑅𝑠, 𝑅𝑓 R-phase transformation start and finish

temperatures at zero stress
𝑅𝑇 Global resistance
𝑠 Mass-specific entropy
𝑇 Temperature
𝑇0, 𝑠0, 𝑢0 Temperature, mass-specific entropy, spe-

cific internal energy at the reference state

𝑇𝑎𝑚𝑏 Room temperature
𝑇𝑙 𝑖𝑚 Temperature threshold to guarantee no

SMA overheating
𝑇𝑚𝑎𝑥 Maximum operating temperature
𝑈 Maximum voltage
𝑢 Mass-specific internal energy
𝑉𝑤𝑖𝑟𝑒 Volume of the wire

nstance, reset components, external mechanisms and actuation control
evices are equally employed to control, improve and/or adapt the
ctuator output [16,17].

Given the great number of activation parameters, countless settings
an be obtained for an identical actuator output. The specification of
his set of parameters is not straightforward since they are strongly
oupled. For instance, slight changes in the current intensity may imply
 significant variation in actuation time (𝐻 𝑇 + 𝐶 𝑇 ), when similar
2 
Fig. 1. Heating time and actuation stroke of a SMA wire actuator for currents from
120 to 230 mA.
Source: Adapted from [20].

output (force and stroke) is considered [18,19]. One of these non-linear
relationships has been experimentally studied in [20] as presented in
Fig. 1. In addition, it is possible to note that for some configurations,
the SMA is heated too quickly which may result in overheating and
thereby, damage [21,22]. On the other hand, when the heating is too
slow, only a fraction of the stroke is produced which indicates that the
phase transformation was not correctly initiated or completed.

In addition to activation parameters, other aspects related to the
cooling process can impact the actuator performance. Most frequently,
the SMA component is cooled via heat exchange through natural or
forced air convection [23]. For this, different exchange fluids (air,
water, or other fluid) can be selected depending on the application
specifications. Due to the small size of the majority of SMA-based
actuators, natural convection through air is the most employed solu-
tion. In this regard, two related parameters can be highlighted: the
ambient temperature and the cooling method. The former is generally
a non-controllable parameter and strongly depends on the environ-
ment conditions. The latter is chosen according to the temperature
differential between the hottest and coolest actuation points, exchange
surface and amount of material to be cooled (depending on the SMA
dimensions).

Addressing this complex issue, several studies have explored cou-
pled models to tackle the multiphysics nature of the problem. [24]
proposed a finite-element modeling approach to simulate SMA phase
transformations while incorporating variable thermal and mechanical
properties. Subsequently, [25–27] introduced similar methodologies,
utilizing one-dimensional constitutive models thermally coupled to
predict or control SMA actuator displacements. While these approaches
exhibit strong alignment with experimental results, they often over-
look the influence of dynamic effects associated with high electrical
current levels. In contrast, [28] presented an energetic framework
that integrates stored thermal energy, latent heat, and thermal losses,
providing a more accurate simulation for scenarios involving rapid
actuation. Additionally, [19] extended this concept through the Brinson
constitutive model, incorporating broader experimental foundations.
Although these methods address diverse experimental conditions, se-
lecting optimal electrical parameters remains a challenging task. To
address this, [18] conducted numerical investigations to identify op-
timized electrical conditions for designers. However, the proposed
modeling techniques face limitations, particularly in extending to three-
dimensional formulations and considering cyclic behaviors, including
FF aspects. The cyclic behavior of SMAs exhibits significant variations
under constant loading conditions [2,29]. This evolution also referred
to as FF, is detrimental to some actuator applications. Consequently, it
is imperative to consider the degradation of the SMA behavior in order
to respect the industrial requirements.
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Fig. 2. CAD representation of the ad hoc fatigue testing machine.

In summary, the influence of various parameters on actuation is
highly diverse, with some parameters exhibiting strong interdepen-
dencies while others are not controllable. These conditions contribute
to a complex and challenging scenario for accurate prediction and
simulation. Moreover, well-known FF symptoms such as the reduc-
tion of the transformation strain amount and the evolution of the
phase transformation temperatures — mainly attributed to Residual
Stress-Induced Martensite (RSIM) [30,31] and Transformation Induced
Plasticity (TRIP) accumulation [4,32,33] - further exacerbate in the
designing SMA actuators.

The goal of this work is to propose a new method for designers to
conceive SMA actuators. This method is mainly based on a parametric
analysis that can predict the most adaptable set of actuation parameters
for a given application by using an electric-thermal-mechanical coupled
modeling approach that also accounts for FF aspects related with SMA
actuation, presented in [34]. For such an evaluation the parameter 𝐶 𝑇 ,
𝐻 𝑇 , 𝜎 (axial stress), 𝑖 and ∅ (wire diameter) are considered to evaluate
the SMA actuator initial performance in terms of produced stroke
(estimated through the initial actuation strain 𝜀𝑡𝑟0 ), developed force
(through the 𝜎 value) and maximum operating temperature (𝑇𝑚𝑎𝑥).

The work is organized as follows. An experimental analysis of the
influence of some activation parameters on a SMA wire response is
presented in Section 2. Then, a design method based on a parametric
analysis is proposed and detailed in Section 3. The simulation results of
the parametric analysis are presented and validated in Section 4. The
final remarks follow in Section 5.

2. Experimental analysis

An ad hoc testing machine (presented in Fig. 2) was designed to
reproduce the diverse actuation scenarios using a wide range of 𝐻 𝑇 ,
𝐶 𝑇 , 𝑖 and 𝜎 levels. In the following, the experimental conditions are
detailed, then the analysis of the impact of some activation parameters
on the initial amount of transformation strain produced is regarded.
Finally, the temperature distribution along a SMA wire during a cycle
is assessed.

2.1. Experimental conditions

𝐷 𝑦𝑛𝑎𝑙 𝑙 𝑜𝑦® (DN) wires of two distinct diameters were selected for
experimental testing. Specifically, ∅0.20 mm wires were used for an-
alyzing maximum transformation strain and conducting correlation
analysis, while ∅0.38 mm wires were employed for temperature dis-
tribution studies and model calibration. Additionally, a third set of
∅0.50 mm wire was included solely for parametric analysis. Table 1
summarizes the applications of each wire diameter across the various
3 
Table 1
Considered DN wires and performed analysis.

Diameter, ∅ [mm]

0.20 0.38 0.50

Experimental analysis

Maximum transformation strain X
Temperature distribution X

Modeling analysis

Calibration X
Impact of different parameters X
Validation X
Practical example X X X

Fig. 3. NiTi wires and prepared specimens. The Caliper measurement indicates the
working length of the specimen (the length of material that generates work). The total
length of the specimen is also indicated by blue arrows.

areas of investigation. For each experimental test, a new 90 mm long
specimen was employed. Each specimen was hand-prepared by using
a mounting guide to uniformly attach the wires to a metallic crimp.
Fig. 3 shows some specimens and their typical dimensions.

During the experiments, the SMA wires are heated using Joule
effect, cooled by two electric commanded fans and mechanically loaded
via a dead weight. The SMA mechanical response was measured by
two laser sensors pointed to a target plate, positioned at the same
height as the end of the SMA wire. This target plate is also the support
part that electrically powers the wire and holds the dead weight. The
imposed electric conditions were monitored through an ad hoc program
and recorded by sensors placed on a control board. To minimize noise
during the measurements, the power supplies for the measurement
devices and for the SMA wire were set distinctly, as shown in Fig. 4.

Additionally to the mechanical behavior, the thermal response of
the actuator is also measured. An Infrared (IR) camera was employed to
evaluate the temperature evolution of wires surface. To ensure correct
temperature estimations, the emissivity coefficients of the employed
wires was evaluated in a separate dedicated experiment and then
employed in the experimental procedure.

Firstly, three stress levels and two input current levels were consid-
ered. The stress values (100, 230 and 340 MPa) were chosen according
to the indication of the wire manufacturer: 100 MPa is the stress for
which the produced residual strain under cycling is considered mini-
mal, 230 MPa is considered the maximum stress to ensure 100k cycles
and 340 MPa is the yield stress at high temperatures [23]. Secondly,
a wide range of 𝐻 𝑇 , 𝐶 𝑇 values was tested for all diameters, stress
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Fig. 4. Electric circuit of the ad hoc testing machine.
Table 2
Testing conditions for the initial actuation strain analysis with ∅0.20 mm wires.

Max. current, Stress, Heating time Cooling time,
𝑖 [A] 𝜎 [MPa] range, 𝐻 𝑇 [s] 𝐶 𝑇 [s]

1.0
100 0.55–1.00 2
230 0.50–1.00 2
340 0.56–0.80 2

1.5
100 0.18 2
230 0.20–0.24 2
340 0.25–0.30 2

and current levels in the preliminary study to ensure 𝜀𝑡𝑟0 greater than
2.0% (herein considered minimum output strain for an actuation) and
compliance with a commonly employed actuation frequency restriction:
𝐻 𝑇 + 𝐶 𝑇 < 3 s.

For each test, the experimental data were processed and the initial
transformation strain and temperature parameters analyzed. In the
following, the actuator behavior during initial cycles is examined.

2.2. Influence of the experimental parameters on the initial actuation strain

For the initial transformation strain analysis, 𝜀𝑡𝑟0 was evaluated by
averaging the transformation strain 𝜀𝑡𝑟 for the first twenty actuation
cycles. This is necessary because during the very first cycles (1 to 10),
the SMA wire average temperature is not stabilized yet. Therefore, aver-
aging 𝜀𝑡𝑟 over 20 cycles allows reducing uncertainties on 𝜀𝑡𝑟0 estimation.
The implemented loading conditions are given in Table 2.

First, the impact of 𝐻 𝑇 on 𝜀𝑡𝑟0 is investigated by analyzing Fig. 5.
Fig. 5(a) shows that for similar 𝜀𝑡𝑟0 values, the needed amount of 𝐻 𝑇 is
different depending on the stress level. This observation is in agreement
with the stress-temperature slopes identified in Appendix and with the
Clausius-Clapeyron relation indicating that the required temperature
(herein controlled by 𝐻 𝑇 ) to trigger the phase transformation depends
on the stress level. Moreover, the presented 𝜀𝑡𝑟0 vs. 𝐻 𝑇 relationship
at each stress level shows a saturating curve with a maximum 𝜀𝑡𝑟0
value. This behavior can be explained by the fact that at lower 𝐻 𝑇
values, the provided electric energy is not sufficient for triggering
the phase transformation. Then, at a specific 𝐻 𝑇 value, the reached
energy is enough to transform the material and transformation strain is
produced. From this point, 𝜀𝑡𝑟 evolves rapidly with 𝐻 𝑇 until a point at
which the material produces its maximum transformation and remains
at this level. Finally, it is expected that 𝜀𝑡𝑟 starts to decay due to the
insufficient cooling time (𝐶 𝑇 set constant) for the wire to transform
back to martensitic state, therefore, less phase transformation occurs.

Second, Fig. 5(b) shows that the required 𝐻 𝑇 to produce a certain
𝜀𝑡𝑟0 decreases when the current increases. This is an expected behavior,
as the produced heat depends on the generated electric power (𝑃 =
𝑖.𝑈). However, it is also noted that the 𝜀𝑡𝑟0 vs. 𝐻 𝑇 relationship is not
linear within the studied range. In fact, 𝜀𝑡𝑟0 appears to evolve in an
exponential form with 𝐻 𝑇 . Therefore, one may conclude that 𝜀𝑡𝑟 is
0

4 
Fig. 5. Impact of the 𝐻 𝑇 on the 𝜀𝑡𝑟0 under different levels of stress and current and
fixed 𝐶 𝑇 for ∅0.20 mm wires.

mainly impacted by 𝐻 𝑇 and also depends on 𝜎 and 𝑖.

Considering that 𝜀𝑡𝑟0 is an important parameter when designing SMA
actuators (related to the actuator stroke), having a function that is
capable of estimating 𝜀𝑡𝑟0 for given 𝐻 𝑇 , 𝜎 and 𝑖 is required. However, as
aforementioned, the relationship between these three parameters has
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Fig. 6. Representation of the SMA wire temperature measurement by infrared camera (left) and the maximum temperature response during one cycle (right). The letters a to f in
the Maximum temperature vs. time graph denote the six different temperature rate zones which are colored. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
shown to be complex. For this reason, a numerical approach is pro-
posed. Before moving to the method description, the thermal response
is analyzed in the following.

2.3. Temperature distribution along the wire

In order to analyze the thermal response and the temperature
distribution along the ∅0.38 mm wire (which presented a more precise
thermal response in comparison with the ∅0.20 mm one), an additional
apparatus was employed for the experimental observations. An IR
thermal camera was used to record the temperature along almost the
entire working length. Two different experimental observations were
obtained from the measurements: the thermal response at the hottest
point during all the total actuation time (shown in Fig. 6) and the
temperature distribution along the wire length at the hottest instant
(shown in Fig. 7).

Regarding the thermal response of the hottest point on the right
side of Fig. 6, it can be divided into six zones (a, b, c, d, e and f). The
first zone (a) corresponds to an almost linear temperature evolution in
time. This behavior is associated with the wire’s heating under constant
electric power. Then, the temperature evolution changes abruptly to a
very low or null rate during a short period (b zone). The decrease in
temperature rate is associated with the reverse phase transformation
(martensite to austenite state) which is endothermic and consumes a
part of the delivered electric power to the wire. Next, another almost
constant temperature evolution rate starts and lasts until the end of
𝐻 𝑇 . In this zone (denoted c), no phase transformation occurs. During
the cooling stage, the temperature evolution rates are the same as for
the heating one. Zone d: free cooling, zone e: cooling under forward
phase transformation (austenite to martensite state) and zone f: free
cooling to room temperature. The presented thermal response is typical
of Joule heating under constant load. This behavior has also been
reported in [35,36].

With respect to the temperature profile along the wire length
(Fig. 7), the observed temperatures are not constant and seem to vary
in an oscillatory way along the wire. The reason for this profile form
may be linked to the phase transformation localization phenomenon
and/or to the forced cooling flow. However, no further investigation
was performed on this subject, due to experimental limitations. Fur-
thermore, the difference between the hottest and coolest point is about
18 ◦C, which can be considered low, regarding the maximum reached
temperatures. Thus, it can be inferred that the temperature profile
along the wire length is almost homogeneous.
5 
Fig. 7. Temperature profile along the wire length at the hottest instant (end of heating
phase).

In short, the experimental investigations demonstrated that the
impact of 𝜎, 𝑖 and 𝐻 𝑇 on the initial actuation strain is non-linear. In
addition to the non-linearity, the initial activation strain also depends
on the other factors, proving the strongly coupled character of the
actuation parameters in SMA actuation.

3. Designing SMA actuators

In this section, a modeling strategy accounting for the cyclic ther-
momechanical behavior of SMA-based actuators activated by Joule
heating is considered. This strategy considers a weak coupling method
to address the multiphysics complexity as comprehensively described
in [34]. Based on this framework, a detailed methodology for designing
SMA actuators is subsequently introduced. The procedure includes a
parametric analysis to investigate and clarify the impact of the principal
input parameters (𝐻 𝑇 , 𝐶 𝑇 , 𝑖, ∅) on the actuator thermomechanical
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Fig. 8. Operating temperature range for automotive applications and the transforma-
tion temperatures for some commercially available SMAs.
Source: Adapted from [1].

behavior.
For the design method, a three-step approach is proposed. It ac-

counts for the SMA composition selection, activation conditions and
dimensions and SMA cyclic behavior simulation. In the following, each
of these steps is described.

3.1. SMA composition selection and experimental characterization

The most important factors for SMA actuator design can be catego-
rized as inherent and external. The inherent factors are related to the
SMA properties and depend on the composition and thermomechanical
treatment (e.g., training procedure). Thus, once the SMA composition is
selected, these characteristics do not change. Based on this, the design
method starts with the selection of the SMA composition to preset the
operating conditions. It is worth noting that for standard actuation
applications, NiTi alloys are recommended [1,17,37].

The SMA selection is performed by considering the operating tem-
perature range in which the actuator is used. For instance, Fig. 8
compares different compositions of SMA component with respect to the
operating conditions of automotive applications. This material choice
defines the phase transformation temperatures of the SMA. Then, the
desired displacement is regarded and linked to the maximum transfor-
mation strain (𝐻𝑐 𝑢𝑟), which is also dependent on the SMA composition.
As introduced in [38], the maximum transformation strain rises with
an exponential form as the stress increases and can be expressed by the
equation 𝐻𝑐 𝑢𝑟 = 𝐻𝑚𝑖𝑛+ (𝐻𝑠𝑎𝑡+𝐻𝑚𝑖𝑛)(1 −𝑒−𝑘(𝜎−𝜎𝑐 𝑟𝑖𝑡)). In order to obtain the
necessary data, an experimental characterization procedure including
Differential Scanning Calorimetry (DSC), Assisted Shape Memory Effect
(ASME) and Superelastic (SE) experiments must be performed.

At this step, in addition to the composition, the quantity of SMA
components is defined. Based on the required output force and max-
imum and minimum loading conditions (typically provided by the
manufacturers as in [23]) it is possible to evaluate if more than one
component is necessary for the force requirements.

3.2. Activation conditions and SMA dimensions

Once most of the inherent parameters are defined, this second step
focuses on the external ones. The objective is to define the activation
conditions and the SMA wire dimensions (diameter and length).

Considering the coupled nature of problem, an analysis based on
a parametric evaluation is recommended to define the best conditions.
Given the available wire diameters for the chosen SMA composition and
the maximum length of the wire (specified by the dimensional restric-
tions), parametric evaluations return to the designer different sets of
activation conditions that would generate the desired output (force and
stroke). Then, a preselection of the proposed sets must be performed
6 
considering the operational restrictions (power supply limitations and
actuation frequency). These operational conditions will likewise define
the SMA component length range through the consideration of specific
electric resistance and power supply limitations.

At this point, other current actuator configurations for associated
devices (e.g. dead weight and bias springs) and cooling methods
(e.g. forced air, oil immersion and others) can also be considered in
the parametric evaluations [16,17].

At the end of this step, sets of activation conditions and SMA
dimensions are proposed for the SMA actuator.

3.3. SMA behavior simulation

The last step is the simulation of the SMA behavior in actuation
context. At this stage, one set of activation conditions is considered
together with the SMA properties and dimensions. The objective is
to achieve precise simulations of the thermomechanical behavior of
SMA during its entire operational lifespan. To this end, the proposed
approach also incorporates the simulation of FF aspects, which can
significantly modify the actuator performance. Examples of such effects
are discussed in [34]. While the adopted modeling approach is capable
of capturing these phenomena, this aspect is not addressed in this
work and requires further investigation to ensure the proper actuator
operation over its full lifespan. To give the reader a visual reference of
the proposed method, a flowchart is presented in Fig. 9.

In the proposed approach, the first step can be accomplished with-
out major difficulties from some experimental tests and analysis of the
manufacturers data sheet. The last step, that treats the cyclic behavior
of such actuators was already examined in [34]. Consequently, the
remaining obstacle to design the SMA actuator is the second step,
related to the choice of activation parameters. In the following section,
this second step is further described and some results are analyzed to
complete the description of the design method.

4. Parametric analysis

Before explaining the parametric procedure, some of the most im-
portant features of the employed constitutive modeling strategy are
recalled. The employed numerical strategy consist of a resolution based
on the works of [39,40]. It employs a modified one-dimensional version
of the constitutive SMA model of [34,41,42] that uses the Gibbs free
energy potential written as a function of the applied stress 𝜎 and
absolute temperature T as external state variables and 𝐴𝑡 as the set
of internal state variables associated with the inelastic transformation
process: G(𝜎, T, 𝐴𝑡). The set of internal state variables 𝐴𝑡 is chosen as
𝐴𝑡 =

(

𝜀𝑡𝑟, 𝜀𝑟, 𝜉 , 𝑔𝑡), where the transformation strain 𝜀𝑡𝑟 is the inelastic
strain generated during phase transformation; the residual strain 𝜀𝑟 is
the inelastic strain associated to (RSIM) and also contains (TRIP) contri-
butions; the martensitic volume fraction 𝜉 accounts for the generation
and recovery of all martensitic variants and varies between 0 ≤ 𝜉 ≤ 1;
and the transformation hardening energy 𝑔𝑡 is a measure of the change
in mixing energy. Thus, the Gibbs free energy is decomposed in three
components:

𝐺
(

𝜎 , 𝑇 , 𝜀𝑡𝑟, 𝜀𝑟, 𝜉 , 𝑔𝑡) = (1 − 𝜉)𝐺𝐴(𝜎 , 𝑇 ) + 𝜉 𝐺𝑀 (𝜎 , 𝑇 ) + 𝐺𝑚𝑖𝑥 (𝜎 , 𝜀𝑡𝑟, 𝜀𝑟, 𝑔𝑡) ,
(1)

where 𝐺𝛾 accounts for the thermoelastic free energy associated to pure
states (𝛾 = 𝐴 or 𝑀) and 𝐺𝑚𝑖𝑥 corresponds to a mixing energy term.

The total strain partition is given by:

𝜀 = 𝜀𝑒𝑙 + 𝜀𝑡ℎ + 𝜀𝑡𝑟 + 𝜀𝑟, (2)

where 𝜀𝑒𝑙 and 𝜀𝑡ℎ corresponds to the elastic and thermal strain terms.
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Fig. 9. Design method for SMA wire actuators.
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To deal with the thermomechanical coupling and the intrinsic dissi-
ation contributions, the equilibrium equation of heat can be reduced
o :
𝑇 𝛼 ̇𝜎 − 𝜌𝑐 𝛥𝑇 +

(

−𝜋𝑡 + 𝜌𝛥𝑠0𝑇
)

𝛥𝜉 = 𝑞(𝑇 ) + 𝜌𝑟, (3)

The parameters 𝜌 and 𝛼 denote the density and the thermal expan-
ion therms, respectively, and are assumed to be phase-independent.
he other given parameters (𝑐, 𝑠0, 𝜋𝑡 and 𝑟) are the specific heat

capacity (assumed equal for both austenite and martensite phases),
specific entropy at the reference state, the effective thermodynamic
driving force for transformation, the specific heat source/sink term,
respectively. The therm 𝑞(𝑇 ) denotes the heat flux vector for a heat
transfer problem through convection for a circular cross-section under
one-dimensional assumptions and is given by :
𝑞(𝑇 ) = −𝐴𝑤𝑖𝑟𝑒

𝑉𝑤𝑖𝑟𝑒
ℎ(𝑇 − 𝑇𝑎𝑚𝑏) = −4ℎ

𝑑
(𝑇 − 𝑇𝑎𝑚𝑏), (4)

where h is the heat convection coefficient, d is the diameter of the
considered wire, 𝐴𝑤𝑖𝑟𝑒 and 𝑉𝑤𝑖𝑟𝑒 are the surface and the volume of the

ire, respectively, and 𝑇𝑎𝑚𝑏 is the room temperature.
The modeling strategy accounts for a weak coupling method, used

o resolve the partial differential equations sequentially. The strategy
s divided into three stages: electrical analysis which considers the

electric current input and the heat exchange with the surroundings
via convection; thermo-elastic prediction which accounts for the heat
generated in the previous stage; and SMA thermomechanical analysis
which uses a return mapping algorithm (RMA) [43] to evaluate and
orrect the phase transformation parameters. For the electrical analysis,
he total electrical energy provided to the actuator is considered to be

completely converted into heat. Thus, the added energy in the system
is considered as the heat source/sink term in Eq. (3). To evaluate this
term, the density of heat (𝑞𝑐) developed by DC current (i) passing
hrough a homogeneous conductor is expressed as [44]:

𝑞𝑐 =
𝑖2𝑅
𝑉𝑤𝑖𝑟𝑒

, (5)

The electrical resistance can also be expressed as:

𝑅 =
𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐𝐿
𝐴𝑤𝑖𝑟𝑒

, (6)

where, 𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐 is the electrical resistivity of the wire, here considered
as temperature and martensite volume fraction dependent (𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐 =
𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐 (𝜉 , 𝑇 )). 𝐿 is the total length of the wire actuator. Substituting
q. (6) into Eq. (5) we obtain the density of heat as a function of
7 
electrical resistivity.

𝑞𝑐 =
𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐𝐿
𝐴𝑤𝑖𝑟𝑒

𝑖2

𝑉𝑤𝑖𝑟𝑒
⇒ 𝑞𝑐 = 𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐

(

4𝑖
𝜋 𝑑2

)2
. (7)

The previous equation can be expressed as the heat source/sink
erm:

𝜌𝑟 = 𝜌𝑒𝑙 𝑒𝑐 𝑡𝑟𝑖𝑐
(

4𝑖
𝜋 𝑑2

)2
. (8)

The selected model has shown to be capable of reproducing both
initial and cyclic behavior of electrically activated SMA wires. As
emonstrated in [34], some typical features such as the temperature

plateau and the sensitivity to electric current intensity are correctly
simulated. Therefore, this model can be employed in parametric analy-
sis to investigate the initial performance of SMA actuators. In addition,
the model is also able to simulate the aspects linked to functional
fatigue, an important feature that can be incorporated into the analysis.

In this analysis, simulations of a plethora of actuation conditions
are considered in a parametric approach: two actuation parameters are
incrementally modified during the investigation. First, the impact of
the total actuation time is studied (with 𝐻 𝑇 and 𝐶 𝑇 varying), then the
impact of the electric activation (with 𝐻 𝑇 and 𝑖 varying) and lastly,
the impact of the wire diameter (with 𝐻 𝑇 and 𝑖 varying for three wire
diameters). In each case, the actuator response is investigated through
the analysis of 𝜀𝑡𝑟0 and 𝑇𝑚𝑎𝑥, that together, can describe the actuator
performance.

To ensure coherent and accurate simulations, the model calibration
was carried out before the parametric evaluation.

4.1. Model calibration

For this first step in the parametric analysis, the model calibra-
tion was performed with ∅0.39 mm wires, which presented a better
hermal resolution when using IR temperature measurements. For the
alibration procedure, loading conditions of 𝜎 = 275 MPa, 𝐻 𝑇 = 0.50 s
nd 𝐶 𝑇 = 3.0 s were selected. The employed material properties and
he corresponding characterization tests are given in Appendix. The

analyzed parameters in this simulation are the temperature and strain
evolution during 10 cycles. The comparisons between experimental and
simulation results are presented in Figs. 10 and 11.

At given electric current input profile, the temperature and strain
simulations demonstrated a good agreement with the experimental
data. For the two first cycles, a bigger disparity is observed for the max-
imum temperature and strain. Then, for the following cycles, the model
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Table 3
Testing conditions for parametric analysis with ∅0.20 mm wires.

Max. current, Stress, Heating time Cooling time,
𝑖 [A] 𝜎 [MPa] range, 𝐻 𝑇 [s] 𝐶 𝑇 [s]

Actuation time analysis 1.0 230 0.15:0.05:1.00 0.3:0.1:2
Electric activation analysis 0.60:0.05:1.5 100 0.10:0.075:1.30 2
i
s
=
0
s
e
a
t
o

l

t
e
m
g
t
𝐻
t
v
+
a
c

l

Fig. 10. Comparison between the simulated and the experimental results for the
temperature and current response during two actuation time periods for a ∅0.38 mm
wire. The model curves are shown in plain lines and the experimental ones in dashed
lines.

Fig. 11. Comparison between the simulated and the experimental results for the total
train and current response during two actuation time periods for a ∅0.38 mm wire.
he model curves are shown in plain lines and the experimental ones in dashed lines.

results converges to a very similar actuator response. The temperature
plateaus are well represented in the simulations and good correspon-
dences with the phase transformation temperatures are achieved. How-
ever, as already discussed in [34], due to the consideration of one single
integration point, the model is not capable of describing the smooth
volution of the produced strain. This is due to the heterogeneity of the
hase transformation process over the SMA wire length. Despite this
rawback, the temperature and strain amplitudes are well described
nd the model is considered calibrated.

After ensuring that the simulations are consistent with the SMA wire
dynamics, parametric analysis were performed. They are presented in
he following sections.

4.2. Impact of the total actuation time

For the two following parametric analysis, in order to cross-verify
he accuracy of the simulations, ∅0.20 mm diameter wires were em-
loyed. The considered parametric conditions are compiled in Table 3.
8 
First, investigations on the impact of the total actuation time (𝐻 𝑇 +
𝐶 𝑇 ) on 𝜀𝑡𝑟0 and 𝑇𝑚𝑎𝑥 are conducted. All material parameters and the
nput parameters were set constant except for 𝐻 𝑇 and 𝐶 𝑇 . The con-
idered loading condition was set as 𝜎 = 230 MPa, 𝑖 = 1 A and 𝑇𝑎𝑚𝑏

25 ◦C. The actuation times were set varying in the following ranges:
.15 s to 1.0 s with a step of 0.05 s for 𝐻 𝑇 and from 0.3 s to 2.0 s with a
tep of 0.1 s for 𝐶 𝑇 . The simulation results for each configuration were
xtracted at the 10th cycle, which is considered to exhibit a stabilized
verage temperature. The results are shown in a two-dimensional con-
our graph with the colors representing the isocurves of the analyzed
utput.

Fig. 12 shows that the relationship between 𝐻 𝑇 and 𝐶 𝑇 is not
inear for both investigated outputs. Regarding 𝜀𝑡𝑟0 (Fig. 12(a)), three

important points can be highlighted. First, a minimal 𝐶 𝑇 is required
o trigger the phase transformation. Moreover, the minimal 𝐶 𝑇 value
volves exponentially with 𝐻 𝑇 for each 𝜀𝑡𝑟0 isovalues. Second, the
inimal 𝐻 𝑇 to ensure phase transformation can be determined by

raph analysis. Once the minimal 𝐻 𝑇 is ensured, it can be observed
hat 𝜀𝑡𝑟0 is very sensitive to the slightest change in 𝐶 𝑇 . For instance, at
 𝑇 = 0.8 s, a slight variation in 𝐶 𝑇 (between 0.35 s and 0.55 s) leads

o a very significant increase in 𝜀𝑡𝑟0 . Third, when considering isotime
alues (diagonal lines), it is noted that, only a very narrow set of 𝐻 𝑇
𝐶 𝑇 corresponds to a given 𝜀𝑡𝑟0 value. In other words, when total

ctuation time is imposed for the actuator, finding the desired 𝜀𝑡𝑟0 output
an be very difficult, especially for small total actuation time.

When examining 𝑇𝑚𝑎𝑥, the relationship between 𝐻 𝑇 and 𝐶 𝑇
changes considerably in comparison with 𝜀𝑡𝑟0 . First, 𝑇𝑚𝑎𝑥 is mostly
impacted by 𝐻 𝑇 and minimally by 𝐶 𝑇 , this slight impact originating
from the thermomechanical coupling (effect of latent heats). Second,
for a given total actuation time, the set of parameters ensuring a given
𝑇𝑚𝑎𝑥 value is wider than for 𝜀𝑡𝑟0 , which facilitates the temperature
control.

4.3. Impact of the electric activation

Following the same strategy, the impact of the electric activation
is now addressed. For this analysis, the most important electrical pa-
rameters (𝐻 𝑇 and 𝑖) were considered. 𝐻 𝑇 range was set from 0.10 s
to 1.30 s with steps of 0.075 s and 𝑖 from 0.60 A to 1.50 A with steps of
0.05 A. The remaining parameters were set constants for all the consid-
ered conditions, and 𝐶 𝑇 defined as 2 s. The results of the parametric
simulations are shown in Fig. 13.

First, when analyzing 𝜀𝑡𝑟0 , the relationship between 𝐻 𝑇 and 𝑖 is not
inear and, once more, they correlate in an exponential form. Moreover,

the transition between minimal and maximal 𝜀𝑡𝑟0 is very narrow for
each current level. This means that the produced amount of 𝜀𝑡𝑟0 is very
sensitive to both 𝐻 𝑇 and 𝑖.

Next, when evaluating 𝑇𝑚𝑎𝑥, the reached temperatures vary greatly
in the considered activation range. Under lower current (0.6∼1.1 A),
the temperature hardly evolves with the heating time increase. On the
other hand, when higher currents are set, e.g. 1.4 A, slight changes in
𝐻 𝑇 increase significantly the maximum temperature. Therefore, the
proposed analysis is essential to the design of the actuator, especially
regarding the maximum reached temperatures. 𝑇𝑚𝑎𝑥 must be accurately

controlled to avoid overheating and malfunctioning.
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Fig. 12. 𝜀𝑡𝑟0 and 𝑇𝑚𝑎𝑥 isocurves for different sets of total actuation time for the
∅0.20 mm wire. The inclined lines represent the isovalues for the total actuation time.
The color bars at the right side indicate the maximum transformation strain for figure
(a) and the maximum reached temperature for figure (b) after ten actuation cycles. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

4.4. Impact of the wire diameter

The last part of the parametric analysis investigates the influence of
the wire diameter on the activation parameters. In this step, a wire with
a diameter of ∅0.50 mm, not previously considered in this study, was
selected to more effectively illustrate the broad optimal range of 𝐻 𝑇
and 𝑖 parameters and their nonlinear interrelationship. In this analysis,
only the 𝑇𝑚𝑎𝑥 output was investigated. This parameter is sufficient for
a direct association between the actuation condition and the actuator
functioning. The SMA actuation performance was estimated using two
reference quantities: 𝐴𝑓 and 𝑇𝑙 𝑖𝑚. 𝐴𝑓 is the temperature value used
to indicate if the phase transformation is complete and, therefore, if
maximum work is generated by the actuator. 𝑇𝑙 𝑖𝑚 is an arbitrary value
that is chosen as a threshold to guarantee no overheating during the
wire operation. If 𝑇𝑚𝑎𝑥 is between these two values, minimal actuation
performance is ensured. Otherwise, suboptimal work is generated (be-
low 𝐴𝑓 ) or the actuator may overheat and wear out quickly (above
𝑇 ).
𝑙 𝑖𝑚
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Fig. 13. 𝜀𝑡𝑟0 and 𝑇𝑚𝑎𝑥 isocurves for different sets of total actuation time for the
∅0.20 mm wire. The color bars at the right side indicate the maximum transformation
strain for figure (a) and the maximum reached temperature for figure (b) after ten
actuation cycles. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

A first analysis is carried out under a 200 MPa stress. 𝑇𝑚𝑎𝑥 output is
shown as a function of 𝐻 𝑇 and 𝑖 in Fig. 14. The reference temperatures
are 𝐴𝑓 = 100 ◦C and 𝑇𝑙 𝑖𝑚 = 1.2 𝐴𝑓 = 120 ◦C. 𝐴𝑓 is estimated from the
pseudo diagram in Appendix.

Fig. 14 shows the temperature isocurves and the optimal operating
conditions (𝐴𝑓< 𝑇𝑚𝑎𝑥< 𝑇𝑙 𝑖𝑚) in the hatched area. It is noted that
the maximum temperature rises in a non-linear way with both 𝐻 𝑇
and 𝑖. In addition, at lower current levels, the impact of 𝐻 𝑇 on the
temperature is smaller when compared with higher current values. This
behavior can be seen more clearly in the hatched area. In this region,
the optimized 𝐻 𝑇 values appear in a narrow window at higher currents
while for lower currents the 𝐻 𝑇 range is wider.

To confirm that simulations are in agreement with the real thermo-
mechanical behavior of the wires, a validation analysis is performed in
the following section.
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Fig. 14. Maximum temperature isocurves for a ∅0.50 mm wire. The hatched area
corresponds to current and heating time conditions in which the maximum temperature
is between 100 ◦C and 120 ◦C. The color bar at the right side indicates the correspon-
dence between the colors and the maximum temperatures. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

4.5. Validation

The goal of this section is to validate the parametric simulations
through the comparison of two sets of activation conditions that gener-
ate similar strain. For this step, instead of the IR camera, thermocouples
attached to the wire surface were used to acquire the temperature. This
approach was introduced to address the issue of low thermal resolution
observed during the monitoring of thin wires. The primary challenge
arose from the curved geometry of the wires, which significantly re-
duced the detectable surface area available for thermal imaging by the
IR camera.

By analyzing again Fig. 13(a), it is noted that different combinations
of 𝐻 𝑇 and 𝑖 result in identical 𝜀𝑡𝑟0 . However, the kinetics of the phase
transformation and 𝑇𝑚𝑎𝑥 is not the same for each set of parameters. In
order to investigate the difference between activation kinetics for an
iso-𝜀𝑡𝑟0 output, a comparison between two sets of 𝐻 𝑇 and 𝑖 parameters
is performed. The investigated set of parameters are 𝑖 = 1.0 A and 𝐻 𝑇
= 0.65 s for condition 1 and 𝑖 = 1.5 A and 𝐻 𝑇 = 0.25 s for condition 2.
For this comparison, simulation results are compared with each other
and then with experimental data (Fig. 15).

Fig. 15(a) shows the total strain output measured during an actua-
tion cycle for conditions 1 and 2. The strain evolution during heating
is much faster for the higher current condition both in simulations and
experiments. By contrast, during cooling, the strain rates seem to be
similar in both conditions. The simulation results are in good agreement
with the experimental measurements. The differences are due to the
smoothness of the strain evolution, which is not fully captured by the
proposed model, as already discussed. By comparing the temperature
responses from the simulations Fig. 15(b), it is possible to estimate
the duration of the phase transformation from the clear changes in the
temperature rate. It is evident that the phase transformation duration
at the heating stage is much shorter for the higher current condition.
This behavior can be analyzed from an energetic point of view: at lower
currents, the produced heat rate is smaller, and more time is needed to
reach the required temperature to complete the phase transformation.

Regarding the temperature analysis, it is worth noting that despite
the efforts to measure the temperature in very thin wires (e.g., ∅0.20
mm), when using thermocouples, another difficulty associated with
heat transfer emerged. Due to the thinness of the employed SMA wire,
10 
Fig. 15. Comparison between two actuation conditions for ∅0.20 mm wires. The strain
evolution is shown on the top and the temperature evolution on the bottom. In both
graphs, simulations (full lines) and experimental results (dashed lines) are compared.
The colors denote the actuation conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

its heated mass was smaller than thermocouple one directly in contact.
This disparity, combined with the rapid nature of the Joule heating
process resulted in an unbalanced heat state as an insufficient time
of heat transfer was available. Consequently, these factors led to de-
layed/mitigated temperature readings. Despite the low precision of the
temperature acquisition, the experimental temperature profile indicates
a clear difference between the phase transformation kinetics in the
two considered conditions. Such differences (temperature amplitude
and rate) are in agreement with the simulations. In this way and
despite some disparities, it is concluded that the parametric simulations
correctly replicate the effect of the electric parameters on the actuation
and phase transformation kinetics.

4.6. A practical example of use of the parametric analysis

A practical implementation of the proposed approach is presented
here. This example is a guide for 𝐻 𝑇 and 𝑖 selection at a given stress
level (e.g., 230 MPa) for three different wire diameters: 0.50, 0.20
and 0.10 mm. A comparative analysis is performed (as described in
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Fig. 16. Optimal electric actuation conditions for three considered wire diameters.
The colored areas refers to the electric condition in which the maximum temperature
is between 100 ◦C and 120 ◦C. Each color corresponds to a given wire diameter. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Section 4.4) for a wide spectrum of 𝐻 𝑇 and 𝑖 parameters. The most
adapted electric actuation conditions are shown with colored areas in
Fig. 16. Regarding the operating conditions, significant differences are
observed for each wire diameter. Thinner SMA wires are best activated
under low currents and in a very narrow range (0.5 A–0.7 A). Thinner
wires are much more sensitive to changes in current. On the other hand,
thicker wires need higher currents for activation and, a wider set of 𝐻 𝑇
and 𝑖 produces optimized work. In addition, the parametric analysis on
the diameter is in a good agreement with the investigated experimental
conditions presented in Section 2. For instance, the optimal range
of 𝐻 𝑇 evaluated in Fig. 16 is in correspondence with experimental
values observed in Fig. 5 that varies between 0.55 s and 0.80 s for the
∅0.20 mm DN wire.

5. Conclusion

A new strategy for the design of SMA actuators is proposed based
on a weak electric-thermo-mechanical coupled model. The approach
addresses both the complexity of multiphysical activation and the FF
symptoms observed in this kind of devices. The proposed methodology
is composed of three steps : SMA composition selection, activation
conditions and dimensions and SMA cyclic behavior simulation. The
second one, related to the selection of the activation conditions through
parametric analysis is the centerpiece of this work.

In an industrial context, total actuation time (𝐻 𝑇 + 𝐶 𝑇 ), electrical
current, initial actuation strain and maximum temperature can be im-
posed as specifications for the desired application. In such cases, finding
an optimal set of actuation parameters can be very challenging. The
proposed parametric approach demonstrated a good agreement with
experimental results, accurately simulating strain outputs. However,
limitations in temperature monitoring during experiments hindered
precise correlations for temperature outputs. Despite these challenges,
the observed heat kinetics aligned well with the simulations. To further
validate the accuracy of temperature outputs, additional observations
with improved temperature monitoring systems are necessary. Finally,
the method can be regarded as a useful tool for designers, enabling
the exploration of a broad range of operating conditions without the
need of extensive experimental testing, which would require demand
11 
significant time and resources. In addition, the parametric approach
can be adapted to analyze further parameters such as length, voltage
or cooling methods.

Although the adopted modeling approach is capable of replicating
FF phenomena in SMA actuators, this aspect is not thoroughly analyzed
in the current study. Further investigation is required to ensure the
reliable operation of actuators throughout their lifespan. To address
this limitation, a complementary approach is being developed to inte-
grate with property degradation models to provide robust and lasting
solutions for designers. Additionally, the current approach does not
incorporate three-dimensional aspects, which should be considered in
future work to address more complex SMA actuator geometries.
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Appendix. Material parameters identification

The aim of this section is to present the identified material param-
eters of the 0.38 mm DN wires used in this work. First, the phase
transformation temperatures 𝑀𝑠, 𝑀𝑓 , 𝐴𝑠, 𝐴𝑓 , 𝑅𝑠 and 𝑅𝑓 of the wires
were determined by Differential Scanning Calorimetry (DSC). The re-
sults are shown in Fig. A.17. These initial tests allowed defining the
testing conditions for further tests. The obtained results for the ASME
loading are shown in Fig. A.18. Based on the ASME response, the
maximum current transformation strain values (𝐻𝑐 𝑢𝑟) can be plotted
against the stress level. The obtained results are shown in Fig. A.19.
Moreover, the phase transformation temperature under different stress
levels can also be collected from the ASME tests. From these data, a
phase diagram can be established. It is presented in Fig. A.20.

Finally, the convection coefficients (ℎ) were identified from the
cooling curves shown in Fig. A.21. These coefficients were evaluated
at two different stages where the major thermal exchange took place
through forced cooling only (without phase transformation). The first
stage is between the hottest temperature and the start of the forward
phase transformation and the second is between the end of the phase
transformation and the ambient temperature. The coefficients were
numbered as 1 and 2, respectively. By comparing different cooling
curves, the value of 150 W∕m2 K was identified as the best fit. A
summary of the identified data is given in Table A.4.
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Fig. A.17. DSC test for the studied wires ∅0.38 mm.

Fig. A.18. Strain-temperature response under ASME loadings for the ∅0.38 mm wires.

Fig. A.19. Determination of the maximum transformation strain as a function of the
applied stress for the studied wires.
12 
Fig. A.20. Phase diagram. The square markers denote the experimental points evalu-
ated from the AMSE test. The triangle markers denote the experimental points evaluated
from the DSC test. The dashed lines denote stress-temperature slopes for the initiation
and termination of the phase transformation. The corresponding parameters of the
slopes are given in the legend insets.

Fig. A.21. Illustration of the convection coefficient identification from a cooling curve.
The plain blue curve is the experimental temperature vs. time response. The curves with
the circle markers denote the fitting attempts before the phase transformation while the
urves with stars markers denote the fitting attempts after the phase transformation.
he convection coefficients used at each fitting attempt are given in the legend insets.
For interpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)



M. Lopes Leal Júnior et al. Sensors and Actuators: A. Physical 384 (2025) 116255 
Table A.4
Required material parameters for the model.

Model parameter [unit] Values

Thermoelasticity

Young’s modulus 73, 37 [34]
𝐸𝐴, 𝐸𝑀 [GPa]
Thermal expansion coefficientsa

11E−6, 6E−6 [38]
𝛼𝐴, 𝛼𝑀 [K−1]

Phase transformation

Transformation slopes 6.9, 9.9
𝐶𝐴, 𝐶𝑀 [MPa K−1]

Hardening parametersa

𝑛1, 𝑛2, 0.17, 0.27, [29]
𝑛3, 𝑛4 0.25, 0.35 [29]

Thermal exchange

Convection coefficient 150
ℎ [W/m2 K]

Mass densitya
6500 [45]

𝜌 (kg/m3)

Specific heata
400 [45]

𝑐 (J/kg K)

Electrical parameters

Slope of pure A and M 0.34E−9, 1.34E−9 [34]
𝜇𝐴, 𝜇𝑀

Initial resistivity of pure A and M 7.07E−7, 7.69E−7 [34]
𝜌𝐴, 𝜌𝑀

a Taken from the literature.

Data availability

Data will be made available on request.
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