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ABSTRACT  
Despite all the advantages of shape memory alloy-based actuators, their widespread adoption is hampered 
by a significant drawback: a gradual decline in performance with repeated actuation. The ways to overcome 
this drawback are explored. Based on microstructural modeling, the influence of the degree of completion 
of the reverse martensitic transformation on the operational stability of a torsion actuator with a working 
body made of a TiNi alloy was investigated. The existence of a critical transformation threshold (~ 75 %) 
has been identified: exceeding it leads to significant loss of work output, while limiting the transformation 
to this level ensures practical stabilization of the working cycle parameters. A compromise in the influence 
of the transformation degree was revealed: reducing it improves the stability of the actuator parameters 
but reduces the work output per cycle. Based on the obtained results, criteria for selection of an optimal 
operating mode for actuators intended for long-term cyclic operation were formulated. 
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Introduction 
Currently, there is active development and implementation of actuators using shape 
memory alloys (SMA) as working bodies [1–7]. The growing interest in such drives is due, 
first of all, to increasingly stringent requirements for weight, energy efficiency and 
reliability of modern advanced systems, such as aircraft, robotic systems and spacecraft. 
The wide potential of the technology finds practical application in various industries: in 
aerospace engineering — for controlling structural elements with minimal weight [8–12], 
in robotics — for creation of powerful and miniature artificial muscles [13–15], in the 
automotive industry — as actuators for comfort systems and valve mechanisms [16,17], 
in microelectronics — for precision positioning devices [18,19], and also in medicine — in 
the development of surgical instruments with controlled deformation [1,20]. The key 
functional advantages of SMA-based actuators include:  
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1. High specific force and performance. This property is due to the specific nature of the 
SMAs, which induces significant reactive stresses and produces useful work through 
reversible deformation associated with a martensitic transformation. This enables the 
creation of compact actuators with high power. SMA-based actuators can achieve a weight 
reduction of up to 80 % compared to conventional electric and hydraulic actuators [21]. 
2. Structural reliability. High reliability is a consequence of the simple design of such 
actuators. The absence of complex kinematic units and a small number of moving parts 
minimize the risk of mechanical failure. 
3. Silent operation and low vibration. The smooth nature of SMA deformation ensures 
almost silent operation and minimal vibration. This makes this technology promising for 
precision systems, such as optical circuit elements and astronomical instrumentation. 
4. Scalability. The physical principles underlying the operation of the SMAs are scale-
invariant, which allows them to be successfully applied both in large-scale power drives 
[12,22] and in microactuators [3,19,23]. 

The operating principle of a thermomechanical SMA-actuator is based on the 
eponymous effect – the ability of a material to recover its original shape when heated. 
Constraining this restoration leads to significant reactive stresses in the material, which 
enables it to perform useful work. To ensure cyclic operation, the return to the original 
deformed state upon cooling is achieved by applying an external load. Consequently, the 
actuator's operating cycle consists of two stages: the cocking stage (accumulation of 
deformation under load during cooling) and the actuation stage (shape recovery and work 
output during heating). 

Based on their architecture, SMA-actuators are divided into two main types: double-
acting and single-acting. Double-acting actuators are capable of generating force in two 
opposite directions [11,19,24,25]. Typically, this design contains two SMA working 
bodies, which are alternately heated and cooled. The heated body, restoring its shape, 
performs a working stroke and simultaneously deforms the other cooled body, thus 
cocking it for the next cycle. Single-acting actuators perform a working stroke in only one 
direction [26–32]. This is the most common design, consisting of a SMA working body 
and an elastic counterbody (e.g., a spring). During the actuation stage, the heated SMA 
element, overcoming the resistance of the counterbody, restores its shape and performs 
useful work. At the cocking stage, the cooled working body is deformed by the return 
force of the elastic counterbody, which has stored energy during the working stroke, 
thereby closing the thermomechanical cycle. 

Despite the listed advantages, SMA-based actuators have a significant drawback 
that limits their use: instability of the material's functional properties under cyclic 
loading. During repeated thermomechanical cycling (cocking - actuation), the material 
exhibits degradation of its characteristics, manifested in the accumulation of residual 
strain, a shift in the temperatures of the forward and reverse martensitic transformations, 
and a decrease in the recoverable strain and the developed force [33]. This phenomenon, 
to varying degrees, is inherent in all SMAs; however, the intensity of degradation is 
determined by a combination of factors. These include the chemical composition of the 
alloy, the type of martensitic transformation, the parameters of the preliminary 
thermomechanical treatment, and the magnitude and nature of the applied load [34–38]. 
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The consequences of property instability are a gradual decrease in work output in the 
working cycle and incomplete actuation, which can ultimately lead to functional failure.  

The main factor responsible for instability of the SMA functional properties is 
accommodative plastic deformation (microplastic deformation) accompanying the growth 
of martensite crystals in the austenitic matrix. This process causes irreversible shifts in 
the crystal lattice, leading to increased macroscopic irreversible deformation. It also 
generates deformation defects that form internal stress fields. These fields, in turn, have 
a significant impact on subsequent martensitic transformations. 

Experimental research has shown that the final stage of the reverse transformation 
is responsible for a significant portion of the overall microplastic deformation [39]. 
Therefore, one method for reducing instability during cyclic actuation is to limit the 
heating temperature of the working body, which reduces the degree of completion of the 
reverse martensitic transformation. However, this approach has an obvious drawback: a 
decrease in the heating temperature leads to a decrease in the generated stresses and, 
consequently, to a drop in the useful work per cycle. This compromise defines the core 
objective of this numerical study, which is to explore pathways for enhancing the cyclic 
stability of the actuator's working cycle without incurring a significant degradation in its 
performance. To this end, a series of computational experiments was conducted using a 
microstructural model of SMAs. This model accounts for the accumulation of microplastic 
deformation, a feature critical for simulating cyclic degradation, and has been 
successfully applied to actuator simulation problems in prior studies. 

 
Mechanical model of SMA 
Due to the complex nature of the SMA deformation behavior, characterized by  
the absence of a clear relationship between stress, strain, and temperature, mechanical 
models are required for adequate description of this behavior. There are many different 
approaches to modeling SMAs, some of which have also been used to describe  
the operation of SMA actuators [28,30,40–42]. However, to address the objectives of this 
study, a microstructural model previously developed by the authors [43–48] is used.  
This model has a key advantage: the ability to correctly account for the main deformation 
mechanisms of SMA, including the development of microplastic accommodation, which 
is critical for modeling cyclic degradation. The applied microstructural approach exhibits 
universality and high predictive ability, as confirmed by its successful application to 
describe a wide range of phenomena in SMAs, such as fatigue failure [43], transformation 
and ordinary plasticity [44], deformation during isothermal holding [45], the effect of 
martensite stabilization [46], as well as heat exchange with the environment [47].  
Of particular relevance to the present work is the validation of this model for calculating 
the work of an SMA specimen under thermomechanical actuator conditions [48]. Thus, 
the chosen model is a proven tool applicable to solving engineering problems,  
in particular, for modeling the cyclic operation of SMA-based actuators. Below, the main 
features of the model and its governing equations, proposed and justified earlier  
in [49,50], are presented. 
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Basic model principles.  

The model describes the behavior of a representative volume of material, which is 
considered as a material point. The key principle lies in the multi-level description of the 
microstructure. The representative volume consists of numerous grains with different 
crystallographic orientations. Each grain, in turn, can contain austenite and/or several 
orientational variants of martensite. 

According to the Reuss hypothesis, the macroscopic strain of the representative 
volume 𝜀 is calculated as the average over all orientations 𝜔 of the strains of individual 
grains 𝜀𝑔𝑟(𝜔): 
𝜀 =  ∑ 𝑓(𝜔)𝜀𝑔𝑟(𝜔)𝜔 ,              (1) 
where 𝑓(𝜔) is the volume fraction of grains with orientation 𝜔. 
 
Kinematics of deformation at the grain level 

The strain of an individual grain is represented as the sum of contributions from various 
physical mechanisms: 
𝜀𝑔𝑟 =  𝜀𝐸 +  𝜀𝑇 +  𝜀𝑃ℎ +  𝜀𝑀𝑃,             (2) 
where 𝜀𝐸 is elastic strain (according to Hooke's law), 𝜀𝑇 is thermal strain (due to thermal 
expansion), 𝜀𝑃ℎ is phase strain (associated with the martensitic transformation), 𝜀𝑀𝑃 is 
microplastic strain (associated with plastic accommodation of martensite). 
 
Description of phase transformation 

To describe the phase strain, internal variables 𝛷𝑛 are introduced, where 𝛷𝑛

𝑁
 represents 

the volume fraction of the n-th orientational variant of martensite (N is the total number 
of variants). The phase strain of a grain is calculated as the averaged contribution of all 
martensite variants: 
𝜀𝑃ℎ =  

1

𝑁
∑ 𝛷𝑛

𝑁
𝑛=1 𝐷𝑛,              (3) 

where 𝐷𝑛 is the Bain strain tensor for the n-th martensite variant. 
The condition determining the onset and course of martensitic transformation is 

formulated through the balance of thermodynamic forces: 
𝐹𝑛 = ±𝐹𝑓𝑟,                (4) 
where 𝐹𝑛 is the generalized thermodynamic force causing the growth of the n-th variant 
of martensite, 𝐹𝑓𝑟 is the dissipative force that prevents the movement of interphase 
boundaries and causes the presence of temperature-phase hysteresis. The "+" sign in 
Eq. (4) corresponds to the forward transformation (austenite → martensite), and the "–" 
sign to the reverse transformation (martensite → austenite). 

The thermodynamic forces 𝐹𝑛 and 𝐹𝑓𝑟 are calculated as follows: 
𝐹𝑛 =

𝑞0

𝑇0
(𝑇 − 𝑇0) + 𝜎𝑖𝑗: 𝐷𝑖𝑗

𝑛 − 𝜇 ∑ 𝐴𝑚𝑛
𝑁
𝑚=1 (𝛷𝑚 − 𝑏𝑚),          (5) 

𝐹𝑓𝑟 = 𝑞0
𝑀𝑠−𝑇0

𝑇0
.               (6) 

The first expression follows from the Gibbs potential and the second follows from 
the condition of the onset of direct martensitic transformation at temperature 𝑀𝑠. In these 
expressions 𝑞0 is the latent heat of transformation, 𝑇0 is the temperature of 
thermodynamic phase equilibrium (austenite and martensite), T is the temperature of the 
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representative volume, 𝜎 is applied stress, 𝑏 is the density of oriented defects, A is the 
matrix that determines the interaction of martensite variants described in detail 
in [49,50]. The coefficient μ and the equilibrium temperature 𝑇0 depend on the material 
constants and can be calculated as follows:  

𝜇 =  −
𝑞0(𝑀𝑠−𝑀𝑓)

𝑇0(1−2𝛼)
,              (7) 

𝑇0 =  
𝑀𝑠+𝐴𝑓

2
,               (8) 

where 𝑀𝑓 and 𝐴𝑓 are the finish temperatures of the forward and reverse martensitic 
transformations respectively, α is a material constant characterizing the coherency of the 
martensitic phases. The choice of the value of μ in the form (7) follows from the condition 
that the direct martensitic transformation is completed at the temperature 𝑀𝑓 upon 
cooling under no load. 
 
Description of martensite reorientation.  

The reorientation (twinning) of martensite is described using a specialized approach. This 
process is interpreted as a shift within the space of internal variables 𝛷1, ⋯ , 𝛷𝑁, under 
the constraint that the total volume fraction of martensite 𝛷𝑔𝑟 remains constant. The 
following hypotheses are postulated: 
1. Any variant of martensite can transform into any other variant. 
2. Reorientation proceeds in the direction within the space 𝛷1, ⋯ , 𝛷𝑁  that corresponds 
to the steepest decrease of the Gibbs potential G. 
3. Reorientation is initiated when the thermodynamic driving force reaches a critical value. 

To find the direction of reorientation we use vector 𝐹̃:  
𝐹̃ = {−

∂𝐺

∂Φ1
, ⋯ , −

∂𝐺

∂Φ𝑁
}.             (9) 

The projection L of a vector 𝐹̃ onto the plane 𝛷1 + ⋯ + 𝛷𝑁 = const corresponds  
to the direction of the steepest decrease of the Gibbs potential during reorientation. 
However, moving in this direction may violate the geometrical constraints requiring  
the non-negativity of volume fractions. To address this issue, if for some component n  
we have 𝛷𝑛 = 0 and 𝐿𝑛 < 0, we replace L with its projection L' onto the intersection of  
the planes defined by 𝛷𝑛 = 0 and 𝛷1 + ⋯ + 𝛷𝑁 = const. This procedure is repeated for 
other components of L as necessary. Finally, after normalizing the resulting vector, we 
obtain the unit direction l. This direction satisfies the hypothesis 2 and ensures that  
the conditions 𝛷𝑔𝑟 = const, 𝛷𝑛 ≥ 0, 𝑛 = 1, … , 𝑁 are not violated. 

In accordance with the hypothesis 3, the condition for the onset of reorientation in 
the direction l is postulated as: 
𝐹𝑡𝑤(𝑙) = 𝐹𝑓𝑟𝑡𝑤,             (10) 
where 𝐹𝑓𝑟𝑡𝑤 is a material constant representing the critical force required to initiate 
reorientation, 𝐹𝑡𝑤(𝑙) is the thermodynamic driving force for reorientation, defined by  
the directional derivative of the Gibbs potential: 
𝐹𝑡𝑤(𝑙) = −

𝜕𝐺

𝜕𝑙
= − ∑ 𝑙𝑛

𝜕𝐺

𝜕Φ𝑛

𝑁
𝑛=1 = 𝑁 ∑ 𝑙𝑛𝐹̃𝑛

𝑁
𝑛=1 ,         (11) 

 where 𝐹̃𝑛 denotes the thermodynamic force conjugate to the internal variable 𝛷𝑛. 
It follows from hypotheses 1 and 2 that the increments 𝑑𝛷𝑛 are proportional to the 

components 𝑙𝑛:  
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𝑑𝛷𝑛 = 𝑙𝑛𝑑𝜙,              (12) 
where 𝑑𝜙 is a proportionality factor to be determined from condition (10). 
 
 
Accounting for microplastic deformation 

The growth of a martensite crystal causes deformation incompatibility with the 
surrounding austenite matrix and with crystallographically non-corresponding 
martensite variants, generating internal stresses and, consequently, microplastic slip.  
A key assumption in describing this deformation mechanism is that the microplastic 
deformation associated with the growth of a particular martensite variant is proportional 
to its Bain strain deviator: 
𝜀𝑀𝑃 =  

1

𝑁
∑ 𝜅𝜀𝑛

𝑚𝑝
𝑑𝑒𝑣(𝐷𝑛)𝑁

𝑛=1 ,           (13) 
where 𝜀𝑛

𝑚𝑝 is the scalar measure of microplastic deformation associated with the growth 
of the n-th martensite variant, 𝜅 is a scaling coefficient. 

To calculate the values of 𝜀𝑛
𝑚𝑝, microplastic flow conditions are introduced into  

the model. These conditions are similar to the condition of plastic flow in the one-
dimensional case, taking into account kinematic (translational) and isotropic hardening, 
where the role of stress is played by the generalized thermodynamic force 𝐹𝑛

𝑝, and the 
kinematic and isotropic hardening correspond to the thermodynamic forces 𝐹𝑦 and 𝐹𝑛

𝜌: 
|𝐹𝑛

𝑝 − 𝐹𝑛
𝜌

| =  𝐹𝑦, (𝐹𝑛
𝑝 − 𝐹𝑛

𝜌
)𝑑𝐹𝑛

𝑝 > 0.          (14) 
The generalized thermodynamic force causing microplastic deformation is 

calculated as follows: 
𝐹𝑛

𝑝 = 𝜇 ∑ 𝐴𝑚𝑛(Φ𝑚 − 𝑏𝑚)𝑁
𝑚=1 .           (15) 

 
Evolution of defects and hardening 

Microplastic deformation causes material hardening through the generation of 
deformation-induced defects. While many types of defects exist, accounting for each 
individually is impractical. To simplify, all deformation-induced defects are classified into 
two types depending on whether they create long-range oriented internal stress fields: 
oriented defects, which produce such fields, and scattered defects, which do not. 

The growth of the n-th martensite variant generates specific defects (e.g., 
dislocations on certain slip planes) that create internal stress fields with a distinct 
orientation. Consequently, the model distinguishes the densities of oriented defects, 
𝑏1, … , 𝑏𝑁, produced by each martensite variant. The increase in the density 𝑏𝑛 is assumed 
to be proportional to the microplastic strain 𝜀𝑛

𝑚𝑝 caused by the growth of the n-th 
martensite variant. However, this density cannot grow indefinitely. As microplastic 
deformation intensifies, the density is reduced by the annihilation of dislocations at grain 
boundaries. We assume that the generation of new defects and their annihilation 
eventually reach equilibrium, defining a maximum density 𝛽∗. This saturation behavior is 
described by the following equation:  

𝑏𝑛̇ =  𝑘𝑏 (𝜀𝑛̇
𝑚𝑝 −

|𝑏𝑛|

𝛽∗ 𝜀𝑛̇
𝑚𝑝𝐻(𝑏𝑛𝜀𝑛̇

𝑚𝑝)),         (16) 
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where H is the Heaviside function, 𝑘𝑏 is a scaling factor. In this equation the first term in 
parentheses represents defect generation and the second term represents annihilation  
at the grain boundary. 

In contrast, scattered defects generated by microplastic deformation are 
qualitatively indistinguishable regardless of which martensite variant caused the 
deformation. They are therefore described by a single scalar density f. This density is 
assumed to be proportional to the total accumulated microplastic strain from all variants. 
Furthermore, the density of scattered defects can decrease over time due to thermally 
activated processes. This evolution is governed by the following equation: 

𝑓̇ =  ∑ |𝜀𝑚̇
𝑚𝑝|𝑁

𝑚=1 +  𝑟0𝑒−
𝑈𝑓

𝑘𝑇  (𝑓 −  𝑓0),          (17) 
where 𝑟0 is the recovery coefficient, 𝑈𝑓 is the activation energy, 𝑘 is the Boltzmann 
constant, 𝑓0 is the equilibrium density of scattered defects. 

To obtain a closed system of equations, it is necessary to introduce hardening laws. 
The model assumes that scattered defects impede dislocation movement, thereby 
increasing the yield stress. Consequently, their density is related to isotropic hardening. 
Clusters of oriented defects create internal stress fields, the effect of which is combined 
with external stress, shifting the center of the yield surface. Consequently, their density 
is related to kinematic hardening. Linear dependencies are proposed to relate hardening 
to defect densities: 
𝐹𝑛

𝜌
= 𝑎𝜌𝑏𝑛,              (18) 

𝐹𝑦 = 𝑎𝑦𝑓,              (19) 
where 𝑎𝜌 and 𝑎𝑦 are material constants determining the intensity of the corresponding 
types of hardening. 
 
Computational algorithm 

The model describes the behavior of a representative volume subjected to external 
thermomechanical loading. The input (control) parameters are stress σ, temperature T, and 
time t; the outputs are the macroscopic strain and the evolution of the internal variables. 

The simulation procedure is divided into stages, each corresponding to an interval 
of monotonic variation of the control parameters. Within each stage, the system of 
evolution equations is integrated numerically. If the boundary conditions are prescribed 
in terms of strain (or as a stress-strain relationship, e.g., to account for the counterbody 
stiffness) rather than stress, the stress at the stage is determined iteratively to satisfy the 
required strain.   

Each stage is further subdivided into increments (in time or another control 
parameter). For a given increment, the algorithm proceeds as follows: 
1. The increments of all control parameters ∆𝜎, ∆𝑇, ∆𝑡 are computed. 
2. The thermodynamic driving forces 𝐹𝑛 are evaluated using Eq. (5), and the martensitic 
transformation criteria (4) are checked. If the criteria are met, the changes in martensite 
volume fractions ∆𝛷𝑛

𝑡𝑟 are calculated. 
3. The reorientation driving force 𝐹𝑡𝑤 is calculated using Eq. (11), and the reorientation 
condition (10) is verified. If it is active, the contribution of reorientation to the changes in 
martensite volume fractions ∆𝛷𝑛

𝑡𝑤 are computed. 
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4. Using the updated volume fractions, i.e., 𝛷𝑛 + ∆𝛷𝑛
𝑡𝑟 + ∆𝛷𝑛

𝑡𝑤, the driving forces for 
microplastic strain 𝐹𝑛

𝑝 are calculated from Eq. (15), and the flow conditions (14) are 
evaluated. For all active flow systems, a system of equations is solved, comprising the 
flow conditions (14), the evolution equations for defect densities (16)–(17), and the 
hardening relations (18)–(19). The solution gives the corresponding increments of 
microplastic strain ∆𝜀𝑛

𝑚𝑝, defect densities ∆𝑏𝑛, ∆𝑓, and hardening variables ∆𝐹𝑛
𝜌

, ∆𝐹𝑦. 
5. The total grain strain 𝜀𝑔𝑟 is then calculated using Eqs. (2), (3) and (13). 
6. Steps 2 through 5 are performed independently for each grain. Finally, the averaged 
strain of the representative volume 𝜀 is obtained using Eq. (1). 

The proposed algorithm numerically captures the essential features of the 
mechanical behavior of shape memory alloys required for the analysis of actuator 
applications. 

 
Actuator 
Schematic of the actuator 

The object of this study is a single-acting torsion actuator. Its design (Fig. 1) comprises  
a working element (a rod made of a TiNi alloy), connected in series with an elastic 
counterbody (a return spring). Upon actuation, the working rod restores its shape, 
generating a torque that rotates a lever fixed to its end. 

 

 
 

Fig. 1. Schematic diagram of the single-acting torsion actuator. Key components: 1 – base frame;  
2 – SMA working body (TiNi rod); 3 – elastic counterbody (spring); 4 – output lever 

 
System parameters 

The TiNi alloy was selected as the working body material owing to its status as a widely 
used SMA and the combination of high functional properties, which include a significant 
recoverable strain. For the numerical simulation, the set of material constants given in 
Table 1 was adopted. This set, originally calibrated in [48], was validated against 
experimental data for actuators with elastic counterbodies of varying stiffness [33], 
confirming its adequacy for the present study. 
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Table 1. Material constants for TiNi alloy 
Material constant Symbol Value 

Number of martensite variants N 12.00 
Latent heat (enthalpy) of the direct martensitic 

transformation, MJ/m3 
q0 -160.00  

Characteristic temperatures of martensite transformation, K 

Mf 
Ms 
As 
Af 

310.00 
332.00 
340.00 
363.00 

Temperature of the thermodynamic equilibrium, K T0 347.50 
interaction coefficient of martensite variants α 0.20 

Microplastic strain scaling factor κ 1.00 
Coefficient of isotropic hardening, MPa ay 1.00 

Coefficients of kinematic hardening, MPa aρ 10.00 
Maximum value of the oriented defects density 𝛽∗ 0.60 

Oriented defects scaling factor 𝑘𝑏 2.00 
Initial value of scattered defects f0 0.00 

Scattered defects recovery coefficient r0 0.09 
Activation energy, kJ/mol 𝑈𝑓 40.00 

 
The counteraction is provided by an elastic counterbody; therefore, the increment 

in strain upon heating Δγ is proportional to the increase in stress Δτ. Hence, one may write 
Δτ = K⋅Δγ, where K is the linear coefficient characterizing the stiffness of the counterbody. 
In this work, the coefficient K was set to 11.3 GPa. This value is optimal for the actuator 
configuration under consideration, as it corresponds to the maximum work output per 
cycle, a finding established in prior research [33,48]. 

 
Working cycle 

The working cycle of the actuator is based on the ability of a pre-deformed SMA element 
to recover its original shape upon heating due to the shape memory effect. Consequently, 
the actuator requires a preparatory step to introduce an initial deformation into the 
working body. A schematic of the preparation procedure and the subsequent working 
cycle is presented in Fig. 2.  
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Fig. 2. Schematic of the initial preparation of the actuator’s working body via torsional deformation (0–1) 
and unloading (1–2), followed by the working cycle consisting of the working stroke during heating (2–3) 

and the cocking phase during cooling (3–4)  
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The preparation of the TiNi working rod was simulated according to the following 
sequence. First, at the point (0), the rod is in a fully martensitic state. This state is achieved 
by cooling the unstressed rod from the austenitic state to a temperature below  
the martensite finish temperature Mf. Under such stress-free cooling conditions,  
the martensite forms in a self-accommodated manner, meaning that all variants are 
present in nearly equal volume fractions. From this initial state, the rod was subjected to 
torsional loading up to a shear strain of 7 % (segment 0–1). During this stage,  
the martensite variants undergo reorientation: those variants whose Bain strain is the 
most aligned with the applied stress grow at the expense of others, increasing their 
volume fraction. This process results in a textured martensitic structure. The rod was then 
unloaded (segment 1–2). The unloading is purely elastic, meaning that the reoriented 
martensite structure remains unchanged, leaving a residual strain of approximately 5 %. 
The prepared rod was subsequently installed in the actuator assembly with one end 
rigidly fixed and the other connected to the elastic counterbody (spring), after which the 
system was ready for cyclic operation. 

The working cycle consists of two phases. During the working stroke (2–3),  
the working body is heated. When the temperature rises above the reverse transformation 
start temperature, As, the martensite begins to transform into austenite. As a result,  
the rod starts to recover its shape due to the shape memory effect, inducing a rising 
mechanical stress in the system by working against the elastic counterbody. During the 
subsequent cocking phase (3–4), the working body is cooled. The austenite formed in the 
previous stage now begins to transform back into martensite. However, since this 
transformation occurs under the stress applied by the pre-strained spring, the martensite 
formed is oriented, with preferential selection of variants whose orientations are aligned 
with the spring-induced stress. Consequently, the rod deforms back towards state 2, 
resulting in a drop in stress (usually not to zero). After completing the cocking phase, the 
actuator is reset for the next cycle. In stress-strain coordinates, the trajectory of the cycle 
follows along a straight line whose slope is defined by the stiffness of the elastic 
counterbody. 

 
Simulation results 
The actuator produces work output during the working stroke. The magnitude of this work 
is directly dependent on the heating temperature, reaching its maximum when  
the reverse martensitic transformation is complete. The objective of this study is to 
investigate the potential for enhancing the stability of the actuator's parameters by 
intentionally limiting the degree of reverse transformation completion. To this end,  
a series of numerical experiments simulating working cycles with incomplete 
transformation was conducted. Four heating temperatures were chosen, corresponding 
to work output levels of 90, 75, 50, and 25 % of the work produced in the first cycle with 
full reverse transformation. This approach enables a quantitative evaluation of  
the influence of transformation degree on the characteristic degradation. In all simulated 
cases, cooling was modeled until complete transformation to the martensitic state. 

The simulation results for the first 15 cycles demonstrate a degradation of the 
actuator's key functional characteristics with an increasing number of cycles in all 
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regimes. This is evidenced by a simultaneous reduction in both the maximum cycle stress 
(Fig. 3(a)) and the magnitude of recoverable shape memory strain (Fig. 3(b)). Given that 
the specific work of the actuator is governed by the product of these parameters, their 
simultaneous decline leads to a corresponding drop in the work per cycle (Fig. 4, solid 
symbols). 
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Fig. 3. Evolution of the maximum cycle stress (a) and shape memory strain (b) with the number of 
cycles for different degrees of reverse transformation completion 
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Fig. 4. Specific work per cycle on the cycle number for different degrees of reverse transformation 
completion. Simulation results (solid symbols) and experimental data from [51] (open symbols) 
 
A clear dependence of the degradation dynamics on the degree of reverse 

transformation completion was identified. When the transformation is limited to 50 and 
25 % of the maximum value, the actuator exhibits high stability, with the specific work 
remaining nearly constant. In contrast, regimes with complete (100 %) and near-complete 
(90 %) transformation are characterized by intense degradation: the work output declines 
rapidly, and by the 15-th cycle its value approaches the value of the 75 %-transformation 
regime. This observed trend is in qualitative agreement with the experimental data 
reported in [51], shown for comparison in Fig. 4 (open symbols). 
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Following the validation of the model against experimental data, a predictive 
simulation of the actuator's operation over 100 cycles was conducted for the same 
heating levels. The obtained dependences of the specific work per cycle on the cycle 
number are presented in Fig. 5. The analysis reveals two distinct stages of performance 
degradation: 
1. Initial stage (up to ~ 30 cycles): characterized by a rapid but gradually slowing decrease 
in the work output. 
2. Steady-state degradation stage (beyond 30 cycles): marked by a linear decrease in the 
work output. 
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Fig. 5. Specific work per cycle on the cycle number for varying reverse transformation completion levels 
 
The decisive influence of transformation completeness on long-term stability is 

evident. For regimes with complete (100 %) and near-complete (90 %) transformation, 
the slope in the second stage remains large, indicating a significant continued decline in 
performance. In contrast, for regimes with a transformation degree of 75 % or lower, the 
curves in the second stage become almost horizontal, exhibiting only a slight slope. This 
indicates a transition to a quasi-stable operating state with minimal gradual degradation 
of performance. 
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Fig. 6. Specific work loss per cycle in the steady-state degradation regime as a function of the reverse 
transformation fraction. The bilinear approximation reveals a critical transition near 75 % completion  
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To quantify the boundary between stable and unstable operational regimes, 
additional calculations were performed for various heating limits. Based on these results, 
a dependence of the work loss per cycle during the steady-state degradation stage on the 
reverse transformation fraction was obtained (Fig. 6). This dependence is well 
approximated by a bilinear function with a breakpoint near 75 %, which quantitatively 
confirms the previously identified transition. 

Based on the simulation results, the following practical recommendations for 
actuators intended for long-term cyclic operation are proposed: 
1. To ensure long-term parameter stability, it is recommended to select an operating 
cycle with a reverse transformation degree not exceeding 75 %. The predictive modeling 
results (Figs. 5 and 6) demonstrate that exceeding this threshold leads to a significantly 
higher degradation rate. For instance, with complete transformation, the work output falls 
below that of the 75 % regime after only ~ 70 cycles; for a 90% transformation, this occurs 
after ~ 100 cycles. Consequently, the higher initial work output in the early cycles is 
negated by its accelerated decline. 
2. During the design phase, the performance loss over the actuator's target service life 
must be estimated. This assessment should account for the linear degradation in the 
steady-state regime to guarantee that the work output remains above the minimum 
required threshold. 
3. The significant performance drop during the initial cycling stage (approximately the 
first 30 cycles) must be considered. To mitigate this problem in practice, it is 
recommended to conduct thermal cycling (training) of the working element before use. 

For a comparative overview of the actuator's performance across the studied 
thermal regimes, Table 2 summarizes the key quantitative metrics: the work output in the 
first cycle, the cumulative work loss during the initial cycling stage (cycles 1–30), and the 
specific work loss per cycle in the steady-state regime. 

 
Table 2. Actuator's work output and its degradation across simulated thermal regimes 

Part of reverse 
transformation, % 

Specific work at the first 
cycle, MJ/m3 

Work loss in the Initial 
stage of degradation, % 

Work loss per cycle in the 
stage of steady-state 

degradation, % 
100 1.401 31.5 0.122 
90 1.268 24.1 0.084 
80 1.122 16.1 0.06 
75 1.052 13.7 0.033 
70 0.977 12.8 0.027 
60 0.834 9.8 0.024 
50 0.702 8.4 0.016 
25 0.349 3.5 0.0076 

 
Conclusions 
1. Microstructural modeling has identified accommodative microplastic deformation, 
predominantly occurring at the final stage of the reverse martensitic transformation, as 
the primary mechanism behind the degradation of key functional characteristics 
(maximum stress, recoverable strain, and specific work) in SMA-based thermomechanical 
actuators under cyclic loading. 
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2. The long-term degradation process exhibits two distinct stages: an initial stage (up to 
~ 30 cycles) with rapid, non-linear deterioration of parameters, followed by a steady-state 
stage characterized by a linear decrease in specific work. 
3. A critical threshold for the degree of completion of the reverse martensitic 
transformation has been quantitatively established at approximately 75 %. Exceeding 
this threshold leads to intense degradation, including during the steady-state stage. 
Conversely, limiting the transformation to 75 % or less enables an operational regime 
with minimal parameter instability. 
4. A fundamental compromise between performance and stability has been 
demonstrated. While reducing the degree of transformation completion enhances cycle-
to-cycle stability by decreasing the relative work loss, at the same time it reduces the 
absolute work output per cycle. 

Based on these findings, the following practical guidelines for designing stable SMA 
actuators for long-term cycling are proposed: 
1. Adopt an operating regime with a degree of reverse transformation not exceeding 75 %. 
2. Account for performance losses during the initial cycling stage (first ~ 30 cycles), which 
can be mitigated by thermal cycling (training) of the working element before use. 
3. Perform a service life prediction based on the linear degradation rate observed in the 
steady-state regime to ensure that the work output remains above the required minimum 
throughout the operational lifetime. 
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