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INTRODUCTION  
 

hape Memory Alloys (SMA) are widely recognized for their ability to revert to the original shape upon changes in 
temperature or mechanical stress. In recent years, due to increasing environmental concerns, they have garnered 
growing interest for their ability to dissipate and capture heat because of martensitic phase transformation (MT) when 

loads are exerted and relieved [1]. The mentioned unique property, also known as elastocaloric effect (EC), found an 
innovative application in the micro cooling sector, where eco-friendly compact cooling methods have shown the capability 
to supersede conventional cooling systems that rely on synthetic coolants, which are responsible for high energy 
consumption and greenhouse gas emissions. 
The EC can be categorized based on the external fields used to activate it. Primarily, three categories can be distinguished: 
1) Stress-induced EC: the most common, where mechanical deformation causes the phase change; 
2) Magnetic field-induced EC: observed in some ferromagnetic SMA; 
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3) Electric field-induced EC: less common but studied in some piezoelectric materials. 
This review primarily focuses on the stress-induced EC in SMA, given its relevance to biomedical applications. 
An analysis of the Scopus database reveals a growing interest in the elastocaloric effect in recent years. From 2010 to 2023, 
the number of annual publications on EC has increased by over 500%. Notably, publications concerning stress-induced EC 
constitute about 80% of the total, followed by magnetic field-induced EC (15%) and electric field-induced EC (5%). This 
trend reflects the increasing interest in EC as an alternative cooling technology, with a particular focus on SMA due to their 
unique properties and potential applicability in fields like the medical and biomedical ones. 
 In this context, elastocaloric materials (ECM) provide a substantial effective refrigeration option, also due to minimal 
workloads needed. The development of solid-state cooling technologies exploiting SMA's elastocaloric property is currently 
enforced by an extensive span of case studies and research, also with perspective to overcome the low cycle resistance of 
these materials, enabling the commercialization of this technology [2]. A lot of studies were centered on characteristics and 
differences of main SMA that can be employed in applications involving thermal regulation, with a particular focus on heat 
transfer processes, working temperature window, cyclic stability, energy conversion efficiency of these materials and 
attempts to improve thermal performances and fatigue life limits. Some studies also focus on developing experimental 
prototype devices, employing different thermal cycles, materials and methods to evaluate the impact of operating conditions 
on system's performances. 
Following this new direction for innovative SMA applications, the authors review progresses of this pioneering technology 
in the light to import it also in medical and biomedical fields, where precision and minimization of invasiveness are crucial 
and SMA are already widely employed in multiple devices [3-7]. Some examples include: Self-expanding vascular stents [4], 
Orthodontic archwires [5], Bone fixation devices [6] and Catheter actuators [7]. 
These examples demonstrate the versatility and adaptability of SMAs in various biomedical applications, suggesting the 
potential for integrating the elastocaloric effect in future innovations. 
In particular, the authors aim to showcase the potential of SMA's elastocaloric properties as a base to develop novel 
biomedical devices: compact solid-state refrigerators and heaters can offer the advantages of reduced volume, rapid 
response, significant caloric effect and simple actuation joined with eco-friendliness. This work points out how SMA, with 
a particular mention on Nitinol (Ni-Ti), with their biocompatibility and ability to recover a predefined shape at body 
temperature, can offer promising solutions for the development of advanced medical and biomedical devices employing 
elastocaloric effect. 
 
 
THE ELASTOCALORIC PRINCIPLE AND PERFORMANCE PARAMETERS  
 

MA are becoming more and more popular for cooling applications due to the progress of scientific and technological 
research, which has revealed their significant advantages over traditional refrigerants [8]. This technology is closely 
associated with the superelastic properties of SMA, that is material capability to bear high strain (up to 9%), and 

harnesses SMA’s thermal outcome of stress-driven MT for cooling purposes. In detail, EC is a result of the liberation and 
uptake of latent heat during the alternating application and removal of stress associated with MT in both directions. MT is 
an invertible solid-state displacive crystalline phase transition governed by a slice among an elevate symmetry and elevate 
temperature parental stage, and a minimal symmetry and small temperature resultant stage [9]. In particular, the method to 
obtain solid-state refrigeration via SMA entails triggering MT within alloy through load application, leading to the exothermic 
release of heat. If this process occurs under isothermal conditions, heat is emitted. Conversely, if the alloy undergoes 
adiabatic load, MT induces a rise in temperature, thereby heating the alloy. On the other hand, SMA experience forward 
transformation upon load relief, triggering a heat-absorbing mechanism. If the process happens adiabatically, the alloy 
undergoes cooling and experience a temperature reduction; if the process occurs isothermally, the intake of heat causes 
temperature reduction. 
Thanks to this ECM's observed property, two types of thermodynamic cycles can be designed: one driven directly by thermal 
energy (such as the one of an heat engine), and another driven contrarywise by load (suitable for the development of thermal 
devices), as shown in Fig. 1a and 1b [10].  In particular, Fig. 1b outline the hysteresis that occurs during a cycle pushed by 
load when the temperature is kept constant, that can be employed in cooling or heat pump systems. In this figure σAM(T) 
and σMA(T) represent respectively the austenite to martensite saturation stress, above which martensite transition phase starts 
in the alloy loaded in austenitic stage, and martensite to austenite saturation stress, below which the forward MT occurs. 
 
 

S 



 
 
 

G. Costanza et alii, Frattura ed Integrità Strutturale, 70 (2024) 257-271; DOI: 10.3221/IGF-ESIS.70.15 
 

259 
 

 
 

Figure 1: Graphic display of hysteresis curves. (a) A cycle with temperature hysteresis when there is no load applied. (b) The stress 
hysteresis associated with a isothermal refrigerating process. [10]. 
 
The basics of the elastocaloric cycle exploited in thermal devices, theorized with Brayton thermodynamic cycle, can be 
summarized in four basic steps: (i) the deformation or loading of a SMA in the austenitic stage causes a release of heat 
associated with advancing MT. Under adiabatic conditions of loading the elastocaloric material heats up. Stressing or 
straining the alloy at a close-adiabatic temperature growth respect to environment (e.g. an heat sink) requires an elevate 
deformation frequency [11]; (ii) Heat transfer occurs subsequently from the elastocaloric material to the surroundings, 
causing the decrease of SMA’s temperature. In this stage, ECM remains in touch with environment, and this contact remains 
until thermal equilibrium is achieved [12]; (iii) In the unloading phase, inverse MT happens, causing an absorption of heat 
that leads, if the load is removed adiabatically, to the chilling of ECM  at a temperature lower than that of the environment 
(e.g. the heat source); (iv) cold SMA absorbs environment’s thermal energy until thermic stabilization. The Brayton series 
for caloric cooling technologies, including the elastocaloric one, is depicted in Fig. 2. 
 
 

 
 

Figure 2: (a) EC-based thermal cycle. (b) Single stage of the caloric Brayton thermodynamic cycle [13]. 
 
In the selection of suitable elastocaloric SMA for cooling applications, several parameters must be considered to compare 
performances.  
First of all, the elastocaloric effect (∆T), that is a term used to refer to the parameter that specifies the highest possible 
variation in temperature obtainable employing a solicitation. Higher ΔT are expected when there is a high entropy variation 
linked to MT [14], and it’s possible to measure it directly through infrared thermography. An experimental investigation on 
the EC property in Ni-Ti testers was performed, demonstrating a temperature change of 17K under a tensile stress of 580 
MPa on a tester measuring 3mm in diameter and 1.780mm in length [15]. Another research [16] demonstrates a ΔT of 21K 
during the unloading phase of Ni-Ti wires trained at different temperatures. Referring also to other SMA, it’s possible to 
obtain during inverse MT a ΔT of 14.2°C in CuZnAl, 15.2°C in NiTiCu, 13.5°C in Ni2FeGa according to the hysteresis, 
the variability of the MT and the quantity of cycles performed in superelastic field [17].  
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Another important parameter to consider in the selection of the right material for solid-state refrigeration scope is the 
specific heat capacity. This parameter depends on the quantity of thermal energy obtainable per cycle, thus to cycles’ number 
needed to obtain the necessary cooling.  
To assess the thermal properties of ECM, it is important to evaluate the coefficient of performance COP, expressed as the 
ratio between the thermal capacity (Q) and the work contribution (ΔW): COP=Q/∆W. This equation shows that to improve 
cooling performances of SMA the research on material optimization must focus on enhance the obtained latent heat per 
cycle (Q), that is linked with the cell volume variation that occurs during MT, and reduce cycle hysteresis, that corresponds 
to ΔW. An efficient transformation is characterized by elevate COP, and elastocaloric analyses of SMA revealed COPs as 
high as 3.07 [15]. It’s fundamental to remember that the theoretical material’s COP can be even higher, but the relevant 
COP is the one of the device [18].  
An essential technical parameter to evaluate performances of ECM is the working temperature span (OTW), i.e. the 
temperature frame in which martensitic transformation takes place, that is recommended to be near to the operating 
temperature in order to increase heat absorption. In fact, as the working temperature continues to rise above the Austenite 
finish (Af) temperature, there is a parallel growth of the load needed to provoke MT, and thus a decrease of resulting EC 
[19].  
The primary challenge in advancing solid-state compact thermal devices exploiting ECM is the fatigue life (or cycle stability). 
Two major types of fatigue are experienced by ECM: structural and functional fatigue. Cyclic loading leads to structural 
(mechanical) fatigue, while functional fatigue is caused by thermal loads. The thermal performances of SMA reduces 
progressively undergoing loading cycles [20], [21], so the endurance limit is pivotal, and finding a compromise between these 
indicators is essential to enhance the design of industrial scale devices exploiting SMA’s EC. 
The parameters mentioned are dependent on multiple factors, and as a result, materials for elastocaloric applications must 
undergo a thorough investigation before they can be translated into a competitive technology. For example, the different 
type of microstructure impacts on the expected cooling properties [22],[23], and disparate microstructures can be obtained 
using different processing techniques. Significant efforts have been put into improving thermal performances of ECM by 
monitoring their structure [24], [25], which lead to improve thermal properties, OTW and efficiency. Understanding all 
these mechanisms is essential for designing medical devices that require precise control over temperature and mechanical 
properties. 
 
 
SHAPE MEMORY ALLOYS’ ELASTOCALORIC MATERIALS 
 

enerally, it’s possible to regard all SMA as hypothetical ECM depending on application’s OTW, that has to be 
above SMA’s Af  in order to get invertible super-elasticity [26]. Among most used ECM there are NiTi-centered, 
Copper-centered, Iron-centered and Heusler ferromagnetic SMA. 

The Ni – Ti based exhibit biocompatibility [27] and pronounced elastocaloric effect due to their martensitic transformation. 
Ni-Ti alloys have demonstrated high efficiency in converting thermal energy into mechanical work, making them promising 
for thermal applications, especially in the biomedical field. They can be alloyed with Cu, Co, Pd and Fe [28] and designed 
with an extensive window of transition temperatures to garb several thermal applications. On other hand, conventional Ni-
Ti alloys' lack of fatigue performance and machinability prevent them from being widely used as refrigerants in industrial 
applications, so the majority of research efforts focus on enhancing the thermal fatigue resistance of this class of alloys, even 
using doping components or microstructure control. Recently, a significant amount of research has been done to improve 
performances of Ni-Ti-based SMA, developing new alloys that combinate enhanced stability and lower hysteresis with 
relevant EC. For example, the properties of Ni–Ti–Cu–Co showed to be durable even after 106 cycles [29]. 
Cu-based SMA also undergo martensitic transformation with a consequent elastocaloric effect. However, even if the forces 
to generate the EC are lower compared to Ni based ECM, the transition temperature is often higher. For instance, CuZnAl 
demands an applied stress of about 250 MPa in adiabatic conditions, whereas NiTi requires nearly 400 MPa [30]. 
Furthermore, Cu is relatively cost-effective compared to Ni and Ti, which can be advantageous for commercial applications 
[30]. Copper has good thermal conductivity, which can be useful for the even distribution of heat in thermal applications. 
Nevertheless, efforts are still necessary to enhance cyclic stability and thermal and mechanical properties. 
Iron-based alloys are economically attractive, but their application is limited due to the high brittleness and weak caloric 
effect, causing low cooling capacity.  
Heusler-based alloys are characterized by conceivable solid-state thermal application driven combination a magnetic field 
and an exterior load. Nevertheless, the intrinsic weakness of this class of SMA places substantial constraints on their 
applications [31]. 

G 



 
 
 

G. Costanza et alii, Frattura ed Integrità Strutturale, 70 (2024) 257-271; DOI: 10.3221/IGF-ESIS.70.15 
 

261 
 

Tab. 1 offers an illustrative overview of thermal properties of mentioned SMA classes, for use in thermal instruments 
functioning at ambient conditions.  
 

Material family ΔSt (J kg-1 K-1) Hysteresis (MPa) Critical stress (MPa) 

NiTi -33 100 400 

CuZnAl -17.9 30 250 

FePd -2.2 0 200 
 

Table 1: Elastocaloric properties of SMA classes, for use in thermal instruments functioning at ambient conditions [30]. 
 
In general, the choice among the mentioned families of SMA varies according to the particular needs. Ni-Ti alloys are often 
preferred for high-efficiency and precision applications, while Cu-based alloys may be a more cost-effective choice for some 
employments. Heusler-based alloys, on the other hand, are ideal for magnetic applications and can be advantageous in 
particular contexts.  
 
 
OPEN STRATEGIES TO IMPROVE PERFORMANCES 
 

or commercial applications, the poor thermal fatigue resulting from the distortion among two phases through MT 
remains a major issue to overcome [32]. Before discussing strategies to improve performance, it's important to 
understand the mechanisms behind the loss of EC with increasing number of cycles: 

1) Dislocation accumulation: one of the primary mechanisms for EC effect degradation is the accumulation of dislocations 
during cyclic loading. Zhang et al. [33] observed that in NiTi alloys, dislocation substructures form and multiply during 
martensitic transformations, leading to a decrease in transformation temperatures and deterioration of shape memory 
properties over cycles. 
2)  Residual martensite: Gao et al. [34] found that functional fatigue in NiTi alloys is also related to the formation of stabilized 
martensite that does not fully transform back to austenite upon unloading. This residual martensite reduces the overall 
transformable volume fraction, decreasing the EC effect. 
3) Grain refinement effects: while nanocrystalline structures can improve fatigue resistance, they may also affect 
transformation behavior. Ahadi et al. [35] reported that nanocrystalline NiTi exhibits a continuous transformation rather 
than a sharp first-order transition, which can impact the magnitude of the EC effect. 
4) Compositional sensitivity: the stability of the EC effect is highly dependent on alloy composition. Cong et al. [36] 
demonstrated that in Ni-Mn-Ti alloys, small variations in composition can significantly affect the transformation behavior 
and cycling stability. 
5) Stress state influence: the mode of loading (e.g., tension vs. compression) can affect cycling stability. Chen et al. [25] 
found that compression-based EC cooling in NiTi cylinders exhibited superior fatigue life compared to tension-based 
approaches. 
6) Phase compatibility: materials with better lattice compatibility between austenite and martensite phases tend to show 
improved cycling stability. Gu et al. [37] demonstrated that alloys with near-zero thermal hysteresis due to good phase 
compatibility exhibit enhanced functional stability. 
7) Microstructural heterogeneity: introducing controlled heterogeneity can sometimes enhance stability. Hou et al. [38] 
showed that additive manufactured NiTi with a heterogeneous microstructure exhibited improved fatigue resistance while 
maintaining large EC effects. 
Understanding these factors is crucial for developing strategies to improve the long-term stability and performance of 
elastocaloric materials. 
Improving cooling and heating performances of elastocaloric SMA while enhancing thermal fatigue resistance involves 
multidisciplinary strategies, combining material design, process control and ongoing innovation to maximize the efficiency 
and applicability of these materials in refrigeration scopes.  
Several approaches have been investigated to improve the cycling stability and fatigue resistance of elastocaloric materials: 
1) Microstructural engineering: techniques like thermal treatment [39] or adding doping elements can be exploited to 
augment geometric dissimilarities between structures, thereby improving the elastocaloric (EC) effect. For instance, Hou et 
al. [38] developed a NiTi-based nanocomposite with TiNi3 precipitates that exhibited stable elastocaloric performance over 
millions of cycles. The precipitates act as barriers to dislocation motion and help maintain reversibility. 
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2) Grain refinement: nanocrystalline structures have shown improved fatigue life. Lin et al. [40] produced nanocrystalline 
NiTi through severe plastic deformation, achieving one million stable cycles. The high density of grain boundaries impedes 
dislocation accumulation. 
3) Compositional tuning: alloying additions can modify transformation behavior and enhance stability. Yang et al. [41] found 
that boron micro-alloying in Ni-Mn-In alloys improved cyclic stability of the elastocaloric effect through grain refinement. 
4) Thermomechanical treatments: proper heat treatments and training procedures can optimize microstructure. Chen et al. 
[21] used localized laser surface annealing to create a gradient structure in NiTi, improving both elastocaloric effect and 
fatigue resistance. 
5) Transition pathway engineering: Liang et al. [42] demonstrated a two-step B2→R→B19' transition in Ni-rich NiTi that 
exhibited cyclic-stable superelasticity with large recoverable strain and elastocaloric effect. The intermediate R phase helps 
reduce hysteresis and fatigue. 
While these strategies can improve cyclic stability, they may also cause a reduction in the thermal capacity of the elastocaloric 
material. For example, introducing self-accommodated structures, toughening via secondary ductile phase, strengthening 
via grain refinement or texturing through directional solidification could improve the cyclic stability but potentially at the 
cost of reduced thermal capacity. Therefore, implementing a blend of various approaches is essential to strike a balance 
among conflicting needs. 
Despite these advances, gradual degradation of the elastocaloric effect with cycling remains a challenge in many systems. 
This is often attributed to the accumulation of defects like dislocations that hinder reversible transformation. Strategies that 
can mitigate defect generation or promote their annihilation during cycling are needed to further improve long-term stability. 
The effectiveness of different approaches varies depending on the material system. Comparative studies examining multiple 
strategies on the same composition could provide valuable insights into optimizing elastocaloric performance and fatigue 
resistance for specific applications. 
Current studies are also focusing on manipulating the microstructure of alloys through heat treatment processes to achieve 
uniform and controlled martensitic transformation or suitable transition temperatures for specific applications. Additionally, 
the optimization of manufacturing and production processes is another open issue. The use of geometric design and the 
optimization of component shapes and dimensions to maximize the contact surface area between the alloy and the cooling 
fluid can enhance heat transfer efficiency. 
Continued research and development efforts are essential to identify new alloys, technologies and approaches to further 
enhance elastocaloric thermal performances of SMAs and assess the practical applicability of this new thermal solution in 
medical and biomedical fields. As the field progresses, a holistic approach considering material properties, production 
methods, and application requirements will be crucial for realizing the full potential of elastocaloric cooling technologies. 
. 
 
STATE-OF-ART ABOUT ELASTOCALORIC DEVICES  
 

espite SMA’s emission and uptake of thermal energy throughout MT, along with the related temperature 
variations, have been recognized for many years, the recognition of the elastocaloric effect as an effective cooling 
or heating pumping mechanism has only recently occurred [43]. Modern thermal technologies must be tight, 

efficient and prompt; for this reason solid-state thermal technologies are typically linked with minor size refrigerating or 
heating implementations. In this situation, aside from studying ECM, researchers are focusing on designing and developing 
elastocaloric cooling/heat-pumping devices, as well as numerical models to simulate and optimize their performance. Several 
innovative elastocaloric devices have been developed in recent years, even if the elastocaloric devices in the literature are 
not yet commercialized as they are still in an experimental phase [44]. 
Elastocaloric devices in literature exploit two main techniques to obtain the needed heat transfer: through a solid-to-solid 
contact, involving single elastocaloric elements, and by employing a convective thermal exchange through permeable EC 
architectures. Moreover, devices can realize the cooling/heating cycle with a single-stage or multi-stages, reaching larger 
temperature spans. The majority of experimental applications involve an active regenerative thermodynamic cycle, based on 
permeable EC architectures where a fluid that transfers thermal energy is circulated. In designing such elastocaloric thermal 
devices, the key components are the permeable architecture and the actuator that applies the load on ECM [28]. The 
permeable EC architecture can be realized with several elementary SMA forms (for example cables, sheets and bricks).  
The easiest production technology currently employed to obtain this kind of structures is additive manufacturing, with 
whom producers can overcome Ni-Ti alloys low machinability and welding properties and obtain homogeneous structures 
in terms of quality. Recent advancements in additive manufacturing (AM) techniques, particularly Laser Powder Bed Fusion 
(L-PBF), have opened new avenues for fabricating NiTi-based elastocaloric devices. The microstructure of NiTi alloys 
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fabricated by additive manufacturing techniques like laser powder bed fusion (L-PBF) or laser directed energy deposition 
(L-DED) significantly influences their elastocaloric performance. Unlike conventionally manufactured NiTi, AM-produced 
alloys exhibit distinct features that can both enhance and challenge their elastocaloric properties:  
1) Heterogeneous Microstructure: L-DED fabricated NiTi often displays a heterogeneous grain structure with a 
combination of equiaxed and columnar grains [38]. This microstructural heterogeneity can lead to enhanced fatigue 
resistance while maintaining large elastocaloric effects. The varied grain structure creates multiple nucleation sites for phase 
transformation, potentially improving the stability of the elastocaloric response over repeated cycles. 
2) Precipitate Formation and Distribution: The rapid cooling rates in AM processes can result in a fine dispersion of Ni-
rich precipitates like Ni3Ti and Ni4Ti3 [45]. These precipitates play a crucial role in the elastocaloric effect by acting as 
nucleation sites for martensitic transformation, enhancing the yield strength of the material, which is essential for achieving 
reversible transformations and stable elastocaloric effect and influencing the transformation temperatures and hysteresis. 
3) Defects and Porosity: AM processes can introduce defects such as lack-of-fusion pores and internal stresses [46]. While 
these defects can potentially degrade mechanical properties, they can also act as nucleation sites for phase transformation, 
altering the elastocaloric response. Careful control of processing parameters is crucial to minimize detrimental defects while 
potentially leveraging beneficial ones. 
4) Texture and Anisotropy: AM processes often result in textured microstructures due to the directional solidification 
inherent in layer-by-layer fabrication [38]. This texture can lead to anisotropic elastocaloric properties, potentially enhancing 
the effect in certain orientations while diminishing it in others. 
5) Compositional Control: AM techniques offer precise control over composition, allowing for the creation of functionally 
graded materials with tailored elastocaloric properties [47]. This capability enables the design of NiTi components with 
optimized performance for specific applications. 
6) Grain Size Effects: The grain size in AM NiTi can be controlled through process parameters and post-processing heat 
treatments. Finer grain sizes generally lead to improved fatigue resistance and can enhance the stability of the elastocaloric 
effect over multiple cycles [38]. 
7) Transformation Behavior: The unique microstructure of AM NiTi can result in a more gradual martensitic transformation 
compared to conventionally processed alloys. This can lead to a broader temperature range for the elastocaloric effect, 
potentially beneficial for certain applications [38]. Different elastocaloric driver mechanisms can be exploited. The applied 
load can be a tension, compression, bending or torsion. The first two mentioned loads are preferred for applications since 
they result in a homogeneous strain distribution in elastocaloric material. Moreover, the compression load often determines 
longer fatigue life compared with tensile load, but necessities of less slim forms to prevent bucking, while, conversely, slim 
forms are better to increase thermal exchange. In this context it’s important to mention once again that an elastocaloric 
device should be able to undergo more than 10 million loading/unloading cycles in an estimated lifetime of 10 years, and 
that elastocaloric elements’ fatigue life increases under smaller applied cyclical stresses, but smaller stresses are related to an 
incomplete phase transformation, and thus to limited adiabatic temperatures changes. All mentioned themes are at the base 
of current challenges in the design of elastocaloric devices, that need to find an optimum compromise between maximizing 
an effective and fast thermal exchange and guarantee fatigue resistance for practical applications.  
Another crucial aspect for this kind of devices is the actuator required. Ideal criteria for actuators are a mechanical applied 
load sufficiently high to make the phase transformation happen and the exploiting of work recovery during unloading phase 
to increase device’s efficiency. The actuators can often be pneumatic, hydraulic or linear motors. The pneumatic ones 
operate with a maximum pressure of 10 bar, requiring small contact surfaces to generate sufficiently high forces in the 
elastocaloric material. The pressure value can be increased up to 300 bar using hydraulic actuators, suffering of poor 
efficiency. On the other hand, linear motors, working with higher efficiencies, face challenges in supplying the necessary 
elevate loads. For all this reasons, a suitable alternative can be employing an actuator based on a rotary motion, for example 
coupled to a shaft, installing ECM circumferentially or longitudinally. 
Investigating outlined assumptions, in recent years researchers developed and tested many different single and multi-stage 
cooling or heating elastocaloric devices.  
One of the first elastocaloric prototypes was developed by Tušek et al. [48]. Their regenerator, built using NiTi plates and 
water as the working fluid, achieved temperature spans of 15.3 K and a maximum COP of 7. The regenerator consists of 
SMA plates enclosed between two clamps on which the loading/unloading cycle is applied. Two circuits (hot and cold) are 
connected to the regenerator in which the working fluid flows, transferring heat with external exchangers.  
Bruederlin et al. [49] introduced a design using SMA foil deflection as a heat sink with tilted geometry (Fig. 3). Their device 
achieved a temperature span of 14 K and a COP of 3.3 using air as the working fluid. 
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Figure 3: Thin films-based miniaturized eCE prototypes and their basic layouts [49]. 
 
More recently, Kirsch et al. [50] developed a rotary elastocaloric prototype using Ni45Ti47.25Cu5V2.75 wires. This device 
demonstrated a temperature span of 28 K, a COP of 8.4 and a cooling power of 250 W with 50 g of elastocaloric material. 
Fig. 4 shows a schematic prototype of the rotary cooling device made up of wires. 
Tab. 2 summarizes key performance metrics of several recent elastocaloric devices. 
 
 

 
 

Figure 4: A schematic prototype of the rotary cooling device made up of wires [49]. 
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Device Type Material Max Stress (MPa) Working Fluid ΔTad (K) COP Reference 

SMA tube NiTi 1100 Water 24.6 11 [51] 

SMA plate NiTi 440 Water 15.3 7 [52] 

SMA foil NiTiFe - Air 14 3.3 [49] 

SMA wire NiTiCuV 400 Air 28 8.4 [50] 
 

Table 2: Performance comparison of elastocaloric devices. 
 

These examples demonstrate the range of designs and performance levels achieved in recent elastocaloric devices. The 
COPs reported range from 3.3 to 11, with temperature spans of 14-28 K, showcasing the potential of this technology for 
efficient solid-state cooling. However, further optimization of materials, device designs, and thermodynamic cycles is needed 
to improve performance and move towards commercial viability. 
All mentioned devices can be crucial in the integration of engineering technologies with biomedicine, even finding a solution 
to the biomedical requirement for compact thermal technologies that can allow extremely targeted temperature 
management. 
 
 
EXPLORING THE POTENTIAL OF ELASTOCALORIC SMA FOR INNOVATIVE BIOMEDICAL DEVICES 
 

MA, particularly NiTi alloys, have been widely used in various biomedical applications since their properties were first 
revealed in 1962. Their exceptional capabilities, including shape-memory behavior and superelasticity, combined with 
high corrosion resistance and biocompatibility, have made them invaluable in applications ranging from implants to 

surgical instruments. Recently, the elastocaloric effect of SMAs has garnered interest for potential use in medical and 
biomedical applications. This section explores the advantages and challenges of elastocaloric NiTi devices in several 
biomedical contexts.  
 
Temperature management systems in microfluidic technology 
Microfluidic technology, a growing field that blends multiple disciplines and focuses on fluid handling at micro and nano 
levels, is crucial in various biomedical applications, including blood analysis, surgical microsystems and drug delivery. 
Elastocaloric NiTi devices offer promising solutions for temperature control in these systems. 
Advantages: 
1) Compact size: elastocaloric NiTi elements can be miniaturized, making them ideal for integration into microfluidic 

devices. 
2) Rapid response: the elastocaloric effect allows for quick temperature changes, essential for precise control in biological 

processes. 
3) Energy efficiency: these devices potentially offer higher efficiency compared to traditional Peltier elements. 
4) Biocompatibility: NiTi alloys are already widely used in medical applications, ensuring compatibility with biological 

samples. 
Challenges: 
1) Cyclic stability: ensuring long-term performance over many heating/cooling cycles remains a challenge. 
2) Integration complexity: incorporating the mechanical loading mechanism into microfluidic devices may require 

innovative design solutions. 
3) Cost: initial development and production costs may be higher than existing technologies. 
Compared to current joule heating or thermoelectric cooling methods, elastocaloric NiTi devices offer the potential for 
more precise temperature control with lower power consumption. For instance, a thermal management system based on 
elastocaloric SMA elements could replace current designs using cartridge heaters, providing a more compact and energy-
efficient solution for controlling temperature in microfluidic devices. 
As example, the employment of ECM was recommended for the design of innovative biomedical electromechanical devices 
operating at microscale (MEMS) or nanoscale (NEMS) [18], [126], even considering that the research on heat impact on cell 
activities has shown substantial improvements thanks to devices based on these innovative technologies [53].  
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Elastocaloric elements enabling transdermal drug delivery 
Transdermal drug delivery (TDD) is an important area where elastocaloric NiTi devices could make significant 
contributions, particularly in the development of advanced microneedles technologies (MNs). 
Advantages: 
1) Temperature-controlled drug release: the elastocaloric effect can be used to trigger thermo-responsive drug delivery 

systems. 
2) Enhanced skin permeation: localized heating can increase the permeability of the skin, potentially improving drug 

absorption. 
3) Painless administration: the rapid and localized temperature changes could be used to create a numbing effect, reducing 

discomfort during needle insertion. 
4) Multifunctionality: NiTi alloys can serve both as structural materials for MNs and as thermal actuators. 
Challenges: 
1) Precise temperature control: ensuring uniform and controlled heating/cooling across the MN array may be challenging. 
2) Safety considerations: the potential for tissue damage due to excessive heating must be carefully managed. 
3) Drug stability: the impact of temperature cycling on drug stability needs to be thoroughly investigated. 
Compared to passive MNs or electrically heated systems, elastocaloric NiTi-based MNs could offer more efficient 
temperature control, potentially leading to improved drug delivery efficacy and patient comfort. 
 
Additional potential biomedical applications 
-Thermal neuromodulation therapies 
Advantages: 
1) Localized cooling: elastocaloric NiTi devices could provide precise, localized cooling for treating neurological 

conditions like epilepsy. 
2) Rapid temperature changes: quick cooling could be crucial in stopping seizures effectively. 
3) Miniaturization potential: suitable for developing compact devices for use in animal models or future human 

applications. 
Challenges: 
1) Biocompatibility for long-term implantation: while NiTi is generally biocompatible, long-term implantation for 

neuromodulation may present additional challenges. 
2) Power requirements: ensuring sufficient cooling power in a compact and implantable device may be challenging. 
3) Integration with neural interfaces: combining cooling functionality with neural recording or stimulation capabilities adds 

complexity. 
 

-Selective cooling of biological tissue 
Advantages: 
1) Precise temperature control: elastocaloric devices could offer more accurate and localized cooling compared to current 

methods. 
2) Rapid activation: the elastocaloric effect allows for quick temperature changes, useful in time-sensitive procedures. 
3) Potential for integration in surgical tools: the compact nature of these devices could allow for incorporation into existing 

surgical instruments. 
Challenges: 
1) Tissue contact: ensuring good thermal contact with the target tissue while maintaining sterility may be challenging. 
2) Depth of cooling: achieving sufficient cooling at depth in tissues may require innovative device designs. 
3) Durability in surgical environments: devices must withstand sterilization procedures and be reliable in operating room 

conditions. 
 
-Dermatological applications 
Advantages: 
1) Controlled cooling/heating: elastocaloric devices could provide precise temperature control for various dermatological 

treatments. 
2) Rapid temperature cycling: useful for treatments that require alternating hot and cold therapies. 
3) Portable designs: potential for developing handheld devices for in-office or at-home treatments. 
Challenges: 
1) Large area coverage: scaling up devices to cover larger skin areas efficiently may be challenging. 
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2) User-friendly designs: developing easy-to-use devices for non-medical personnel or patients may require significant 
engineering efforts. 

3) Competition with established technologies: elastocaloric devices will need to demonstrate clear advantages over existing 
cryotherapy or heat therapy methods. 

 
Application Advantages Challenges 

Microfluidic temperature 
management 

Compact size, Rapid response, Energy efficiency, 
Biocompatibility 

Cyclic stability, Integration complexity, 
Initial costs 

Transdermal drug delivery Temperature-controlled release, Enhanced skin 
permeation, Painless administration, Multifunctionality 

Precise temperature control, Safety 
considerations, Drug stability 

Thermal neuromodulation Localized cooling, Rapid temperature changes, 
Miniaturization potential 

Long-term biocompatibility, Power 
requirements, Integration complexity 

Selective tissue cooling Precise control, Rapid activation, Surgical tool integration Tissue contact, Cooling depth, Durability in 
surgical settings 

Dermatological 
applications 

Controlled cooling/heating, Rapid temperature cycling, 
Portable designs 

 Large area coverage, User-friendly designs, 
Market competition 

 

Table 3: Summary of advantages and challenges of elastocaloric NiTi devices in biomedical applications 
 
In conclusion, while elastocaloric NiTi devices show great promise for various biomedical applications, significant 
research and development efforts are still needed to overcome the challenges associated with their implementation. The 
potential benefits in terms of precise temperature control, energy efficiency and miniaturization make this an exciting area 
for future innovation in medical technology. 
 
Reliability and fatigue life considerations in biomedical applications 
Considering the critical nature of biomedical applications, the reliability and durability of elastocaloric NiTi devices are of 
paramount importance. The cyclic loading inherent in the elastocaloric effect poses significant challenges in terms of fatigue 
life, which is crucial for the long-term viability of these devices in medical settings. This aspect is particularly relevant, as the 
structural integrity and durability of materials are fundamental considerations in biomedical engineering. 
Several studies, which results are summarized in “open strategies to improve performances” section of this paper, have 
investigated the fatigue behavior of NiTi alloys under conditions relevant to elastocaloric applications. Despite these 
advancements, several challenges remain in ensuring the long-term reliability of elastocaloric NiTi devices specifically for 
biomedical applications: 
1) Biocompatibility of Fatigue-Resistant Alloys: while modifying NiTi compositions can enhance fatigue resistance, the 

biocompatibility of these new alloys must be thoroughly evaluated for medical use. This is particularly critical for 
implantable devices or those in direct contact with biological tissues. 

2) Environmental Factors: the impact of bodily fluids and varying temperatures on the long-term performance of 
elastocaloric devices needs further investigation. Corrosion resistance and stability in physiological environments are 
crucial for biomedical applications. 

3) Scaling Effects: many fatigue studies are conducted on small samples or thin films. Translating these results to larger, 
practical devices remains a challenge, especially for applications that may require larger temperature changes or more 
substantial cooling/heating capacities. 

4) Combined Mechanical and Thermal Fatigue: in real-world biomedical applications, devices may undergo both 
mechanical cycling and thermal fluctuations, necessitating studies on combined fatigue effects. This is particularly 
relevant for devices that may be subject to both body movements and temperature variations. 

To address these challenges and improve the reliability of elastocaloric NiTi devices for biomedical applications, future 
research directions should include: 
1) Long-term in vivo studies to assess the performance and biocompatibility of elastocaloric devices under physiological 

conditions, focusing on both material degradation and biological responses. 
2) Development of accelerated testing protocols specific to biomedical elastocaloric applications, simulating the unique 

stresses and environmental conditions these devices would face in medical use. 
3) Integration of self-healing or fatigue-resistant microstructures in NiTi alloys to further enhance durability, potentially 

drawing inspiration from other biomedical materials with self-repairing capabilities. 
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4) Investigation of hybrid materials or composite structures that could combine the elastocaloric properties of NiTi with 
enhanced fatigue resistance and biocompatibility. 

5) Exploration of surface modification techniques to improve both fatigue resistance and biocompatibility, which is crucial 
for long-term implantable devices. 

The reliability and fatigue life of elastocaloric NiTi devices are critical considerations for their adoption in biomedical 
applications. Recent advancements in materials science and manufacturing techniques have shown promising results in 
enhancing the cyclic stability of these materials. However, translating these improvements into practical, long-lasting 
biomedical devices remains an active area of research. 
As the field progresses, a multidisciplinary approach combining materials science, mechanical engineering and biomedical 
expertise will be crucial in developing elastocaloric devices that meet the stringent reliability requirements of the medical 
field. The potential benefits of these devices in terms of precise temperature control, energy efficiency and miniaturization 
make this an exciting area for future innovation in medical technology, but their success will ultimately depend on achieving 
the necessary durability and reliability for safe, long-term use in biomedical applications. 
 
Outlook and challenges  
In medical and biomedical fields heat system design is likely to persist contributing significantly in enhancing actual small 
size technologies and fostering the creation of novel technologies. SMA elastocaloric devices hold promise for delivering 
high thermal efficiency and serving as alternative engineering solutions for conventional cooling and heating processes.  
However, despite the potential manifold benefits of ECM in the aforementioned fields, the path to market adoption appears 
to be lengthy. This is primarily due to the fact that the widespread scientific interest in ECM's thermal properties has not 
yet translated into a surge of applied research specifically tailored to medical and biomedical applications. Within these 
sectors, ECM technology still seems to be predominantly laboratory-oriented rather than industrial, exacerbated by a dearth 
of large-scale manufacturing techniques. 
For these reasons, biomedical devices harnessing the elastocaloric effect are still in nascent stages, with most technologies 
confined to proof-of-concept demonstrations. Achieving a more comprehensive understanding and conducting dedicated 
research efforts are imperative to ascertain how ECM perform in real-world biomedical thermal instruments and how 
operating conditions are tunable. Only then can scientific findings accrued thus far be effectively translated into clinical 
applications, marking the initial strides toward commercialization. 
The integration of ECM into biomedical devices represents a promising frontier with vast potential for innovation and 
advancement. By bridging the gap between fundamental research and practical applications, we aim to catalyze further 
exploration into the utilization of ECM in diverse medical and biomedical contexts. Through collaborative efforts and inter-
disciplinary research, we envision the creation of novel ECM-based biomedical devices that not only address existing 
challenges but also pave the way for transformative breakthroughs in healthcare. This proactive engagement with ECM 
technology holds the promise of revolutionizing medical diagnostics, therapies, and patient care, ultimately enhancing the 
quality of life for individuals worldwide. 
 
 
CONCLUSION 
 

his comprehensive review has explored the elastocaloric effect of Shape Memory Alloys (SMA) and its potential 
applications in the medical and biomedical industry. The key points and findings of this review are summarized as 
follows: 

1) Elastocaloric Effect and SMA Materials: 
-The principles and mechanisms have been examined, underlying the elastocaloric effect in SMAs, focusing on the 
martensitic phase transformation. 
-Key performance indices for elastocaloric materials have been discussed, including temperature change (ΔT), specific heat 
capacity and coefficient of performance (COP). 
-Various elastocaloric SMA families have been compared, with NiTi-based alloys showing particular promise for biomedical 
applications due to their biocompatibility and pronounced elastocaloric effect. 
2) Performance Enhancement Strategies: 
-Current strategies to improve the performance of elastocaloric SMAs have been explored, including microstructural 
engineering, compositional tuning and thermomechanical treatments. 
-The challenge of balancing enhanced cyclic stability with maintaining high thermal capacity has been highlighted as a key 
area for ongoing research. 
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3) State-of-the-Art Elastocaloric Devices: 
-Recent developments in elastocaloric cooling devices have been reviewed, showcasing various designs and their 
performance characteristics. 
-The potential for these devices to provide efficient, compact cooling solutions has been demonstrated, with COPs ranging 
from 3.3 to 11 in recent prototypes. 
4) Biomedical Applications: 
-Several promising areas for elastocaloric SMA devices in biomedical applications have been identified, including: 
Temperature management in microfluidic technology, Transdermal drug delivery systems, Thermal neuromodulation 
therapies, Selective cooling of biological tissue and Dermatological applications. 
-For each application, we have discussed potential advantages and challenges, emphasizing the need for further research 
and development. 
5) Reliability and Fatigue Life: 
-The critical importance of durability and fatigue resistance for biomedical applications has been emphasized. 
-Recent advancements in improving the cyclic stability of elastocaloric SMAs have been highlighted, along with the 
challenges that remain in translating these improvements to practical biomedical devices. 
6) Future Outlook: 
-While elastocaloric SMA devices show great promise for revolutionizing cooling and heating systems in the biomedical 
sector, significant challenges remain. 
-Key areas for future research include enhancing cycle resistance, developing efficient actuation methods, improving thermal 
capacity, and ensuring biocompatibility for long-term use. 
-The integration of elastocaloric elements with other components in biomedical devices presents both challenges and 
opportunities for innovation. 
In conclusion, the elastocaloric effect of SMAs holds significant potential for creating more sustainable and efficient medical 
devices and applications. However, the transition from laboratory research to practical, commercially viable biomedical 
devices requires continued interdisciplinary efforts. This review aims to encourage further studies into the applications of 
SMA's elastocaloric effect, supporting the future development of biomedical solid-state refrigeration and heating 
technologies. By disseminating this foundational knowledge, we hope to inspire researchers and practitioners to delve deeper 
into the realm of biomedical applications of elastocaloric materials, ultimately leading to innovative solutions that enhance 
patient care and medical capabilities. 
 
 
REFERENCES  
 
[1] Wang, S., Shi, Y., Li, Y., Lin, H., Fan, K., Teng, X. (2023). Solid-state refrigeration of shape memory alloy-based 

elastocaloric materials: A review focusing on preparation methods, properties and development, Renew. Sustain. Energy 
Rev., 187, p. 113762. DOI: 10.1016/j.rser.2023.113762.  

[2] Chen, J., Lei, L., Fang, G. (2021). Elastocaloric cooling of shape memory alloys: A review, Mater. Today Commun., 28, 
p. 102706. DOI: 10.1016/j.mtcomm.2021.102706. 

[3] Petrini, L., Migliavacca, F. (2011). Biomedical Applications of Shape Memory Alloys, J. Metall., 2011, p. e501483.  
DOI: 10.1155/2011/501483. 

[4] Duerig, T., Pelton, A., Stöckel, D. (1999). An overview of nitinol medical applications, Mater. Sci. Eng. A, 273, pp. 149-
160. DOI: 10.1016/S0921-5093(99)00294-4. 

[5] Proffit, W.R., Fields Jr, H.W., Sarver, D.M. (2006). Contemporary orthodontics, Elsevier Health Sciences, St. Louis, 
MO. 

[6] Yaroslavsky, I., Phillips, J. (2020). Shape memory alloys in biomedical applications. In: Shape Memory Alloys for 
Biomedical Applications, Woodhead Publishing, pp. 1-20. DOI: 10.1016/B978-0-08-102983-0.00001-X. 

[7] Morgan, N.B. (2004). Medical shape memory alloy applications - the market and its products, Mater. Sci. Eng. A, 378(1-
2), pp. 16-23. DOI: 10.1016/j.msea.2003.10.326. 

[8] Tušek, J., Engelbrecht, K., Millán-Solsona, R., Mañosa, L., Vives, E., Mikkelsen, L.P., Pryds, N. (2015). The 
Elastocaloric Effect: A Way to Cool Efficiently, Adv. Energy Mater., 5(13), p. 1500361.  
DOI: 10.1002/aenm.201500361. 

[9] Elahinia, M.H., Hashemi, M., Tabesh, M., Bhaduri, S.B. (2012). Manufacturing and processing of NiTi implants: A 
review, Prog. Mater. Sci., 57(5), pp. 911–946. DOI: 10.1016/j.pmatsci.2011.11.001. 



 
 
 

G. Costanza et alii, Frattura ed Integrità Strutturale, 70 (2024) 257-271; DOI: 10.3221/IGF-ESIS.70.15 
 

270 
 

[10] Masselli, C., Cirillo, L., Greco, A. (2023). Cooling of electronic circuits through elastocaloric solid-state technology: A 
numerical analysis for the development of the CHECK TEMPERATURE prototype, Appl. Therm. Eng., 230, p. 
120729. DOI: 10.1016/j.applthermaleng.2023.120729. 

[11] Cirillo, L., Greco, A., Masselli, C., Qian, S. (2022). A Preliminary Investigation on Designing of the Novel and First 
Italian elastoCaloric Device, Int. J. Heat Technol., 40(1), pp. 81–90. DOI: 10.18280/ijht.400110. 

[12] Schmidt, M., Schütze, A., Seelecke, S. (2015). Scientific test setup for investigation of shape memory alloy based 
elastocaloric cooling processes, Int. J. Refrig., 54, pp. 88–97. DOI: 10.1016/j.ijrefrig.2015.03.001. 

[13] Welsch, F., Kirsch, S.-M., Michaelis, N., Motzki, P., Schmidt, M., Schütze, A., Seelecke, S. (2018). Elastocaloric Cooling: 
System Design, Simulation, and Realization., Volume 2: Mechanics and Behavior of Active Materials; Structural Health 
Monitoring; Bioinspired Smart Materials and Systems; Energy Harvesting; Emerging Technologies, San Antonio, Texas, 
USA, American Society of Mechanical Engineers, p. V002T08A005. 

[14] Chauhan, A., Patel, S., Vaish, R., Bowen, C.R. (2015). A review and analysis of the elasto-caloric effect for solidstate 
refrigeration devices: Challenges and opportunities, MRS Energy Sustain., 2(1), p. 16. DOI: 10.1557/mre.2015.17. 

[15] Cui, J., Wu, Y., Muehlbauer, J., Hwang, Y., Radermacher, R., Fackler, S., Wuttig, M., Takeuchi, I. (2012). Demonstration 
of high efficiency elastocaloric cooling with large ΔT using NiTi wires, Appl. Phys. Lett., 101(7), p. 073904.  
DOI: 10.1063/1.4746257. 

[16] Tušek, J., Engelbrecht, K., Mikkelsen, L.P., Pryds, N. (2015). Elastocaloric effect of Ni-Ti wire for application in a 
cooling device, J. Appl. Phys., 117(12), p. 124901. DOI: 10.1063/1.4913878. 

[17] Wu, Y., Ertekin, E., Sehitoglu, H. (2017). Elastocaloric cooling capacity of shape memory alloys – Role of deformation 
temperatures, mechanical cycling, stress hysteresis and inhomogeneity of transformation, Acta Mater., 135, pp. 158–
176. DOI: 10.1016/j.actamat.2017.06.012. 

[18] Ossmer, H., Miyazaki, S., Kohl, M. (2015). Elastocaloric heat pumping using a shape memory alloy foil device., 2015 
Transducers - 2015 18th International Conference on Solid-State Sensors, Actuators and Microsystems 
(TRANSDUCERS), Anchorage, AK, USA, IEEE, pp. 726–729. 

[19] Qian, S., Geng, Y., Wang, Y., Ling, J., Hwang, Y., Radermacher, R., Takeuchi, I., Cui, J. (2016). A review of elastocaloric 
cooling: Materials, cycles and system integrations, Int. J. Refrig., 64, pp. 1–19. DOI: 10.1016/j.ijrefrig.2015.12.001. 

[20] Hornbogen, E. (2004). Review Thermo-mechanical fatigue of shape memory alloys, J. Mater. Sci., 39(2), pp. 385–399. 
DOI: 10.1023/B:JMSC.0000011492.88523.d3. 

[21] Eggeler, G., Hornbogen, E., Yawny, A., Heckmann, A., Wagner, M. (2004). Structural and functional fatigue of NiTi 
shape memory alloys, Mater. Sci. Eng. A, 378(1–2), pp. 24–33. DOI: 10.1016/j.msea.2003.10.327. 

[22] Chen, J., Lei, L., Fang, G. (2022). Grain-size effects on the temperature-dependent elastocaloric cooling performance 
of polycrystalline NiTi alloy, J. Alloys Compd., 927, p. 166951. DOI: 10.1016/j.jallcom.2022.166951. 

[23] Huang, X.-M., Wang, L.-D., Liu, H.-X., Yan, H.-L., Jia, N., Yang, B., Li, Z.-B., Zhang, Y.-D., Esling, C., Zhao, X., Zuo, 
L. (2019). Correlation between microstructure and martensitic transformation, mechanical properties and elastocaloric 
effect in Ni–Mn-based alloys, Intermetallics, 113, p. 106579. DOI: 10.1016/j.intermet.2019.106579. 

[24] Chen, J., Xing, L., Fang, G., Lei, L., Liu, W. (2021). Improved elastocaloric cooling performance in gradient-structured 
NiTi alloy processed by localized laser surface annealing, Acta Mater., 208, p. 116741.  
DOI: 10.1016/j.actamat.2021.116741. 

[25] Chen, J., Lei, L., Fang, G., Wang, D. (2023). Achieving great comprehensive elastocaloric cooling performances of 
superelastic NiTi by grain size engineering, Mater. Today Nano, 21, p. 100279. DOI: 10.1016/j.mtnano.2022.100279. 

[26] Tušek, J., Engelbrecht, K., Eriksen, D., Dall’Olio, S., Tušek, J., Pryds, N. (2016). A regenerative elastocaloric heat pump, 
Nat. Energy, 1(10), p. 16134. DOI: 10.1038/nenergy.2016.134. 

[27] Patel, S.K., Behera, B., Swain, B., Roshan, R., Sahoo, D., Behera, A. (2020). A review on NiTi alloys for biomedical 
applications and their biocompatibility, Mater. Today Proc., 33, pp. 5548–5551. DOI: 10.1016/j.matpr.2020.03.538. 

[28] Kabirifar, P., Andrej, Ž., Ahčin, Ž., Porenta, L., Brojan, M., Tušek, J. (2019). Elastocaloric Cooling: State-of-the-art and 
Future Challenges in Designing Regenerative Elastocaloric Devices, Strojniski Vestn. DOI: 10.5545/sv-jme.2019.6369. 

[29] Chluba, C., Ge, W., Lima De Miranda, R., Strobel, J., Kienle, L., Quandt, E., Wuttig, M. (2015). Ultralow-fatigue shape 
memory alloy films, Science, 348(6238), pp. 1004–1007. DOI: 10.1126/science.1261164. 

[30] Engelbrecht, K. (2019). Future prospects for elastocaloric devices, J. Phys. Energy, 1(2), p. 021001. 
DOI: 10.1088/2515-7655/ab1573. 

[31] Pfeuffer, L., Lemke, J., Shayanfar, N., Riegg, S., Koch, D., Taubel, A., Scheibel, F., Kani, N.A., Adabifiroozjaei, E., 
Molina-Luna, L., Skokov, K.P., Gutfleisch, O. (2021). Microstructure engineering of metamagnetic Ni-Mn-based 
Heusler compounds by Fe-doping: A roadmap towards excellent cyclic stability combined with large elastocaloric and 
magnetocaloric effects, Acta Mater., 221, p. 117390. DOI: 10.1016/j.actamat.2021.117390. 

[32] Sehitoglu, H., Wu, Y., Ertekin, E. (2018). Elastocaloric effects in the extreme, Scr. Mater., 148, pp. 122–126.  



 
 
 

G. Costanza et alii, Frattura ed Integrità Strutturale, 70 (2024) 257-271; DOI: 10.3221/IGF-ESIS.70.15 
 

271 
 

DOI: 10.1016/j.scriptamat.2017.05.017. 
[33] Zhang, J., Somsen, C., Simon, T., Ding, X., Hou, S., Ren, S., Ren, X., Eggeler, G., Otsuka, K., Sun, J. (2012). Leaf-like 

dislocation substructures and the decrease of martensitic start temperatures: a new explanation for functional fatigue 
during thermally induced martensitic transformations in coarse-grained Ni-rich Ti–Ni shape memory alloys, Acta 
Materialia, 60(5), pp. 1999-2006. DOI: 10.1016/j.actamat.2012.01.009. 

[34] Gao, Y., Casalena, L., Bowers, M., Noebe, R., Mills, M., Wang, Y. (2017). An origin of functional fatigue of shape 
memory alloys, Acta Materialia, 126, pp. 389-400. DOI: 10.1016/j.actamat.2017.01.001 

[35] Ahadi, A., Kawasaki, S., Harjo, W.-S., Ko, Q., Sun, K., Tsuchiya (2019). Reversible elastocaloric effect at ultra-low 
temperatures in nanocrystalline shape memory alloys, Acta Materialia, 165, pp. 109-117.  
DOI: 10.1016/j.actamat.2018.11.043. 

[36] Cong, D., Xiong, W., Planes, A., Ren, Y., Manosa, L., Cao, P., Nie, Z., Sun, X., Yang, Z., Hong, X., Wang, Y. (2019). 
Colossal elastocaloric effect in ferroelastic Ni-Mn-Ti alloys, Physical Review Letters, 122(25), 255703.  
DOI: 10.1103/PhysRevLett.122.255703. 

[37] Gu, H., Bumke, L., Chluba, C., Quandt, E., James, R.D. (2018). Phase engineering and supercompatibility of shape 
memory alloys, Materials Today, 21(3), pp. 265-277. DOI: 10.1016/j.mattod.2017.10.002 

[38] Hou, H., Simsek, E., Ma, T., Johnson, N.S., Qian, S., Cissé, C., Stasak, D., Al Hasan, N., Zhou, L., Hwang, Y., 
Radermacher, R., Levitas, V.I., Kramer, M.J., Zaeem, M.A., Stebner, A.P., Ott, R.T., Cui, J., Takeuchi, I. (2019). Fatigue-
resistant high-performance elastocaloric materials made by additive manufacturing, Science, 366(6469), pp. 1116-1121. 
DOI: 10.1126/science.aax7616. 

[39] Imran, M., Zhang, X. (2020). Recent developments on the cyclic stability in elastocaloric materials, Mater. Des., 195, p. 
109030. DOI: 10.1016/j.matdes.2020.109030. 

[40] Lin, H., Hua, P., Huang, K., Li, Q., Sun, Q. (2023). Grain boundary and dislocation strengthening of nanocrystalline 
NiTi for stable elastocaloric cooling, Scripta Materialia, 226, 115227. DOI: 10.1016/j.scriptamat.2022.115227. 

[41] Yang, Z., Cong, D.Y., Yuan, Y., Wu, Y., Nie, Z.H., Li, R.G., Wang, Y.D. (2019). Ultrahigh cyclability of a large 
elastocaloric effect in multiferroic phase-transforming materials, Materials Research Letters, 7(4), pp. 137-144.  
DOI: 10.1080/21663831.2019.1571457. 

[42] Liang, Q., Wang, D., Dong, T., Liang, C., Ding, X., Wang, Y. (2024). Low-fatigue large elastocaloric effect in NiTi shape 
memory alloy enabled by two-step transition, Scripta Materialia, 252, 116239. DOI: 10.1016/j.scriptamat.2024.116239. 

[43] Xu, B., Xiong, J., Yu, C., Wang, C., Wang, Q., Kang, G. (2022). Improved elastocaloric effect of NiTi shape memory 
alloys via microstructure engineering: A phase field simulation, Int. J. Mech. Sci., 222, p. 107256.  
DOI: 10.1016/j.ijmecsci.2022.107256. 

[44] Bonnot, E., Romero, R., Mañosa, L., Vives, E., Planes, A. (2008). Elastocaloric Effect Associated with the Martensitic 
Transition in Shape-Memory Alloys, Phys. Rev. Lett., 100(12), p. 125901. DOI: 10.1103/PhysRevLett.100.125901. 

[45] Cao, Y., Zhou, X., Cong, D., Zheng, H., Cao, Y., Nie, Z., Chen, Z., Li, S., Xu, N., Gao, Z., Cai, W., Wang, Y. (2020). 
Large tunable elastocaloric effect in additively manufactured NiTi shape memory alloys. Acta Materialia, 194, 178-189. 
DOI: 10.1016/j.actamat.2020.04.007. 

[46] Sam, J., Franco, B.E., Ma, J., Mani, K. (2021). Additively manufactured superelastic NiTi alloy: Tensile and cyclic 
response, Additive Manufacturing, 40, 101883. DOI: 10.1016/j.addma.2021.101883. 

[47] Saghaian, S.E., Karaca, H.E., Tobe, H., Panchenko, E.Y., Chumlyakov, Y.I., Noebe, R.D. (2017). Effects of aging on 
the shape memory behavior of Ni-rich NiTiHf single crystals, Acta Materialia, 134, pp. 211-220.  
DOI: 10.1016/j.actamat.2017.05.058. 

[48] Tušek, J., Engelbrecht, K., Eriksen, D., Dall'Olio, S., Tušek, J., Pryds, N. (2016). A regenerative elastocaloric heat pump, 
Nature Energy, 1(10), 16134. DOI: 10.1038/nenergy.2016.134. 

[49] Imran, M., & Zhang, X. (2021). Reduced dimensions elastocaloric materials: A route towards miniaturized refrigeration. 
Materials & Design, 206, 109784. DOI: 10.1016/j.matdes.2021.109784. 

[50] Kirsch, S.M., Welsch, F., Michaelis, N., Schmidt, M., Wieczorek, A., Frenzel, J., Eggeler, G., Schütze, A., and Seelecke, 
S. (2018). NiTi-based elastocaloric cooling on the macroscale: From basic concepts to realization. Energy Technol., 6, 
1567–1587. 

[51] Qian, S., Nasuta, D., Rhoads, A., Wang, Y., Geng, Y., Hwang, Y., Radermacher, R., Takeuchi, I. (2016). Not-in-kind 
cooling technologies: A quantitative comparison of refrigerants and system performance, International Journal of 
Refrigeration, 62, pp. 177-192. DOI: 10.1016/j.ijrefrig.2015.10.019. 

[52] Tušek, J., Engelbrecht, K., Eriksen, D., Dall'Olio, S., Tušek, J., and Pryds, N. (2016). A regenerative elastocaloric heat 
pump. Nat. Energy, 1, 16134. 

[53] Mohammed, S., Kök, M., Qader, I.N., Coşkun, M. (2021). A Review Study on Biocompatible Improvements of NiTi-
based Shape Memory Alloys, Int. J. Innov. Eng. Appl., 5(2), pp. 125–130. DOI: 10.46460/ijiea.957722. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


