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Abstract  The ongoing trend of miniaturization and 
increasing power density in miniaturized systems demand 
for active temperature control and cooling. The cooling tech-
nologies utilized today depend on environmentally harmful 
substances or are bound to low efficiencies. This leads to an 
urgent need for innovative cooling technologies that are both 
environmentally friendly and efficient. This report focuses 
on shape memory alloy (SMA) film-based elastocaloric 
(eC) cooling, as SMA films exhibit a large eC effect and 
enable efficient heat transfer through solid-to-solid contact 
due to their large surface-to-volume ratio. Among the dif-
ferent material candidates, TiNiCuCo films are of special 
interest due to their ultra-low fatigue properties and small 
hysteresis. Single-stage SMA film-based eC devices reach 
a device temperature span up to 14 K combined with a high 
specific cooling capacity of up to 19 W g−1. However, abso-
lute cooling capacities in the small-scale device are limited 
to 220 mW and the device temperature span already reaches 
the adiabatic limit of the used SMA film. To overcome the 
limitations in cooling capacity and device temperature span, 
novel advanced device architectures are explored. A paral-
lelized cooling device combining the eC effect of five SMA 

films is engineered to increase the absolute cooling capacity 
up to 900 mW, while it preserves the high specific cool-
ing capacity unique to SMA film-based cooling devices. A 
cascaded eC cooling device is developed, which consists of 
a serial arrangement of three SMA films. In this case, the 
device temperature span is increased beyond the adiabatic 
limit of a single film to 27.3 K. These results provide a basis 
for next-generation SMA film-based eC cooling technology.

Keywords  Elastocaloric cooling · Shape memory alloy 
films · Caloric cooling

Introduction

Presently, approximately 3 billion devices are currently 
deployed for cooling applications, encompassing household, 
commercial, and transport refrigeration, as well as air condi-
tioning systems and heat pumps. These collectively contrib-
ute to 17% of the world’s total electricity consumption [1]. 
While vapor-compression cooling dominates the market for 
macro-scale cooling provision, utilizing a technology that 
has been in existence for two centuries, it relies on vola-
tile gaseous refrigerants with a significant global warming 
potential (GWP). Addressing the cooling needs of miniature-
scale devices is primarily achieved through thermoelectric 
coolers. However, these coolers operate with low energy 
efficiency [2]. Consequently, there is an urgent demand for 
innovative cooling technologies that prioritize both environ-
mental sustainability and high efficiency.

A promising alternative is solid-state cooling based on 
stress-induced thermal changes in superelastic shape mem-
ory alloys (SMA), i.e., elastocaloric cooling (eC), which 
exhibits zero environmental impact due to the absence of 
refrigerant leakage (i.e., zero-GWP) and a high material 
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efficiency approaching the thermodynamic maximum limit 
[3]. Superelastic SMAs exhibit an exceptional eC effect. For 
instance, in NiTi-based SMAs, elastocaloric temperature 
changes can reach up to 30 K [4], and the associated latent 
heats can extend to as much as 30 J g−1 [5]. eC technology 
demonstrates a more favorable scaling behavior compared 
to conventional technologies, making it versatile for both 
miniaturized systems and macroscopic applications [6, 7].

In the domain of macro-scale cooling applications, 
research is predominantly directed towards bulk SMA geom-
etry, encompassing SMA tubes [8, 9], plates [10, 11], and 
wires [12, 13]. Successful eC prototypes employ cascading 
multiple single-stage schemes [13] and an active regenera-
tion scheme [13, 14]. These strategies enhance the tempera-
ture span across devices, addressing the limitations posed 
by adiabatic temperature changes in SMAs. Validation of 
cascading multiple single-stage schemes has been achieved 
through experiments with a three-stage device, showcasing 
a 28.3 K temperature span [13]. Similarly, active regenera-
tion has proven effective in macro-scale eC devices, ini-
tially achieving temperature spans approaching 15 K [13] 
and subsequently expanding to 31.3 K [9], and demonstrat-
ing a cooling power of 260 W [15]. Further enhancement 
of specific heat transfer areas, achieved through a tubular 
NiTi regenerator with a spiral cross-section, has resulted in 
a temperature span of 50.6 K [14]. Despite these advance-
ments, a major drawback of bulk SMA implementation is its 
low operational frequency, typically less than 1 Hz, limiting 
specific cooling capacity due to slower heat transfer rates. To 
mitigate this issue, one proposed heat transfer improvement 
concept involves the utilization of a fluid’s evaporation and 
condensation processes [16, 17]. Additionally, the require-
ment for large hydraulic facilities as well as hysteresis char-
acteristic of NiTi SMAs [18] often result in a lower overall 
coefficient of performance (COP).

SMA films are particularly promising for miniature-scale 
cooling, as they combine an extraordinary eC effect size 
and highly efficient heat transfer due to the large surface-
to-volume ratio of film geometries. The specific cooling 
capacity of film-based eC devices could be an order of 
magnitude larger than that of bulk SMA geometries. This 
suggests that film-based eC cooling holds significant poten-
tial for thermal management in miniature-scale applications, 
including, but not limited to, microelectronics, aerospace, 
biomedical applications such as cooling of biological tissue 
[19], and chemical analytics, e.g., temperature stabilization 
of lab-on-chip systems [20]. Unlike macro-scale eC devices 
that use liquid heat transfer fluids to manage heat flow from 
SMA, the separation of SMA heat flow for film-based eC is 
achieved through solid-to-solid heat transfer contact between 
the film and the heat sink/source surfaces.

In this work, we will present the state-of-the-art in SMA 
film-based eC cooling. We will concentrate on the following 

TiNi-based films: magnetron-sputtered binary TiNi and 
Ti–rich TiNiCuCo films as well as cold-rolled TiNiFe foils. 
Single-stage eC devices with a single SMA film will serve as 
a benchmark of eC cooling performance. This performance 
will be compared with advanced eC system architectures, 
including parallelized and cascaded systems, to point out 
possible routes for overcoming their limitations in cooling 
capacity and device temperature span.

Material Properties of SMA Films

TiNi Films

Binary Ti49.6Ni50.4 films of 20 µm thickness are fabricated 
through DC magnetron sputtering. As the as deposited films 
possess an amorphous crystal structure, the films are crys-
tallized by a two-step heat treatment at 650 °C for 10 min, 
followed by a further stage at 450 °C for another 10 min.

Figure 1 illustrates the thermal–mechanical performance 
of the Ti49.6Ni50.4 film sample. A cyclic tensile test was con-
ducted at a strain rate of 0.02 s−1 on an as-produced sam-
ple. The stress–strain characteristics for the first, second, 
third, and 20th cycles are depicted in Fig. 1a. Throughout 
successive cycles, an incremental accumulation of plastic 
strain is observed. Simultaneously, the stress plateaus exhibit 
increased steepness, and the initially sharp transition from 
the elastic regime to the plateau becomes more rounded. The 
stress–strain curve narrows, indicating a reduction in the 
area enclosed by the trajectory. After 20 cycles, the sample 
manifests a distinctive cigar-shaped characteristic, having 
accumulated a plastic strain of 1.5%.

The preceding discussion establishes a pronounced influ-
ence of cycle number on the superelastic performance of 
TiNi film samples. Consequently, a comprehensive analysis 
of the strain rate dependence on mechanical work input and 
elastocaloric effect size is conducted on samples that have 
undergone sufficient cycles to achieve mechanical behavior 
stabilization. The mechanical work at different strain rates is 
presented in Fig. 1b. Under adiabatic conditions, the meas-
ured mechanical work input is 6.9 MPa, while under isother-
mal conditions, it is 3.2 MPa. Peak temperatures, depicted as 
a function of strain rate in Fig. 1c, are determined by averag-
ing the temperature over a designated test area of 1 mm2 at 
the sample center using IR thermography. In the adiabatic 
limit, reached at a strain rate of 0.2 s−1, the temperature 
change is observed to be 16 K during loading and − 15 K 
during unloading.

TiNiFe Foils

Ternary foil samples with chemical composition 
Ti49.1Ni50.5Fe0.4 have been prepared by cold rolling with 
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a final thickness of 30 μm. The final heat treatment has 
been performed at 450 °C for 30 min. Given the impact 
of the fabrication process on mechanical performance 
concerning sample orientation with respect to the rolling 
direction, tensile tests were executed on samples oriented 
in both the rolling direction (RD) and transverse direc-
tion (TD).

The initial focus is on assessing the dependency of 
mechanical performance of the sample on the cycle num-
ber. Figure 2a illustrates the mechanical performance 
concerning cycle number in both RD and TD. In both 
samples, the stress plateau experiences a reduction dur-
ing loading and unloading as the cycle number increases. 
Cycle-to-cycle deviation reaches its peak in the initial 
cycles and progressively decreases over subsequent 
cycles. For a strain of 3%, within the first 100 cycles, the 
plateau stress of forward transformation decreases by 10% 
for TD and 14% for RD loading. Similarly, the reverse 
transformation plateau experiences a 5% decrease for TD 
and a 12% decrease for RD. The stabilization cycle num-
ber, determined through exponential fits, is approximately 
30 cycles. Analyzing the cycle-dependent eC effect size 
via IR measurements reveals no pronounced impact of 
training on the peak temperature changes. In Fig. 2b, the 
mechanical work of loading and unloading, along with 
the work input (their difference), is depicted as a function 
of strain rate in the RD. The work input increases with 
the strain rate until adiabatic conditions are reached at 
a strain rate of 0.2 s−1. Under adiabatic conditions, the 
measured mechanical work input is 9.5 MPa, whereas 
under isothermal conditions, it is 5.4 MPa. In Fig. 2c, 
the peak temperature changes during loading and unload-
ing at various strain rates are presented. In the adiabatic 
limit, temperature changes of 20.2 K during loading and 
− 15.9 K during unloading are observed. Measurements 
conducted in both RD and TD indicate that the sample’s 
texture orientation plays a minor role in the elastocaloric 
temperature change.

TiNiCuCo Films

The sputter-deposited TiNi films discussed in the preced-
ing section exhibit a substantial eC effect size. However, 
the practical application is limited due to pronounced 
cycle-dependent changes in the eC effect, largely attributed 

Fig. 1   Thermal–mechanical performance of a Ti49.6Ni50.4 film sam-
ple: a Stress–strain characteristics as a function of cycle number [21]. 
Reprinted from H. Ossmer et al., Local Evolution of the Elastocaloric 
Effect in TiNi-Based Films, Shape Memory and Superelasticity, Vol 
1, Pages 142–152, Copyright 2015, Springer Nature; b Mechani-
cal work Wload and Wunload for loading and unloading, as well as 
work input ΔWmat = Wload − Wunload as a function of strain rate [22]. 
Reprinted from Acta Materialia, Vol 81, Ossmer, H., Lambrecht, F., 
Gültig, M., Chluba, C., Quandt, E., & Kohl, M., Evolution of tem-
perature profiles in TiNi films for elastocaloric cooling, Pages 9–20, 
Copyright 2014, with permission from Elsevier; c Peak tempera-
ture changes reached during loading as a function of strain rate [22]. 
Reprinted from Acta Materialia, Vol 81, Ossmer, H., Lambrecht, F., 
Gültig, M., Chluba, C., Quandt, E., & Kohl, M., Evolution of tem-
perature profiles in TiNi films for elastocaloric cooling, Pages 9–20, 
Copyright 2014, with permission from Elsevier

▸
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to significant fatigue [25]. Promising material systems are 
Ti–rich TiNiCu and TiNiCuCo films showing no fatigue 
even after 10 million cycles [26]. Detailed investigations 
of the microstructure showed that the compatibility of aus-
tenite and martensite lattices is an important factor [27]. 
In addition, the small grain size and coherent precipitates 
favor the high reversibility [27]. The Ti55Ni29.6Cu12.6Co2.8 
film samples in this study are fabricated by DC magnetron 
sputtering. The 22 μm thick samples are heat treated by 
rapid thermal annealing at 700 °C for 15 min to ensure 
sample homogenization and recrystallization.

Figure 3a shows selected stress–strain characteristics 
of the first 1000 mechanical load cycles of a TiNiCuCo 
film [28]. In contrast to TiNi films and TiNiFe foils dis-
cussed earlier, TiNiCuCo films exhibit consistently stable 
material behavior right from the initial loading cycle. In 
Fig. 3b, the measured mechanical work input under adi-
abatic conditions is 2.2 MPa, which is reached at a strain 
rate above 0.2 s−1. In comparison, under isothermal con-
ditions, the mechanical work input is lower at 0.7 MPa. 
Figure 3c shows peak temperature changes reached during 
loading as a function of strain rate. Under the adiabatic 
limit, the temperature change is 9.3 K during loading and 
− 12.4 K during unloading.

Local Transformation Behavior

The investigation of localized stress-induced phase trans-
formation is conducted through in-situ Digital Image Cor-
relation (DIC) analysis [21, 22]. In Fig. 4a, the local strain 
is presented within a representative 3 × 2 mm2 test area of 
a TiNiCuCo film sample during loading and unloading. 
Local strain maps derived from the test area at the center of 
the film reveal regions of high local strain, predominantly 
associated with tension-oriented martensite, while regions 
of low strain are predominantly austenitic. The study identi-
fies stress-induced and reverse phase transformations occur-
ring through the nucleation and propagation of Lüders-like 
bands characterized by sharp interfaces. These strain bands 
exhibit an orientation at an angle of 55° with respect to 
the tensile direction, where both possible inclinations are 
observed, resulting in strain bands that either intersect or 
partially overlap [29]. During both reverse and forward 
transformations, strain bands tend to emerge at nearly iden-
tical positions. At lower strain rates, a limited number of 
individual bands nucleate and propagate, primarily near the 
areas where the sample is fixed. The localized strain is cor-
related with a localized temperature distribution, which is 
associated with the release and absorption of latent heat at 
the phase front, as depicted in Fig. 4b.The diagrams unveil 
the occurrence of self-heating during superelastic loading 
and self-cooling during unloading.

Fig. 2   Thermal–mechanical performance of a Ti49.1Ni50.5Fe0.4 foil sample: a 
Stress–strain characteristics as a function of cycle number in rolling direction 
(RD) and transverse direction (TD) [23]. Used with permission of IOP Pub-
lishing, Ltd, from Smart Materials and Structures, Ossmer, H., Wendler, F., 
Gueltig, M., Lambrecht, F., Miyazaki, S., & Kohl, M., 25(8), 2016; permission 
conveyed through Copyright Clearance Center, Inc.; b Mechanical work Wload 
and Wunload for loading and unloading, as well as work input ΔWmat = Wload-
Wunload as a function of strain rate in RD, reprinted from Ref. [24], c Peak tem-
perature changes reached during loading and unloading as a function of strain 
rate, reprinted from Ref. [24], © 2017 Ossmer, use permitted under Creative 
Commons Licence (CC BY-SA 3.0 DE)
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Elastocaloric Properties of SMA Films

The mechanical performance of SMA materials has been 
investigated under two distinct conditions: the isothermal 
limit and the adiabatic limit. Isothermal experiments were 
conducted to determine fundamental material properties 
such as elastic moduli, Clausius-Clapeyron coefficients, 
critical stresses, and stress hysteresis, independent of self-
heating and cooling effects. However, for practical applica-
tions, the more realistic scenario is the adiabatic limit, as 
high cycling rates are desired to achieve large cooling capac-
ity. Under adiabatic conditions, heat release and absorption 
occur rapidly, suppressing significant heat transfer to the 
environment. Consequently, the thermal power primarily 
results in a temperature change within the elastocaloric 
material itself.

The mechanical work input, denoted as ΔWmat, represent-
ing the amount of work required to drive the elastocaloric 
cooling cycle once, is depicted by the area enclosed by the 
stress–strain curve during a load cycle. This work input 
increases with strain rate and reaches a maximum in the 
adiabatic limit. Notably, further increases in the strain rate 
do not lead to a corresponding rise in the work input beyond 
the adiabatic limit, as the maximum temperature changes 
have already been reached. An essential parameter, the adi-
abatic temperature change (ΔTad), is determined through ten-
sile tests conducted under adiabatic conditions, employing 
infrared measurements. The latent heat of the transformation 
(Qlat) is estimated based on ΔTad and the specific heat capac-
ity of the material (cp):

To quantify the efficiency of the elastocaloric effect 
within a material, the material coefficient of performance 
COPmat is defined

The eC properties of the investigated TiNi-based films are 
summarized in Table 1. The values for COPmat for cooling 
are determined by extracting ΔWmat and Qlat from tensile 

Qlat = cp ⋅ ΔTad

COPmat =
Qlat

ΔWmat

tests during the unloading process, assuming full recovery 
of the unloading work. Among the materials studied, sput-
ter-deposited TiNiCuCo films exhibit the highest cooling 

Fig. 3   Thermal–mechanical performance of a Ti55Ni29.6Cu12.6Co2.8 
film: a Stress–strain characteristics as a function of cycle number at 
a strain rate of 0.01  s−1, reprinted from Ref. [28], © 2020 Brueder-
lin, use permitted under Creative Commons Licence (CC BY-SA 4.0). 
b Mechanical work Wload and Wunload for loading and unloading, as 
well as work input ΔWmat = Wload  −  Wunload as a function of strain 
rate, reprinted from Ref. [24], © 2017 Ossmer, use permitted under 
Creative Commons Licence (CC BY-SA 3.0 DE). c Peak temperature 
changes reached during loading as a function of strain rate, reprinted 
from Ref. [24], © 2017 Ossmer, use permitted under Creative Com-
mons Licence (CC BY-SA 3.0 DE)

▸



	 Shap. Mem. Superelasticity

1 3

COPmat of 14, attributed to their notably low hysteresis. 
While the adiabatic temperature changes in these quaternary 
films are somewhat lower compared to binary TiNi samples, 
the advantage lies in their significantly lower hysteresis and 
ultra-low fatigue. In contrast, sputter-deposited TiNi films 
achieve a cooling COPmat of up to 7.7. TiNiFe foils have 
demonstrated cooling COPmat values of up to 10.5.

The functional properties of SMAs can be adjusted 
through various means, such as additional alloying elements 
or specific heat treatments. However, in most cases, hystere-
sis and latent heat cannot be independently tuned within the 
same material. Consequently, achieving an optimal balance 
is essential among the elastocaloric effect, mechanical hys-
teresis, and cyclic stability to ensure effective performance.

Fig. 4   a Local strain and b temperature distribution of a TiNiFe film sample during loading and unloading at a strain rate of 0.02 s−1, reprinted 
from Ref. [24], © 2017 Ossmer, use permitted under Creative Commons Licence (CC BY-SA 3.0 DE)

Table 1   Summary of elastocaloric properties of SMA materials, 
determined by tensile test and infrared thermography. All measure-
ments are conducted under the trained state of the SMA materials. 
The COP values provided in the analysis assume full recovery of the 

unloading work. Critical stress characterization under isothermal con-
ditions involves the tangential method. AM refers to the austenite to 
martensite phase transformation, while MA denotes reversibility

Ti49.6Ni50.4 Ti49.1Ni50.5Fe0.4 Ti55Ni
29.6Cu
12.6Co2.8

Thickness [mm] 0.02 0.03 0.022
AM critical stress [MPa] 500 475 390
MA critical stress [MPa] 410 340 365
Isothermal work input [MPa] 3.2 5.4 0.7
Adiabatic work input [MPa] 6.9 9.5 2.2
Latent heat [J/g] 7.5 8.6 6.25
Adiabatic temperature change (heating) [K] 16.4 20.2 9.3
Adiabatic temperature change (cooling) [K] − 15.1 − 15.9 − 12.4
COPmat (cooling) 7.7 10.5 14
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Single SMA Film‑Based Elastocaloric Cooling 
Device

Concept

Figure 5a presents a schematic of single SMA film-based 
eC cycle. The innovative concept is predicated on the cyclic 

loading of SMA films in out-of-plane direction, solid-to-
solid heat transfer from and to the SMA film, and the sepa-
ration of the hot and cold heat flows by alternating contact 
conditions [27, 30]. The setup comprises four principal com-
ponents: a SMA film, a solid heat sink, a solid heat source, 
and an actuation mechanism, as denoted by the directional 
arrows. This configuration necessitates only a single actuator 

Fig. 5   a Single SMA film-
based elastocaloric cool-
ing cycle, b Corresponding 
temperature-entropy diagram, 
adapted from Ref. [30]
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to alternate between contact conditions and to facilitate the 
cyclic loading of the SMA film.

The heat sink is uniquely designed with a triangular-
shaped surface that engages the SMA film through out-of-
plane loading. Conversely, the heat source is equipped with 
a flat surface, allowing the SMA film to make contact in a 
low-stress state, thus facilitating heat absorption. To opera-
tionalize this setup, the SMA film initially moves towards 
the heat sink and is pressed against it (step 1). This action 
results in the simultaneous loading of the SMA film and 
its contact with the heat sink. Consequently, the latent heat 
of transformation is released heating the SMA film. Heat 
transfer to the heat sink occurs via mechanical contact (step 
2) and is maintained sufficiently long to approach stationary 
conditions. Subsequently, the SMA film is repositioned in 
the opposite direction (step 3), releasing the load and trig-
gering the reverse transformation. This process results in 

the absorption of latent heat within the SMA film, thereby 
cooling it. The cooled SMA film is then brought into contact 
with the heat source (step 4), enabling heat absorption. This 
process is analogous to the reverse Brayton cycle, as illus-
trated in Fig. 5b. From a thermodynamic perspective, the 
single film-based eC device exhibits a limited device tem-
perature range, ΔTdev, defined as the temperature difference 
between the heat sink and source. This range is constrained 
by the adiabatic temperature span of the SMA film, ΔTad.

Device Prototype and Experiment Results

Figure 6a shows the schematic and photographic depiction 
of the single film-based eC device [27, 31]. The spring-
like compliant structures, as opposed to more rigid sup-
ports, significantly diminish the need for precision in fab-
rication, alignment, and operation. Furthermore, they are 

Fig. 6   a Schematic setup and photo of the single film-based elastoca-
loric cooling device, b temperature evolution of heat sink and source 
elements, c frequency dependence of device temperature span ΔTdev, 

specific cooling capacity q̇0cool and COPdev. Figures reprinted from 
Ref. [28], © 2020 Bruederlin, use permitted under Creative Com-
mons Licence (CC BY-SA 4.0)
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instrumental in ensuring uniform and reproducible mechani-
cal and thermal contact between the SMA film and the cop-
per elements. The heat sink is strategically designed with a 
12.7° angle, facilitating a strain of 2.5% on the SMA film 
when in full contact. The heat source incorporates a slight 
angle to promote optimal and consistent mechanical and 
thermal contact. As the active material, a TiNiCuCo film 
with a thickness of 30 μm is employed. The prototype of the 
device is fabricated by precision machining for the copper 
elements and stereolithographic 3D printing for the support 
structure.

Figure 6b illustrates the temporal evolution of the tem-
peratures of the heat sink and source elements. The plotted 
data represent the difference between the temperatures of 
the sink/source and the ambient environment. A range of 
experiments was conducted at varying operational frequen-
cies, denoted as f, ranging from 0.5 to 4 Hz. The observed 
temperature variations display a stepwise pattern, indicative 
of the changing contact states between the SMA film and the 
sink/source elements. At higher operation frequencies f, the 
device exhibits a swifter attainment of saturation and higher 
temperature changes.

Figure 6c depicts the device’s temperature span under 
saturation (ΔTdev) alongside its specific cooling capacity 
(q ̇0cool) and the COPdev, all as functions of frequency f. The 
ΔTdev escalates with increasing f but shows a tendency to 
saturate, with only marginal increments observed beyond 
2 Hz. The maximum ΔTdev achieved is 14 K at 4 Hz, where 
the maximum q ̇0cool attains a value of 19 W g−1, correlat-
ing to an absolute cooling capacity of 220 mW. In terms of 
efficiency, as measured by COPdev, the peak value of 6.7 is 
reached at the lowest frequency of 0.5 Hz. The single film-
based eC device demonstrates key performance characteris-
tics that establish it as a reference standard within film-based 
eC devices.

Parallelized SMA Film‑Based Elastocaloric 
Cooling Device

Concept

The reference eC device has demonstrated its efficacy in 
delivering a large specific cooling capacities of up to 19 
W  g−1, which translates to an absolute cooling power 
of about 220 mW per SMA film. To extend the range of 
potential applications for SMA film-based eC devices, an 
advanced parallelized approach has been proposed, aimed 
at enhancing the absolute cooling capacity [27, 31]. This 
approach, depicted in Fig. 7b, involves the parallel arrange-
ment of SMA films. Through this configuration, the 
advantageous high surface-to-volume ratio of SMA films 

is preserved, while simultaneously aggregating their cool-
ing capacities in proportion to the number of SMA films 
utilized.

Device Prototype and Experiment Results

Figure 8a presents both a schematic representation and a 
photograph of the parallelized film-based eC device. The 
SMA films in this device are configured antagonistically 
to enable work recovery, thereby augmenting the overall 
efficiency. Upon actuation in the positive x-direction, SMA 
films labeled 1, 3, and 5 are subjected to loading as they 
are pressed against extrusions A, C, and E. Concurrently, 
films 2 and 4 are relieved of load and make contact with 
extrusions B and D. As a result, films 1, 3, and 5 conduct 
heat to the heat sink, while films 2 and 4 absorb heat from 
the heat source. With a subsequent movement of the frame 
in the reverse direction, films 1, 3, and 5 are unburdened 
and engage with extrusions B, D, and F for heat absorption. 
Simultaneously, films 2 and 4 are pressed against extrusions 
C and E, thereby relinquishing heat to the heat sink. This 
cyclical operation facilitates a continuous heat flow from 
the heat source to the heat sink, mediated by all SMA films. 
In this configuration, the contact surfaces for the five SMA 
films are integrated into a single monolithic element. Thus, 
the heating and cooling power transferred to the heat sink 
(A, C, E) and source (B, D) by the five SMA films cumula-
tively contribute to each operational cycle. The active mate-
rial employed in this demonstrator device consists of NiTiFe 
films, each with dimensions of 56 mm in length, 4 mm in 
width, and a thickness of 30 µm.

Fig. 7   Concept for enhancement of cooling capacity of SMA film-
based eC cooling devices: a reference eC device with single SMA 
film b advanced eC device with various SMA films operated in paral-
lel, adapted from Ref. [28]
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Figure 8b and c present experimental results showing 
the temperature evolution of the heat sink and source, 
device temperature span, specific cooling capacity, and 
COPdev at various frequencies. A maximum ΔTdev of 4.4 K 
is reached at 1 Hz, lower than the single eC device, likely 
due to the significantly increased mass of the sink and 
source elements. The COPdev remains comparable to the 
single film device, indicating no significant effect of par-
allelization on efficiency. At 1 Hz, the maximum q ̇0cool is 
4.67 W g−1, leading to an absolute cooling capacity ( Q̇c ) 
of 0.9 W. Compared to the single film-based eC device at 

the same frequency, the specific cooling capacity is almost 
equal for both devices. The absolute cooling capacity of 
the reference device at 1 Hz is 50 mW, which is increased 
substantially by a factor of 18 attributed to the combined 
eC effect of five SMA films and their increased dimen-
sions. However, the potential of higher operation frequen-
cies has not yet been exploited due to experiment restric-
tions. Further improvements in the experimental device 
and test platform are expected to reveal the full potential 
of the parallelized eC cooling setup.

Fig. 8   a Schematic setup and photo of the parallelized SMA film-
based elastocaloric cooling device. In the photo, the heat source 
(B, D) is not included to enable the view of the SMA films. b Tem-
perature evolution of heat sink and source elements (c) Frequency 

dependence of device temperature span ΔTdev, specific cooling capac-
ity q̇0cool and COPdev, reprinted from Ref. [28], © 2020 Bruederlin, 
use permitted under Creative Commons Licence (CC BY-SA 4.0)
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Cascaded SMA Film‑Based Elastocaloric Cooling 
Device

Concept

In the reference eC device, the device temperature span is 
inherently constrained by the adiabatic temperature change 
of the SMA film, as depicted in Fig. 5b. To surmount this 
limitation, a cascaded system architecture, illustrated in 
Fig. 9a, is proposed [27, 29]. This cascaded system employs 
a series connection of SMA films, wherein the cooling and 
heating capacities of one film are utilized to precool or pre-
heat the adjacent film. Consequently, while the temperature 
span of each individual element remains limited as previ-
ously discussed, the cumulative effect in a cascaded arrange-
ment transcends these individual limitations. The operation 
temperatures of the cascaded elements differ, thereby ampli-
fying the overall temperature span of the system. Figure 9b 
delineates the temperature-entropy diagram for cascaded 
SMA films.

Figure 10a displays a photograph of a demonstrator with 
three NiTiFe films arranged in a cascade. The experimental 

setup primarily consists of four copper elements, labeled A 
to D, which serve dual roles as heat sinks and sources. Each 
of the SMA films measures 32 mm in length, 3 mm in width, 
and 40 µm in thickness. In this configuration, film 1 and film 
3 are directly involved in heat absorption and release from 
the heat source (A) and to the heat sink (D), respectively. 
The intermediary copper elements (B and C) act as thermal 
connectors, simultaneously functioning as a heat sink for one 
film and a heat source for another. Different from the out-of-
plane loading approach, here the SMA films are subjected to 
in-plane loading, necessitating two actuators: one for loading 
the SMA films and another for altering the thermal contacts. 
This arrangement has been chosen to provide enhanced flex-
ibility in adjusting and investigating operational parameters 
individually, such as maximum applied strain and loading 
strain. Mechanical compliance in the contact of SMA film 
and the heat sink and source elements is of high importance 
for device operation. This is accomplished by making use 
of the material compliance of an elastomer rather than the 
structural compliance of a spring. A compliant element 
made of PDMS is incorporated between the copper elements 
and the support structure.

Figure 10b illustrates the temperature evolution of copper 
elements A through D in the cascaded eC device operating 
at 1 Hz. The experiment yields a cooling capacity of 190 
mW, equivalent to 3.4 W g−1, and a COPdev of 1.9. Notably, 
a temperature differential of approximately 9 K is observed 
between each pair of adjacent elements (A and B, B and C, 
C and D). Consequently, the cumulative temperature span of 
the device at 1 Hz is determined by summing the tempera-
ture differences between these neighboring copper elements, 
resulting in a total ΔTdev of 27.3 K. Cascading of SMA films 
has a minor effect on the cooling power, while the COPdev 
decreases with the number of films due to the increase of 
input work.

Performance Overview of the SMA Film‑Based 
Devices

Table 2 provides a comprehensive overview of the cooling 
performance metrics for SMA-film-based eC devices. In 
the reference system, peak performance is observed at an 
operating frequency of 4 Hz, achieving a maximum device 
temperature span of 14 K and a cooling capacity of 19 
W g−1 or 220 mW. This positions the single film device as a 
benchmark for subsequent advancements in this research. A 
parallelized device configuration significantly enhances the 
absolute cooling capacity to 900 mW at same frequency with 
single device, an 18-fold increase. These results validate the 
parallelized device architecture as an effective means to aug-
ment the absolute cooling capacity, with no fundamental 
limitations identified against further scaling. The cascade 

Fig. 9   Concept for enhancement of adiabatic temperature change 
of SMA film-based eC cooling devices: a Schematic of a cascaded 
architecture comprising three SMA films and four heat sink/source 
elements. The films are loaded in-plane (1), while the heat sink/
source elements are actuated in perpendicular direction (2), (b) cor-
responding temperature-entropy diagram, adapted from Ref. [28]
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device achieves a maximum temperature span of 27.3 K, 
more than double the 10.6 K observed in single film devices, 
through the combined effect of three SMA films. Cascading 
the elastocaloric effect in a single device is thus proven as 
an effective strategy for increasing the temperature span. 
Employing SMA films with tailored transition temperatures, 
corresponding to varied operational temperature ranges, 
could further enhance the temperature span of the cascaded 
device.

The primary challenges in these advanced eC cooling 
devices (parallelized and cascaded) are the precision and 
repeatability required in loading the SMA films, impacting 
both the films’ lifespan and the feasible operation frequen-
cies due to heightened demands on actuator precision. Addi-
tionally, the likelihood of film failure increases statistically 
in these advanced systems due to the larger number of films 
used. Addressing these issues necessitates enhanced fabri-
cation and alignment precision, while reducing precision 
demands through compliant structures. Moreover, enhancing 

Fig. 10   a Photo of the cascaded SMA film-based eC cooling device 
and components of the device, b Temperature evolution of the copper 
elements A to D of the device at 1 Hz. The temperatures are plotted 
as temperature difference between the absolute temperature and the 

initial starting temperature. c IR thermographs of the device. Ther-
mographs are taken before, after 10  s, and after 80  s of operation, 
adapted from Ref. [28]

Table 2   Performance overview of the SMA film-based elastocaloric 
cooling devices. Indicators: operation frequency f, device temperature 
span ΔTdev, absolute cooling capacity Q̇c , specific cooling capacity 
q0̇

cool, coefficient of performance COPdev

Device f [Hz] ΔTdev [K] Q̇c[mW] q0̇
cool [W/g] COPdev

Single system 0.5 6.3 20 1.7 6.7
1 9.7 50 4.2 5.8
2 12.6 121 10.3 4.3
4 14 220 19 2.4

Parallelized 
system

0.25 1.1 229 1.2 4.5

0.5 2.3 436 2.3 3.7
1 4.4 902 4.7 3.2

Cascaded system
 1 film 1 10.6 168 9 –
 2 films 1 21 189 5 –
 3 films 1 27.3 193 3.4 1.9
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the heat transfer between SMA films and heat sink/source 
could further improve device performance. Potential meth-
ods include improving surface quality, adding additional 
conductive layers, or integrating thermal switches.

In the following, we attempt to compare performance 
properties of the SMA film-based eC cooling demonstra-
tors with various other macro-scale eC devices. Obviously, 
such a comparison has to be considered with care, as the 
devices largely differ by various engineering properties 
such as the SMA refrigerant in use and the heat transfer 
concept. Also, the anticipated target requirements might be 
quite different due to the different application scenarios at 
miniature and macro scales. Figure 11 offers a comparative 
analysis of the performance of various reported eC cooling 
prototypes. The key performance indicators considered are 
the maximum reported absolute cooling capacity ̇(Qc,max) at 
zero temperature span and the maximum reported tempera-
ture span (ΔTdev,max) at zero absolute cooling capacity. A 
comprehensive list of the publications referenced is provided 
in Table 3. Based on the geometry of SMA materials, eC 
devices are categorized into several types: films/foil, wires, 
tubes, and plates. The highest reported ΔTdev,max and Q̇c,max 
to date are 50.6 K [14] and 283.9 W [15], respectively. These 
figures underscore advancements in the active regeneration 
concept, which employs solid-to-fluid heat transfer between 
the SMA and the heat sink/source. The figure illustrates that 
tube-based eC devices exhibit a broader temperature span 
compared to other SMA material geometries. This is attrib-
uted to two factors: first, the utilization of active regenera-
tion [9, 15], composed of parallel SMA tubes of sufficient 
length, which enhances the regeneration process and leads 
to a wider temperature span. Second, the use of a tubular 
SMA regenerator with a spiral cross-section structure [14], 
offering a larger specific heat transfer area, further contrib-
utes to increasing the temperature span. For film-based eC 
cooling, the simplicity and ease of integration offered by 
solid-to-solid contact, particularly for electronic components 
and chips, makes it a viable option for miniature scale.

Conclusions

This paper gives an overview on SMA film-based elastoca-
loric cooling. The need for new innovative cooling technolo-
gies that avoid critical substances and provide efficient cool-
ing is constantly increasing in various application fields. The 
ongoing trend of miniaturization and resulting increased heat 
flux densities pose severe challenges for today’s technology 
trends and raise the demand for new efficient technologies 
for cooling and temperature control at small scales. EC cool-
ing is a new solid-state-based technology. It has the poten-
tial to provide efficient and environmentally friendly cooling 
at various scales. The ideal eC material combines a large 
eC effect size in terms of latent heat of the transformation, 
isothermal entropy change or adiabatic temperature change 
with a low work input and therefore high efficiency as well 
as a high fatigue resistance. In this respect, TiNiCuCo films 
are of special interest for eC cooling due to their ultra-low 
fatigue properties and small hysteresis. An eC device has to 
fulfill several tasks to provide useful cooling and to utilize 
the promising eC effect. This includes, in particular, cyclic 
loading of the SMA film(s) to trigger the phase transforma-
tion and the related eC effect, transfer of the heat released in 
the eC material during loading out of the element (hot heat 
flow) and of the heat absorbed during unloading back into 
the element (cold heat flow), as well as the separation of the 
resulting hot and cold heat flows. These tasks are achieved 

Fig. 11   Comparisons of maximum reported absolute cooling capac-
ity Q̇

c,max
 at zero temperature span and maximum reported tempera-

ture span ΔTdev,max at zero absolute cooling capacity. The correspond-
ing publication list is given in Table 3

Table 3   Performance of reported elastocaloric cooling prototypes. 
Superscript a is for heating power

References Material Geometry ΔTdev,max [K] Q̇
c,max

[W]

[6] TiNiCuCo Film/foil 14 0.22
[8] NiTi Tube 4.7 65
[9] NiTi Tube 31.3 74a

[13] NiTi Wire 28.3 1.04
[13] NiTi Plate 15.3 4.5a

[14] NiTi Tube 50.6 203.5
[15] NiTi Tube 22.5 283.9
[16] NiTi Tube 5.6 7.9
[23] TiNiFe Film/foil 9.4 0.045
[28] TiNiFe Film/foil 27.3 0.19
[32] TiNiFe Film/foil 4.4 0.90
[33] TiNiFe Film/foil 7 0.02
[34] NiTi Tube 1.5 38
[35] TiNiFe Film/foil 13.0 0.12
[36] NiTi Wire 1.8 0.05
[37] Rubber – 7.9 0.877
[38] NiTi Tube 5.0 1.63
[39] Rubber – 5.2 0.92
[40] NiTi Wire 9.2 3.1
[41] NiTi Tube 8 4.2
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in film-based eC cooling devices by an oscillating linear 
actuation and heat transfer via solid–solid contact between 
SMA film(s) and heat sink/source elements. Owing to the 
film’s large surface-to-volume ratio, this approach proves to 
be highly suitable for efficient heat transfer avoiding the need 
of a heat transfer fluid.

The development and characterization of single-stage, parallelized, 
and cascaded SMA film-based eC demonstrators in this study showcase 
their versatility and scalability. The single-stage device operated by a 
single SMA film allows for a 14 K temperature span and a specific 
cooling capacity of 19 W g−1 at 4 Hz, leading to a 220 mW absolute 
cooling capacity serving as a reference for further advanced SMA 
film-based eC systems. The parallelized design effectively increased 
the cooling capacity to 900 mW. The cascaded device, addressing 
temperature span limitations, attained a temperature span of 27.3 K. 
This research emphasizes the potential of SMA film-based eC cool-
ing as a sustainable and efficient solution for thermal management 
in small-scale applications, such as microelectronics and biomedical 
chips. While there are challenges like precise loading of SMA films and 
further optimizing heat transfer, future advancements in fabrication and 
design optimization hold the promise of enhancing the performance 
and wider applicability of these cooling devices.
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