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Abstract 
A new concept of upscaling a shape memory alloy (SMA) film based elastocaloric cooling device 
is presented by arranging SMA films in parallel to increase the specific cooling capacity at low 
actuation force, while maintaining the large surface-to-volume ratio needed for rapid heat transfer. 
Selected materials are cold-rolled TiNiFe films that exhibit maximum adiabatic temperature 
changes of 27.3 and -18.1 K upon loading and unloading, respectively. Demonstrators are designed, 
fabricated and characterized consisting of five free-standing TiNiFe film bridges that are coupled 
antagonistically for work recovery. Thermomechanical cycling is performed by out-of-plane 
deflection of the SMA bridges, while heat transfer is established through mechanical contact with 
solid heat sink/source elements. The cooling capacity of the demonstrators scales with the number 
of active SMA films, which confirms the concept of parallelization for upscaling. Investigated 
demonstrators reach a maximum cooling capacity of about 900 mW compared to a maximum of 
about 200 mW achieved for reference devices consisting of a single TiNiFe film. The investigation 
also reveals a number of open issues related to narrow fabrication tolerances upon upscaling, which 
may cause different plastic straining and varying inhomogeneous stress accumulation among the 
individual SMA films. 
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1. Introduction 
The growing need for efficient, environmentally friendly refrigeration leads to an increased 
demand for innovative, eco-friendly cooling technologies. Ferroic solid-state cooling based on 
caloric effects is among the most promising candidates, as they do not rely on refrigerants 
contributing to global warming [1]. Especially elastocaloric cooling stands out as the caloric 
technology having the highest potential to replace environmentally harmful vapor compression 
and energy-inefficient thermoelectrics [2]. Elastocaloric cooling is based on a reversible stress-
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induced martensitic phase transformation. Large elastocaloric effects have been observed, e.g., in 
copper-based shape memory alloys (SMAs) showing temperature changes ∆T up to 15 K [3] and 
in TiNi based alloys reaching ∆T up to 40 K [4,5]. 
The elastocaloric behavior depends on a martensitic transformation occurring at atomic scale that 
affects the coupled mechanical and thermal performance at larger scales up to the macro scale. 
Austenite exists at high temperature and low stress and features a cubic crystal structure with high 
crystallographic symmetry, whereas martensite is metastable at low temperature and high stress 
and has a lower crystallographic symmetry [6,7]. When the material in austenitic state is uniaxially 
loaded above a certain critical stress, the phase transformation occurs exothermically. Heat is either 
released to the surroundings at low strain rates and thus under quasi-isothermal conditions or it 
causes an increase of the material’s temperature at high strain rates near adiabatic conditions. 
Reportedly, elastocaloric cooling has the potential to achieve material level efficiencies in the 
order of 80% of the thermodynamic maximum (Carnot efficiency) [8], which is about 20% higher 
than that reached by vapor-compression systems. 
Despite the encouraging perspective, it remains a fairly underexplored technology. To be suitable 
for the cooling sector, an elastocaloric material has to meet several critical requirements including 
large latent heat of phase transformation, high adiabatic temperature change at the intended 
operating temperature, high fatigue resistance, low heat capacity and high thermal conductivity, 
whilst being easily manufacturable [9–11]. Recently, several macro-scale demonstrators have been 
developed by making use of TiNi wires [12,13], TiNi tubes [14] and plates [15,16], and by 
considering different layouts and modes of operation. Among the few demonstrators realized, the 
maximum experimentally measured COP for heating (quotient of released heat and applied work) 
of 7 at the macroscale refers to a demonstrator based on active regeneration [15]. The use of SMA 
films and foils has the advantage to enable rapid heat transfer due to their large surface-to-volume 
ratio, which is particularly attractive for miniature scale applications [10,17,18]. At the miniature 
scale, cooling demonstrators based on SMA films using contact heat transfer show a COP upon 
cooling (quotient of absorbed heat and applied work) of up to 6.7 and high specific cooling power 
(nearly 19 W/g) [18], while requiring comparatively low actuation forces [19]. 
The maximum cooling capacity is limited by the latent heat of the film undergoing stress-induced 
phase transformation, film mass and cycling frequency. Test devices based on a single SMA film 
of 30 µm thickness reveal maximum values of cooling capacity of 200 mW [18]. While this power 
level might be suitable for thermal control at the micro scale, upscaling will be essential to meet 
the demands of cooling applications at larger scales. Therefore, we propose the new concept of 
upscaling by arranging SMA films in parallel to increase the overall film mass, while maintaining 
the large surface-to-volume ratio needed for rapid heat transfer and high specific cooling capacity. 
Thus, the motivation of this investigation is to explore how film-based elastocaloric cooling can 
be tuned for different application-specific dimensions. Parallelization makes use of the high 
specific cooling capacity, fast heat transfer and low actuation forces typical for film-based 
elastocaloric cooling.  
 
2. Material properties 
Superelastic Ti50.5Ni49.1Fe0.4, films are prepared by cold-rolling with two thicknesses of 30 and 
40 µm for materials testing. For convenience, these materials will be denoted as SMA films in the 
following. Final heat treatment is performed at 500 °C for 30 min. For the lateral dimensions the 
films are mechanically cut in rolling direction taking into account the texture dependency of the 
elastocaloric effect in the material [19,20]. 
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Mechanical characterization is performed by tensile testing. During tensile loading and unloading, 
the surface temperature distribution of the SMA film is recorded by infrared thermography. 
Therefore, specimens are coated with a graphite spray to homogenize the emissivity at about 0.95. 
All tests are conducted at ambient temperature. After initial training to stabilize the material 
behavior, samples are tested at strain rates from 10-4 to 1 s-1 in strain-control mode. Regardless of 
the strain rate, a 10 s holding time is allowed between loading and unloading and between each 
cycle for thermal equalization with the surroundings. 
Figure 1 a) shows superelastic stress-strain characteristics of the material for different strain rates 
(dotted lines). At very low rate of 10-4 s-1, the heat exchange with the environment dominates 
resulting in quasi-isothermal conditions. In this case, the critical stress of forward and reverse 
transformation are determined to be 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴−𝑀𝑀 =419.8 MPa and 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀−𝐴𝐴 =205.6 MPa, respectively. 
Assuming work recovery, the work input needed to drive the SMA material through the full 
loading cycle is represented by the area enclosed by the loading and unloading path in the stress 
strain diagram, which is 10 MJ/m³ at the given strain rate. The input work increases with the strain 
rate due to the self-heating and -cooling effect by 110 % in the given range. 
Figure 1 b) shows the strain rate-dependence of maximum and minimum temperature as well as 
of the input work. Experimental data are overlapped in the form of an error bar to account for the 
slight variations recorded over different cycles. When strain rates are increased, the latent heat of 
the phase transformation cannot be released completely to the ambient causing self-heating upon 
loading and self-cooling upon unloading. A saturation of the temperature change for increasing 
strain rate occurs at about 0.3 s-1 in agreement with [21], reflecting the adiabatic limit, above which 
heat exchange of the specimen with the ambient can be neglected. Adiabatic temperature changes 
of 27.3 K for heating and of -18.1 K for cooling are reached. Similar heating/cooling asymmetries 
are observed in literature, e.g. on cold-drawn TiNi wires [22]. Figure 1 c) illustrates the 
temperature evolution of the SMA foil during one load cycle at a strain rate of 1 s-1. The stress 
induced transformation from austenite to martensite during loading leads to a steep increase of 
temperature. During the holding time of 10 s the temperature reduces to ambient. Subsequent 
unloading leads to the reverse phase transformation, heat absorption and a corresponding 
temperature drop. Figure 1 d) shows corresponding surface temperature profiles of the specimen 
at distinct times in the elastocaloric cycle. The observed inhomogeneities in temperature profiles 
correlate with inhomogeneities in strain profiles. In particular, digital image correlation 
measurements reveal formation and propagation of Lüder’s like bands that increase in number for 
increasing strain rate resulting in a fairly homogeneous temperature profile in the adiabatic limit. 
A detailed investigation of the strain-rate dependent non-local transformation behavior of the SMA 
film specimens can be found in [23], where mesoscale simulations predict the correlated 
mechanical and thermal local response of the films including band formation and evolution, tilt 
angle as well as strain-rate dependence. At the macro scale, further inhomogeneities may occur, 
e.g., due to non-uniform loading or fabrication tolerances. 
In this study, the macroscale material behavior is simulated using the finite element method based 
on a 3D Tanaka-type phenomenological model assuming material isotropy and two-phase 
transformation between high temperature austenitic and low temperature martensitic phase (see 
Appendix). The simulation of a load cycle starts from a fully austenitic stress-free state. At the end 
of each cycle, the stress-strain and thermal profiles are determined. The integrals of the loading 
and unloading characteristics are computed and subtracted to obtain the non-recoverable work 
input. The simulation results are plotted in Figure 1 a-c) alongside with the experimental results. 
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The efficiency of the elastocaloric performance of the SMA at the material level can be determined 
by the material coefficient of performance. For heating and cooling, it is calculated as follows: 

𝐶𝐶𝐶𝐶𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 =  𝜌𝜌∙𝑐𝑐𝑝𝑝∙∆𝑇𝑇𝑎𝑎𝑎𝑎
∆𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

. ( 1 ) 

The product of specific heat capacity and measured adiabatic temperature change 𝑐𝑐𝑝𝑝 ∙ ∆𝑇𝑇𝑎𝑎𝑎𝑎  in Eq.1 
estimates the released (absorbed) latent heat. The investigated SMA films show a specific latent 
heat of 12.3 J/g for the exothermic forward transition from austenite to martensite and 8.2 J/g for 
the endothermic reverse transition. The input work (ΔWinput) is determined from the hysteresis of 
the stress-strain characteristics as displayed in Figure 1 a) by numerical integration. Thereby, we 
assume complete work recovery upon unloading. Mechanical hysteresis (input work) and latent 
heat are saturating for increasing strain rate in the considered range (Figures 1 a-b). At adiabatic 
conditions, the material coefficient of performance for heating (COPmat,h) reaches 3.8. 
 

 
Figure  1: Experimental and simulation results for the 40 μm thick TiNiFe films: a) stress-strain 
characteristics at various strain rates, b) semi-logarithmic plot of temperature and work input 
versus strain rate, c) time-resolved evolution of average temperature under adiabatic conditions, 
d) IR thermographs recorded during loading and unloading at a time interval of 0.25 s. Average 
temperatures T1/T3 and T2/T4 correspond to the beginning and end of loading/unloading, 
respectively. 

 
3. Concept of upscaling  
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The current developments in film-based elastocaloric devices mark pivotal steps towards the 
realization of innovative cooling and heat pumping systems for applications at the miniature scale. 
Upscaling of SMA film-based devices may lead to distributed cooling systems that pave the way 
for applications at larger scales. 
In the following, the concept and operation principle of the demonstrators for upscaling are 
presented and include five SMA films arranged in parallel. The number of films has been limited 
by the available actuator for loading. Figures 2 a) and b) show a schematic of the demonstrator 
compared to the concept of a single SMA bridge device developed previously [18]. The overall 
film mass is increased by arranging the films in a parallel configuration of SMA bridges. In this 
approach, the thickness of SMA films is not changed to maintain the large surface-to-volume ratio 
needed for rapid heat transfer. Freestanding SMA films are supported by a holding frame on both 
ends. They are loaded by out-of-plane deflection using the concept of solid-to-solid heat transfer 
similar to the concept of single SMA bridge device [19,24]. As shown in Figure 2 b), the heat sink 
elements have a functional surface on both sides, so that heat transfer occurs twice within a single 
operation cycle with two different SMA films. All heat sink and source elements are connected in 
the third dimension that is not displayed in the schematic. Through the thermal connection of sink 
and source elements the heating and cooling capacities of the single films are interconnected in a 
parallel manner, respectively, and thus add up. 
 

 
Figure 2: Schematic of the parallelized design and of operation cycle: a) design concept of single 
SMA bridge device, b) proposed design modifications to operate five SMA films in parallel, c) 
typical operation cycle and role of the actuator. 

The operation cycle of the parallelized setup is displayed in Figure 2 c). The cycle starts from the 
position displayed in step 1 with slightly pre-strained SMA films at half-way position between 



6 
 

sink and source elements. As the linear actuator moves the support structure to the right (step 1), 
three films are pressed against the diamond-shaped heat sink elements and generate heat upon 
loading. The diamond shaped heat sink has no sharp edges but it is rounded to about 1 mm in 
radius at the tip. As the bending radius is large compared to the film thickness, tensile strain given 
by the cone angle of heat sink is dominating, while bending strain is negligible in the present case 
of deflection loading of the films. During full contact between film and heat sink (end point of 
loading), frictional forces become important. In this case, the assumption of dominating tensile 
strain is no longer valid, but also irrelevant as this is the point at which the transformation is 
completed and heat transfer occurs. Compared to pure tension, the force to be applied can thus be 
reduced considerably [19,24]. The other two films release stress and cool down while contacting 
the nearly flat heat source elements. These steps occur simultaneously as the result of the same 
mechanical action, requiring only a single linear actuator. At the right end position (step 2) the 
films reach maximum and minimum stress respectively. After a specified holding time for the heat 
transfer, the actuator inverts its motion (step 3) so that loaded films progressively relax, while 
relaxed ones become loaded. At the left end (step 4) three SMA films are held in contact with the 
heat source elements and two SMA films are held against the heat sink elements for as much time 
as during step 2. The temperature lift between source and sink elements increments at each cycle 
until a steady-state condition with the ambient is established. In the setup, loading and unloading 
of films always occurs side by side. The pre-straining and antagonistic coupling of the films 
ensures that the work released during unloading of SMA films is used to help loading their 
antagonistic partners and, thus, to recover work. In the present case, work recovery is incomplete 
due to the following issues: (i) the force-displacement characteristics are distorted as the films are 
deflected in out-of-plane direction and (ii) the asymmetry in number of SMA films causes a 
different force required for the two opposing loading directions. 
 
4. Demonstrator layout and fabrication  
The layout of the demonstrator is illustrated in Figure 3 a). It comprises the following components: 
i) SMA module consisting of TiNiFe films and holding frame, ii) heat sink and source elements 
including auxiliary components for thermal insulation and mechanical connection, iii) actuator 
module including the linear actuator and its control system as well as iv) a number of thermal 
sensors.  
In the following, two technological variants (demonstrator 1 and 2) will be presented that slightly 
differ with respect to the mass of the heat source elements and the method of bonding the SMA 
films using an adaptive holding frame. 
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Figure 3: (a) 3D schematic layout showing the major components of the demonstrators: SMA 
module consisting of SMA films and holding frame, heat sink and source elements and the actuator 
module; (b) 3D schematic of the U-shaped holding frame used to bond the SMA films in 
demonstrator 1; (c) 3D schematic of the 3D printed fixations used to bond the SMA films in 
demonstrator 2; (d) built demonstrator 1; (e) built U-shaped holding frame (demonstrator 1); (f) 
built 3D printed fixations (demonstrator 2). 

 
SMA films of 30 µm thickness are used for demonstrator fabrication. The SMA films are laser cut 
in stripes with lateral dimensions of 56 x 4 mm². Their edges are mechanically polished to remove 
imperfections. Then in case of demonstrator 1 (Figure 3, d), the SMA films are bonded to U-shaped 
holding frames made from steel. In this way, the ends are fixed and no additional stress components 
arise due to potential tilting (compare Figure 3, b and e). To improve the bonding strength and act 
more gently on the SMA films, these are glued to hard paper plates by using a two-component 
epoxy adhesive. Alternatively, in demonstrator 2, the SMA films are bonded onto separate 3D 
printed fixations inserted into a common holding frame that is connected to the actuation unit 
(compare Figure 3, c and f). The back screw is used to adjust the initial strain of each film, 
independently of the others. The distances between the SMA films are precisely adjusted by means 
of spacer elements. 
Both heat sink and source elements are precision milled from copper and their contact surfaces are 
mechanically polished to optimize heat transfer and to avoid stress peaks. The diamond-shape of 
the heat sink elements is designed to impart a maximum strain of 4.7 % on the SMA foils. The 
heat source elements are designed comparatively flat, yet slightly cambered at an angle of < 1° to 
achieve good surface contact. Thermal decoupling between source and sink elements is achieved 
by several means including 1 mm thick PMMA insulation layers with thermal conductivity of 0.19 
W/mK. Parasitic heat transfer between the heat source elements and the supporting aluminum base 
plate is mitigated by connecting them with four glass fiber reinforced polyamide screws and by 
integrating an intermediate 5 mm thick PMMA spacer with 2 mm deep honeycomb pits on the 



8 
 

contact surface. The mass of heat sink and source are 79.8 and 22.7 g, respectively, in case of 
demonstrator 1 and 79.8 and 62.1 g, respectively, in case of demonstrator 2. 
The actuator module operates the demonstrator devices by alternating motion of the SMA module 
using a single ironless synchronous linear actuator. The actuator is operated by means of position-
controlled motion profiles coded in LabVIEW. Sinusoidal loading/unloading tracts are combined 
with constant holding phases at the end positions of the sine curve with duration equal to a quarter 
of the cycle period such that each of the four steps of the cycle are equally distributed in time.  
The system performance during operation is monitored by six temperature sensors. Three sensors 
are used to measure the external surface temperature of the heat sink and source and as much are 
placed inside the diamond-shaped elements in contact with the SMA, at mid-depth. In addition, 
the force applied to the SMA unit is recorded by a load cell with nominal force of 500 N and the 
internal position sensing of the actuator is monitored as well. The assembly of the demonstrator is 
challenging as tolerances may accumulate and affect the overall system performance. Provided 
that these challenges are appropriately met, an upscaled version of the presented setup (flat external 
surfaces, static heat reservoirs with dynamic moving rack in between containing the SMA films) 
could be devised for integration into panels, e.g. for the building sector [9]. 
 
5. Demonstrator performance 
Figures 4 a) and b) show the time-resolved displacement of the SMA module and the 
corresponding force for one operation cycle at a frequency of 1 Hz in demonstrator 1. The motor 
follows a sinusoidal track with holding times at the turning points to maintain the contact for heat 
transfer. Figure 4 c) shows the force-displacement characteristic, which is not symmetric, since an 
uneven number of SMA films is utilized. The course of the force-displacement characteristic 
reflects the superelastic performance of the SMA material (for comparison see Figure 1 a), as well 
as the afore-mentioned distortion due to the out-of-plane deflection and the preloading/prestraining  
of antagonistic films. 
 

 
Figure 4: Time-resolved displacement x of the SMA module (a) and corresponding force F (b) 
during one operation cycle at 1 Hz illustrating the sinusoidal movement and holding times at the 
turning points. (c) Typical force-displacement characteristic revealing the superplastic 
performance of the SMA films. The uneven number of films causes an asymmetry: Two SMA films 
are maximally strained at the right turning point and three SMA films are maximally strained at 
the left turning point. The antagonistic performance enables work recovery. 
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The temperature evolution of heat sink and source of demonstrators 1 and 2 is shown in Figure 5 
during the first 100 s at the operation frequency of 1 Hz. Heat sink and source elements have an 
almost uniform temperature. Therefore, temperature sensors placed inside the heat sink and source 
elements next to the SMA films reveal a consistent temperature evolution regardless of their exact 
location. Heat is transferred from the heat source to the heat sink stepwise in each cycle by the 
SMA films. As a result, the heat source cools down, while the heat sink heats up. After a 
sufficiently large number of cycles, saturation occurs due to competing heat transfer effects [10]. 
The heat source changes its temperature faster compared to the sink, since its thermal mass is lower.  

 

Figure 5: Time-dependent temperature evolution of heat sink and source of demonstrator 1 (a) 
and 2 (b) at 1 Hz. 

 
Within the initial 100 s, the temperature changes of heat sink and source ΔTh/ΔTc are about 0.9/ 
2.1 K for demonstrator 1 and 2.1/2.3 K for demonstrator 2. These temperature changes are smaller 
compared to single SMA film devices indicating that heat transfer between parallelized SMA films 
and heat source elements is reduced and parasitic heat losses are enhanced. Additionally, steady 
state conditions are not reached after the shown 100 s of operation. As the thermal masses of heat 
sink and source elements are known, the cooling power at zero temperature span 𝑄̇𝑄0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 can be 
derived from the initial 10 s temperature evolution of these elements after elastocaloric cycling is 
started:  

𝑄𝑄0̇
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑝𝑝𝑇̇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ( 2 ) 

where 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the mass of the heat source element, 𝑐𝑐𝑝𝑝 the specific heat capacity of the source 
taken at 385 J/kgK and 𝑇̇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 the initial rate of the temperature change. This method gives an 
upper limit for the cooling power.  
Figures 6 a) and b) display the frequency dependence of specific cooling capacity and 
corresponding COP values for both demonstrator devices, respectively. The specific cooling 
capacity exhibits a strong increase for increasing operation frequency similar to single SMA film 
devices, which exhibit optimum performance at 4 Hz [18]. Due to experimental reasons, however, 
the maximum frequency of 2 Hz could only be reached for demonstrator 1. At operation frequency 
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of 1 Hz, 𝑄̇𝑄0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is determined to be 0.35 and 0.9 W for demonstrators 1 and 2, respectively. The 
values of cooling capacity are considerably larger compared to single SMA film devices, which 
confirms the benefit of the concept of parallelization for upscaling. The corresponding values of 
specific cooling capacity normalized to the mass of active SMA films 𝑞̇𝑞0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are 2.25 and 4.67 W/g, 
respectively. The obtained results are summarized in Table 1. The input work of the demonstrators 
is defined by numerical integration of experimental force-displacement data. The corresponding 
COP values are determined by the ratio of cooling capacity and mechanical work per cycle. COP 
values show a rather large scatter, as reproducibility is limited by accumulation of plastic 
deformation being different for each SMA film. This issue will be discussed below in more detail. 
Within the experimental uncertainty, the COP values are almost independent of the operation 
frequency, i.e., the cooling capacity increases to the same extent as the mechanical work input 
does. The COP values of demonstrator 2 are higher compared to demonstrator 1, which is 
attributed to the improved method of bonding the SMA films using an adaptive holding frame. 
This results in a better thermal contact between SMA films and heat source and, thus, improved 
heat transfer. Furthermore, loading is more homogeneous, which causes a more uniform phase 
transformation.  
 

 

Figure 6: Frequency (f) dependence of specific cooling capacity (a) and cooling COP (b) of 
demonstrator devices 1 and 2. 

6. Discussion 
The large caloric effect and surface-to-volume ratio of TiNi-based films are promising for high 
specific cooling capacity and high operation frequencies. Parallelization, in turn, should enable the 
increase of cooling capacity paving the way for applications at length scales beyond the micro 
scale. Previous work on SMA film-based cooling mainly addressed the design and performance of 
various single film devices as well as the enhancement of temperature change by cascading [25]. 
In order to address the topic of upscaling by parallelization of SMA films, the following key issues 
need to be evaluated: 
(i) Increase of cooling capacity is the main motivation of this investigation. By increasing the 
number of films through parallelization, the absolute cooling capacity should increase accordingly. 
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(ii) Heat transfer should be as efficient as for single SMA film devices. Despite parallelization, the 
specific cooling capacity should not change for increasing number of SMA films. 
(iii) Heat transfer at the heat sink and source elements should be reproducible. 
(iv) A high reliability during elastocaloric cycling is essential. Fatigue life of the demonstrator 
devices should be comparable to the fatigue life of single film devices and ideally reach the fatigue 
life observed in tensile experiments. 
Table 1 summarizes the main results on demonstrators 1 and 2, consisting of five parallel free-
standing TiNiFe films, compared to previous results on single SMA film devices. In addition, the 
performance of selected elastocaloric cooling demonstrators based on fluidic heat transfer is 
included for comparison. 
 
Table 1 Absolute and specific cooling capacities achieved for demonstrators 1 and 2 based on 
parallelized SMA film demonstrator devices and for single SMA film devices. The comparison 
reveals the potential of upscaling by parallelization. In addition, corresponding values of selected 
demonstrators for elastocaloric cooling based on fluidic heat transfer are included.  

 f / Hz 𝑄̇𝑄0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/ 
mW 

𝑞̇𝑞0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/ 
Wg-1 

reference 

Parallelized SMA film devices 
Demonstrator 1 0.5 140 0.9 this work 
 1 350 2.25  
 2  5.3  
Demonstrator 2 0.25 229 1.19 this work 
 0.5 436 2.25  
 1 902 4.67  
Reference SMA film devices 
Single SMA film,  0.5 20 1.7 [18] 
compliant design 1 50 4.2  
 2 121 10.3  
 4 222 19  
Antagonistic,  0.5 30 1.9 [10] 
concave design 1 64 4.1  
 2 119 7.7  
 4 106 6.8  
Selected demonstrators based on fluidic heat transfer 
Regenerative heat 
pump 

0.25 4536 0.78 [15] 

Multistage refrigerator 0.125 847 0.77 [12] 
(one stage)     

 
The key result of this investigation is the increase of absolute cooling capacity as a consequence 
of parallelization. At the operation frequency of 1 Hz, the maximum cooling capacity reaches 
about 900 mW in demonstrator 2. This result compares with the maximum cooling capacity of 220 
mW for single SMA film devices, which is observed at 4 Hz reflecting the different heat transfer 
dynamics. Therefore, we conclude that the cooling capacity scales with the number of active SMA 
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films, which confirms the advantage in exploiting the concept of parallelization for upscaling (key 
issue (i)). 
The cooling demonstrator is operated in the frequency range up to 2 Hz, which is near the optimum 
frequency of single SMA film devices. Within the initial 100 s of operation, the demonstrators 
reach a maximum temperature span of about 3 K between heat sink and source at 1 Hz. This 
performance is considerably reduced compared to single SMA devices that reach temperature 
spans up to 14 K [18]. This effect is partly due to the larger thermal mass of heat sink and source. 
In addition, this performance indicates that heat transfer between parallelized SMA films and heat 
source/sink elements is less efficient and parasitic heat losses to neighboring components are 
enhanced (see discussion on reproducibility below). Consequently, investigated demonstrators 
exhibit a reduced specific cooling capacity in particular at operation frequency above 1 Hz. 
Therefore, key issue (ii) remains unsolved and further optimization is required to improve heat 
transfer. Macroscale demonstrators based on fluidic heat transfer generally operate at smaller 
frequency due to the larger thermal mass of the used SMA wires or tubes and due to experimental 
restriction in the fluidic circuit. Therefore, their specific cooling capacity is considerably lower 
compared to thin film devices. Concerning the achieved absolute cooling capacity, the present 
demonstrators mark a first step and further upscaling will be required to reach performance metrics 
being comparable to macroscale demonstrators. 
The present investigation shows that reproducibility (key issue (iii)) is still a major concern. 
Compared to single SMA film devices, a lower reproducibility of performance is observed 
particularly at the heat source to be cooled, where the final temperature varies considerably by 
about 16 %. This deviation is likely due to the different contact forces at the rather flat profile of 
the heat source. Despite initial training, plastic deformation takes place during cyclic operation, 
which may accumulate for each SMA film differently depending on fabrication tolerances. 
Consequently, non-uniform permanent deformations may occur and thermal contact may decrease 
for each SMA film differently for increasing cycling time. This effect cannot be compensated on 
the system level by realignment of the SMA module. In comparison, reproducibility of 
performance at the heat sink is less critical as the conical profile provides for sufficient contact 
force.  
Reliability of SMA materials (key issue (iv)) is another open point even though considerable 
progress has been achieved in recent years [26,27]. In particular, optimization of chemical 
composition allows to meet compatibility criteria of martensitic transformation resulting in ultra-
low fatigue performance observed under the ideal conditions of tensile experiments which 
correlates with hysteresis width [28]. These conditions include the careful sample preparation 
aiming at a smooth surface finish to minimize functional fatigue. The TiNiFe films investigated in 
this work do not meet the criteria of ultra-low fatigue. Yet, tensile experiments reveal a typical 
fatigue life of at least several hundred cycles, which is sufficient for the present investigation of 
upscaling. However, such fatigue life is hard to achieve under the operation conditions of the 
investigated demonstrators. Inhomogeneous plastic straining and inhomogeneous stress 
accumulation may differ among the individual SMA films. Previous work on single film devices 
showed that inhomogeneities within an individual film could be mitigated, on the material level, 
by training the SMA films before use and, on the device level, by introducing passive compliant 
mechanisms to improve mechanical contact for homogeneous loading and to improve thermal 
contact for efficient heat transfer. These measures turn out to be insufficient for parallel 
arrangements of SMA film systems. The adjustment of certain operation conditions on the system 
level like pre-deflection and displacement of the SMA module does not allow for optimization of 
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the operation conditions of the individual SMA films, which becomes critical at narrow alignment 
tolerances. A further challenge regarding reliability in parallelized systems is the statistically 
increased probability of failure. For example, if the failure probability of a single film is 10% in 
the first 1000 cycles, devices with a single film would have a 90% probability of reaching the 1000 
cycles, while this probability reduces to (0.9)5 = 59 % for devices based on five films. Therefore, 
the durability of the films in parallelized systems is of utmost importance.  
 
7. Conclusions 
 
This paper addresses the topic of upscaling elastocaloric cooling devices based on SMA films, 
which is a key to establish film-based cooling at length scales beyond the microscale. A new 
concept of upscaling is proposed that relies on arranging SMA films in parallel in order to increase 
the overall film mass, while maintaining the large surface-to-volume ratio needed for rapid heat 
transfer. This approach requires to address several key issues by investigating two demonstrators 
based on the concept of out-of-plane deflection of SMA films and solid-to-solid heat transfer, 
which allows for considerable design simplification. The main motivation of this investigation is 
to increase the cooling capacity. We demonstrate that this issue can be met by parallelization of 
freestanding SMA films. Demonstrators using five SMA films reach a maximum cooling capacity 
of about 900 mW compared to a maximum of about 200 mW achieved for single film devices. 
However, the demonstrators reveal a reduced specific cooling capacity and a reduced temperature 
span indicating less efficient heat transfer between SMA films arranged in parallel and heat 
source/sink elements. This issue is strongly interlinked with the drawbacks of reduced 
reproducibility, which originates from narrow fabrication tolerances causing different plastic 
straining and inhomogeneous stress accumulation among the individual SMA films. These effects 
cannot be compensated on the system level, e.g. by realignment of adaptive control of the SMA 
module. Instead, each SMA film requires dedicated fine tuning of mechanical contact and heat 
transfer. Therefore, besides improving the reliability at the material level and fabrication accuracy, 
the next steps for a successful scale-up prototype include novel adaptive designs to allow for 
individual control of pre-strain and deflection during operation in order to compensate for 
fabrication tolerances and plastic straining effects. 
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Appendix – Model description 
 
In this work, we built on a two-phase phenomenological model to be regarded as a 3D simplified 
extension of the original formulation by Tanaka [29]. In Tanaka-type models a macroscale 
constitutive law linking stress, strain, temperature and phase fraction is coupled with a kinetic law 
describing the evolution of the phase fraction (treated as an internal variable) as a function of stress 
and temperature. Here, we assume that the phase fraction of martensite is changing linearly during 
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the time needed to complete the transformation tt which is established considering the actual strain 
rate and transformation strain εt (width of pseudoelastic stress plateau). 
The model relies on the material parameters and experimentally accessible fit parameters of the 
TiNiFe films as summarized in Table A 1. Strain-control mode is applied consistent with the tensile 
test. The transition between elastic regions, governed by Hooke’s law, and phase-transformation 
regions is dictated by the critical stresses, whose increments are computed as a function of the 
temperature according to the Clausius-Clapeyron relationship: 

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝛼𝛼𝛼𝛼 (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) = 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝛼𝛼𝛼𝛼 + 𝑐𝑐�𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟� ( A1 ) 

In Eq. A1, α and β stand for the different phases (martensite and austenite), Tref is the ambient 
temperature during the test, σrefαβ is the corresponding measured critical stress at the phase 
transformation onset and c = dσcrit

αβ /dTsma is the Clausius-Clapeyron coefficient that describes 
the linear stress-temperature dependence. 
The temperature of the film, Tsma, is computed according to the following differential equation, in 
which both sensible and latent heat transfer are included and which assumes isotropic thermal 
properties:  

𝜌𝜌 ∙ 𝑐𝑐𝑝𝑝 ∙ 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠̇ = 𝛻𝛻 ∙ (𝑘𝑘𝑥𝑥 ∙ 𝛻𝛻𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑄𝑄𝐶𝐶 + 𝑄𝑄𝐿𝐿 ( A2 ) 

In Eq. A2 ρ, cp and kx are NiTiFe density, specific heat capacity and thermal conductivity, 
respectively. The term QC represents the losses due to heat conduction while QL is a volume heat 
source introduced to take into account the release/absorption of latent heat during the forward and 
reverse transformations, calculated as follows: 

𝑄𝑄𝐿𝐿 = 𝐿𝐿∙𝜌𝜌
𝑡𝑡𝑡𝑡

 ( A3 ) 

In Eq. A3, L is the latent heat. This expression relies on the simplified assumption that the phase 
fraction of martensite is increasing/decreasing linearly during the forward and the reverse 
transformation, respectively. Similarly, the thermal conductivity is set to linearly vary between 
austenite’s and martensite’s values.  
In terms of thermal boundary conditions, the sample ends are held constant at ambient temperature 
(Dirichlet condition). This approach is precautionary as it considers the sample fixations as infinite 
temperature reservoirs (no thermal insulation), which is a penalizing assumption in the context of 
elastocaloric cooling. Convective heat transfer is assumed to take place on the remaining faces of 
the film, lengthwise, and at the specified ambient temperature. The amount of heat transferred 
from each plate face per unit area due to convection is defined as: 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝑐𝑐 ∙ (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) ( A4 ) 

where hc is the specified convective heat transfer coefficient and Tamb is the ambient temperature.  
The mechanical and thermal equations are solved by coupled FEM analysis in Matlab. 
 
Table A 1: Material model: thermal, mechanical and process parameters. 

MODEL INPUTS 
Parameter Symbol Value Units Notes or references 
THERMAL PARAMETERS 
Austenite thermal conductivity  kA 18 W/mK [5,23,30–33] 
Martensite thermal conductivity kM 8.6 W/mK [23,31–33] 
Specific heat cp 450 J/kgK [5,32] 
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Latent heat L 12.3 J/g Estimation based on experiments and 
model tuning 

Convective heat transfer coefficient hc 18 W/(m2K) Estimation based on experiments, 
equal to [5] and comparable to 
[23,33] 

MECHANICAL PARAMETERS 
Austenite’s Young modulus EA 34.5 GPa From quasi-isothermal experiment Martensite’s Young modulus EM 26.8 GPa 
Poisson’s ratio ν 0.3  [5,23,34] 
Density ρ 6500 kg/m3 [5,23,32,35–37] 
PHASE TRANSFORMATION PARAMETERS 
Clausius-Clapeyron coefficient, 
forward transformation 

c 6.0 MPa/K Estimation based on experiments, 
comparable to [23,33,34,38,39] 

Critical stress, forward 
transformation 

σcritAM 419.8 MPa From quasi-isothermal experiment, 
taken at plateau midpoints Critical stress, reverse transformation σcritMA 205.6 MPa 

Transformation strain εt 4.10 % From quasi-isothermal experiment 
PROCESS PARAMETERS 
Strain rate SR 10-4, 10-3, 

10-2, 10-1, 
3˖10-1, 1 

s-1 

Based on experiments 
Holding time thold 10 s 
Ambient temperature Tamb 297 K 
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