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ABSTRACT

A novel solid-state elastocaloric cooling device is presented, making use of a bistable actuation mechanism for loading of a natural rubber
(NR) foil refrigerant. The thicknesses of the foil refrigerants are 290 and 650 μm in an initial undeformed state, while their lateral size is
9 × 26.5 mm2. Owing to the large surface-to-volume ratio of the NR foils, heat transfer to the heat sink and source is accomplished by a
solid–solid mechanical contact. The loading mechanism consists of a rotating lever arm providing for stable positions at contact to the heat
sink and source, which allows for significant power saving during elastocaloric cycling. In addition, the negative biasing associated with bist-
ability favors good thermal contact at the end positions, which improves heat transfer resulting in a maximum temperature span ΔTdevice of
4.2 K in the strain range of 300%–700% under adiabatic conditions. The coefficient of performance of the device COPdevice reaches values
up to 5.7 for foil refrigerants of 290 μm thickness. The maximum cooling power is 214 mW corresponding to a specific cooling power of
3.4Wg−1.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0231213

I. INTRODUCTION

Currently, there is an urgent need for innovative cooling tech-
nologies that are both environmentally friendly and efficient.
Vapor-compression cooling dominates the market in macro-scale
cooling applications; however, it relies on volatile gaseous refriger-
ants with a significant global warming potential. The cooling needs
at miniature-scale devices are primarily met by thermoelectric
coolers operating with low energy efficiency.1 A promising alterna-
tive is solid-state cooling based on stress-induced entropy changes
in elastocaloric (eC) materials, which exhibits zero environmental
impact due to the absence of refrigerant leakage.2,3

A promising class of materials are superelastic shape memory
alloys (SMAs) showing an extraordinary eC effect due to a first
order phase transformation and a high material efficiency
approaching the thermodynamic maximum limit.2,4–6 Recently,
several macro-scale eC demonstrators based on SMA materials
have been reported that utilize, e.g., the compression of NiTi
tubes7–10 combined with heat transfer fluids reaching cooling
power up to 260W11 and extraordinary temperature spans up to
75 K.12 At the miniature scale, SMA film-based eC devices with a

specific cooling power of 19W g−1 and a temperature span of
27.5 K have been reported that accomplish heat transfer by a solid–
solid mechanical contact.13,14 However, major obstacles in utilizing
SMA refrigerants are the large stress range of 600–800MPa
required for load cycling as well as material availability and costs.

Elastomers, such as natural rubber (NR), may offer a promis-
ing cost-efficient and environmentally friendly alternative.15

Moreover, low loading forces combined with an excellent fatigue
resistance under dynamic conditions as well as a large adiabatic
temperature change of around 20 K are of special interest for
cooling applications.16,17 The temperature change is caused mainly
by a conformational entropy change due to the alignment of
molecular chains during straining and by strain-induced crystalliza-
tion (SIC).18,19 Upon strain release, the crystals melt again. High
strains of several hundred percent are needed to yield a strong
enough temperature effect.16,20,21 Recent reviews summarize the
various studies on SIC.22–24 Crystals can stop crack growth and
improve stability. Therefore, fatigue is minimized at an optimal pre-
strain to avoid full melting in the relaxed state, while the remaining
crystals hinder crack growth. It has been shown that cyclic
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operation in the SIC regime at an optimal pre-strain >200% allows
for lifetimes up to 107 cycles.25

A few studies on the development of rubber-based eC cooling
devices have been reported.26–28 Major challenges arise due to the
large strain of up to 700% required for loading, the large strain rate
needed to reach adiabatic conditions, and the low thermal conduc-
tivity of polymers. In this work, the focus is on NR foil refrigerants
with a large surface to volume ratio, which enables the separation
of heat and cold through solid-to-solid heat transfer at contact
between a foil refrigerant and a heat sink/source.21,29 In previous
work, we investigated the performance of a single-stage architecture
with monostable behavior comprising two actuators to indepen-
dently control the parameters of load cycling and mechanical
contacting.21

Here, we improve this architecture by introducing a bistable
actuation mechanism for load cycling and investigate the effects of
operation parameters on the performance metrics, including tem-
perature span, coefficient of performance (COP), and cooling
capacity. In addition, the effect of thickness reduction of the NR
foils by laser ablation is evaluated.

II. MATERIAL CHARACTERISTICS

NR foils of 650 μm thickness were obtained from a commer-
cial supplier (IHSD-Klarmann). Smaller thicknesses are prepared
by laser ablation to investigate thickness dependencies for the same
material properties. Test specimens are fabricated by laser cutting
to study the eC material properties under uniaxial tensile loading
conditions. Investigations on temperature changes are performed as
a function of maximum strain, pre-strain, and strain rate by infra-
red thermography of the surface of the specimens. All tests are per-
formed after ten initial load cycles taking into account the Mullins
effect.30

Figure 1 shows typical stress–strain characteristics for a
290 μm thick NR specimen under tensile loading at a strain rate of

9.3 s−1 for different holding times. Corresponding results on a NR
foil of 650 μm thickness are shown in Fig. S1 of the supplementary
material. The experiment is performed in the strain range between
300% and 700%, where strain-induced crystallization (SIC) occurs
causing most of the temperature change.21 The restriction of eC
cycling to the SIC regime is beneficial for the cyclic lifetime of the
material.25,31 Furthermore, it relaxes the requirements on an actua-
tion stroke. The strain rate required for quasi-adiabatic conditions
for unloading depends on the film thickness. While a strain rate of
4.7 s−1 is sufficient for 650 μm thick specimens, the minimum
strain rate increases to 9.3 s−1 for NR foils of 290 μm thickness.

For increasing strain, a plateau-like increase of stress occurs
reflecting the progress of SIC. The maximum stress is about
1.3 MPa. Unloading occurs at significantly lower stress levels as SIC
causes.32 Thus, in all cases, a hysteresis is observed. The area
enclosed by the hysteresis indicates the work input ΔWmat needed
for eC cycling the material assuming work recovery upon unload-
ing. The hysteresis is affected by the holding time thold at a
maximum strain of 700% as stress relaxation progresses with time.
Therefore, the work input ΔWmat increases for increasing holding
time from 77mJ (thold = 0 s) to 97 mJ (thold = 1 s) and 111 mJ
(thold = 2 s).

Figure 2 presents the eC effect of the investigated NR foils
showing their time-resolved temperature evolution upon loading
and unloading at a strain rate of 9.3 s−1. Starting from a pre-strain
of 300%, rapid stretching the NR foil until a maximum strain of
700% causes release of latent heat and an associated temperature
increase ΔTh by about 6 K. After sufficient waiting time to allow for
equilibration of temperatures between the NR foil and the ambient
air, rapid unloading causes a temperature decrease ΔTc well below
the environmental temperature by −8 K. The difference of

FIG. 1. Tensile stress–strain characteristics for different holding times as indi-
cated and a foil thickness of 290 μm.

FIG. 2. Time-resolved evolution of a temperature change in the strain range of
300%–700% at a strain rate of 9.3 s−1. The foil thicknesses in an undeformed
state are 650 and 290 μm. Legend: ΔTh,c, maximum temperature change upon
loading/unloading and τc, τh, time constants of cooling/heating in air.
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temperature changes ΔTh and ΔTc is attributed to the different
kinetics of crystallization.33,34

Heat transfer in air occurs rather slowly. The time constants
of cooling and heating indicated in Fig. 2 are determined by the
time required for a temperature change of e−1 assuming an expo-
nential decay. The heat transfer times are affected by the thickness
change of the NR foils upon load cycling. The thicknesses in an
undeformed state of 650/290 μm reduce to 270/150 μm at the pre-
strain of 300% and reach 180/80 μm at the maximum strain of
700%. Therefore, the cooling times at 700% strain are considerably
shorter compared to the heating times at 300% strain.

III. BISTABLE ACTUATION MECHANISM

Figure 3 illustrates the bistable actuation mechanism of the eC
device, which relates to an inverse Brayton cycle. Only one actuator
is required to mechanically load the NR foil and to enable mechan-
ical contact to the sink and source elements via a rotating lever
arm. The operational principle comprises four sequential steps.
Initially, the NR foil undergoes mechanical loading under
quasi-adiabatic conditions, resulting in heat generation attributed
to SIC and entropy elasticity (I). The trajectory of the rotating lever
arm, which enables loading, is indicated with a dashed gray line. In
the next step, the heat is transferred to the heat sink (II), which
lowers the refrigerant temperature. Afterward, quasi-adiabatic
unloading triggers a reverse transformation (III), followed by the
final step of cooling of the heat source (IV). While in direct
mechanical contact with the heat source, latent heat is absorbed,
resulting in a decrease in the temperature of the heat source and an
increase in the temperature of the NR foil.

Steps I and III are characterized by the loading time, which is
adjusted to reach adiabatic conditions. Steps II and IV are charac-
terized by the holding time thold in the stable end positions at 300%
and 700% strain, in which heat transfer between the refrigerant and
the sink/source takes place. The holding time thold affects the

required work input; see Fig. 1. The time-dependent loading and
unloading profile is illustrated in Fig. S2 of the supplementary
material for the frequency of 424 mHz.

In the case of the bistable device, the force required for
loading and unloading is lower compared to the monostable device
under tensile loading conditions, as referenced in Ref. 21. The force
reduction can be explained by the decomposition of forces, as indi-
cated in Fig. 4.

As loading and unloading are achieved through a rotating lever
arm, the tensile loading force is determined by the vector product of
the force normal to the lever arm FN and the force tangential to the
trajectory FT . The normal force is passively supplied by the lever
arm’s support, requiring only the tangential force FT to be applied by
the actuator for device operation. Figure 5 shows the corresponding
force–angle characteristics. They reveal two stable end points at 50°
and 180°, at which FT becomes zero. Notably, the force maximum
observed at 115° is approximately three times lower compared to the
monostable system operating in a tensile mode, which requires

loading by both forces j FN�!j þ j FT�!j, while the force maximum
occurs at the maximum strain of 700%. This is because the force FN
is provided by the rotating lever arm in the bistable mechanism; see
FN at 180° in Fig. 5. Compared to monostable actuation, the
maximum required force for actuation reduces from 9.5 N by a factor
of 2.8 (650 μm) and from 3.3 N by a factor of 2.5 (290 μm). Overall,
the work input remains the same in both cases due to the corre-
sponding increase of displacement in the bistable case.

While in the stable end positions, the actuator can remain in a
power-off state, which allows for significant power saving. At a fre-
quency of 424 mHz, the time duration of a power-off state accounts
for 64% of the total operation time. The input power of the device
_W is determined by the operation frequency f and the work
required for an operation cycle,

_W ¼ f ΔWdevice ¼ f
þ
Fdx:

The change of the input power _W vs frequency is shown in
Fig. S3 of the supplementary material. The input power increases

FIG. 3. Schematic depicting the eC cycle utilizing bistable actuation with a rotat-
ing lever arm. The process can be divided into four steps. Step (I) comprises
mechanical loading. Subsequent heating and heat rejection to a heat sink takes
place in step (II). During step (III), unloading and cooling occur, followed by step
(IV), where heat is absorbed from a heat source. Black arrows indicate the
quasi-adiabatic loading and unloading direction.

FIG. 4. Decomposition of the tensile force (blue) for the bistable device. j FN�!j
denotes the absolute value of the force along the lever arm (orange), while
j FT�!j denotes the absolute value of the tangential loading force (green) with
respect to the loading trajectory. Actuation requires only the application of tan-
gential force j FT�!j.
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with increasing frequency and decreases for decreasing foil
thickness.

IV. ELASTOCALORIC PERFORMANCE

For cooling applications, the hot and cold heat flow needs to
be separated, resulting in a temperature increase of the sink and a
temperature reduction of the source. For a given temperature differ-
ence, the heat transfer depends mainly on the contact area, the
contact force, surface roughness, and contact time. Copper plates of
the sink and source units are polished to achieve a mirror-like
surface finish. The adjustment of pre-strain to 300% proves advan-
tageous for heat transfer as the surface area increases and the foil
thickness decreases. In particular, at a pre-strain of 300%, the heat
transfer area increases for both foil thicknesses by a factor of 2.45
taking into account the lateral shrinkage.

The contact to the solid source unit and the NR foil is
enhanced through a flexible 3D-printed support structure; see
Fig. 6. It acts as a spring like compliant element, adapting to the

shape of the NR foil and the inhomogeneous distribution of the
contact force along the heat source. The spring constant varies
along the length direction being about 3 N/mm in the center and
about 2.7 N/mm at the edges. The contact force is generated by the
elastically stored energy in the rubber specimen, which deforms the
flexible support structure.

Figure 7 shows the time-dependent temperature changes of a
heat sink and a heat source at different frequencies for a demon-
strator device with a NR foil of 290 μm thickness. Loading and
unloading is performed in the strain range of 300%–700% at a
strain rate of 9.3 s−1. In the beginning, every loading cycle results in
a cumulative rise in the temperature difference between the sink
and source. The temperature change increases during the time
periods of heat transfer to the sink in step II and to the source in
step IV; see Fig. 3. During the other time periods, the temperature
change decreases slightly due to parasitic heat flow. After the initial
temperature change, saturation occurs after about 75 s. The device
temperature span ΔTdevice reaches a maximum of about 4.2 K.

Figure 8 depicts the frequency-dependent temperature change
of the heat source ΔTsource and the device temperature span ΔTdevice

of a bistable eC cooling device operated with a 290 μm thick NR
foil. Therefore, the device temperature span is given by
ΔTdevice ¼ ΔTsource þ ΔTsink. The frequency is given by the time
durations of loading and unloading and the holding times thold to
enable heat transfer to the sink and source. At the strain rate of
9.3 s−1, the loading and unloading times are both 430 ms, while the
frequency change is adjusted via the holding time thold. A broad
maximum of the temperature change ΔTsource of about 2.6 K is
observed in the frequency range between 400 and 500 mHz. The
corresponding maximum temperature span is 4:2 K. In this fre-
quency range, an optimal balance between heat transfer and heat

FIG. 5. Force vs angle characteristics of the bistable actuation mechanism.

The loading and unloading directions are indicated by black arrows. jFN j
��!

is

equal to the force provided by the rotating lever arm. jFT j
�!

needs to be provided
by the actuator for device operation.

FIG. 6. Flexible 3D-printed support structure of the heat source. Three PT100
sensors indicated by T1–T3 are used for temperature measurements.

FIG. 7. The temperature evolution of the heat sink and source with respect to
room temperature of the bistable eC cooling device with a NR foil thickness of
290 μm. The operation frequency is adjusted between 90 and 424 mHz, while
the strain rate is 9.3 s−1. The accuracy of the temperature sensors is below
±0.2 K.
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losses occurs. At lower frequencies, losses become more dominant
and the temperature changes decrease. At higher frequencies, the
holding time becomes too short to enable sufficient heat transfer.

For the bistable eC cooling device with a NR foil of 650 μm
thickness, broad maxima of ΔTsource and ΔTdevice occur between
200 and 350 mHz, as shown in Fig. S4 of the supplementary
material. In this case, the maximum change of the heat source is
2.0 K and the device temperature spans 3.4 K.

The cooling power vs frequency characteristics are shown in
Fig. 9 for bistable eC cooling devices operated with foil thicknesses
of 290 and 650 μm. The cooling power shows pronounced maxima
at an optimal frequency, which shifts to higher values for decreas-
ing NR foil thickness. This performance correlates with the
frequency-dependent temperature changes in Fig. 8. For the
290 μm thick NR foil, the maximum cooling power reaches
214 mW at the optimal frequency of 424 mHz. The corresponding
holding time thold is 0:75 s. For the NR foil of 650 μm thickness,
the optimal frequency occurs at 350 mHz, while the cooling power
reaches 158 mW. In this case, the holding time thold is 1 s. The
higher optimal frequency in the 290 μm thick NR foil indicates that
heat transfer is faster due to the larger surface to volume ratio.

The efficiency of the eC devices given by the coefficient of
performance COPdevice is determined by the ratio of cooling power
at zero thermal load _Q and the input power _W assuming work
recovery upon unloading, without taking into account the effi-
ciency of the actuator. Therefore, we assume that the energy
released during unloading can be fully recovered, which is a
common assumption in the efficiency analysis of eC cooling
devices; see, e.g., Refs. 10, 35, and 36.

Figure 10 shows the frequency dependence of the COPdevice of
bistable eC cooling devices with NR foil thicknesses of 290 and
650 μm. Maximal COP values are found in an optimal frequency

range, which shifts to higher frequencies for decreasing NR foil
thickness. At too low frequency, the efficiency decreases as not
enough heat/cold is generated. Once the frequency increases
beyond the optimal frequency range, the contact time for heat
transfer becomes too short, while the input work further increases.
The maximum COP reaches up to 5.7 in the frequency range of
200–300 mHz for the NR foil of 290 μm thickness and about 4.3 at
80 mHz for the 650 μm thick NR foil.

Similarly, a maximum COPdevice is found at an optimal fre-
quency, which shifts to higher frequencies for decreasing NR foil
thickness. For a foil thickness of 290 μm and too low frequencies,

FIG. 10. Coefficient of performance COPdevice vs frequency of bistable eC
cooling devices with NR foil thicknesses of 290 and 650 μm.

FIG. 8. Temperature change of the heat source and the device temperature
span ΔTsource and ΔTdevice vs frequency for a bistable eC cooling device with a
NR foil of 290 μm thickness. The error bars are determined by the measure-
ment accuracy of the temperature sensors.

FIG. 9. Cooling power _Q vs frequency of bistable eC cooling devices with NR
foil thicknesses of 290 and 650 μm.
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the efficiency decreases as not enough heat/cold is generated. Once
the frequency increases beyond its maximum value, the contact
time for heat transfer becomes too short, while the input work
further increases. The maximum COP is about 5.7 between 200
and 300 mHz for the NR foil of 290 μm thickness and about 4.3 at
80 mHz for the 650 μm thick NR foil.

V. DISCUSSION

We introduce a bistable actuation mechanism for loading of
NR foil refrigerants and investigate the resulting eC cooling proper-
ties of demonstrator devices having a single-stage architecture.
Starting from an initial NR foil thickness of 650 μm in an unde-
formed state serving as a reference, smaller foil thicknesses are pre-
pared by laser ablation to evaluate the thickness dependence of eC
performance. The interesting strain regime for eC cooling using
this material is between about 300% and 700%, where most of
the temperature change occurs due to SIC. In this strain range, the
temperature change of the NR foils ΔTmat reaches about 14 K. The
work required for tensile loading and unloading of the NR foils is
determined from the hysteresis of the stress–strain characteristics to
be in the range of 100 mJ.

Heat transfer to the heat sink and source is accomplished by a
solid–solid mechanical contact. The loading mechanism is adjusted
to strain the NR specimen first and then apply a mechanical
contact with a contact force of about 1.4 N at the whole contact
area in a fully strained state. Thus, any lateral motion at contact is
avoided and friction effects are minimized.

The bistable actuation mechanism consists of a rotating lever
arm providing for two stable force-free positions, one at contact to
the heat sink and one at the heat source. Due to this mechanism,
only the tangential force component needs to be provided by the
actuator for load cycling. Thus, the maximum required force for
actuation reduces by a factor of 2.8 (650 μm) and 2.5 (290 μm).

Another consequence of the bistable mechanism is a signifi-
cant power saving. No power input is needed during the time
periods of contact to the heat sink and source, in which the actua-
tor rests in the stable end positions. In the case of the 290 μm thick
NR foil, the overall time without power input reaches 64% of the
total cycling time at the optimal frequency of 424 mHz.

The input power shows a complex dependency on operation
parameters, including frequency, maximum and minimum strain
as well as strain rate.21 In particular, the hysteresis of the work
cycle decreases with frequency. In addition, it depends on the NR
foil thickness. For decreasing thickness, the required force for
tensile loading decreases, causing a decrease of work and power
input, while at the same time the holding time for heat transfer
decreases causing an increase of frequency and power input. In the
case of the 290 μm thick NR foil, the resulting power input per
cycle is about 40 mW at the optimal frequency of 424 mHz, while it
is about 65 mW at 650 μm foil thickness. In both cases, the strain
range and the strain rate are kept constant at 300%–700% and
9.3 s−1, respectively.

The bistable actuation mechanism also has a positive effect on
the temperature change. The negative biasing associated with bist-
ability favors good thermal contact at the end positions, which
improves heat transfer. As a consequence, the maximal temperature

change of the heat source reaches 2.6 K and the overall temperature
spans 4.2 K in the case of the 290 μm thick NR foil. This trend is
also reflected in the cooling power, which reaches 158 and 214 mW
at 650 and 290 μm foil thickness, respectively. This is a considerable
enhancement compared to previous monostable devices by 30%.21

The COP values are enhanced particularly for 290 μm thick NR
foils, for which we determine a maximal value of 5.7 due to the
reduced power input and enhanced cooling power. Figure 11 sum-
marizes the frequency-dependent course of specific cooling power
reaching a maximum of 3.4W g−1.

The observed temperature changes are rather low compared to
SMA-based single-stage devices, while other metrics, such as spe-
cific cooling power and COP, compare well. However, NR-based eC
cooling has the potential to significantly enhance ΔT at low cost by
tailoring NR materials with respect to thermal conductivity21 and
by engineering methods, such as regeneration,28 or using a cascade
of several cooling units as demonstrated, e.g., for SMA film-based
devices.14

The performance metrics of the investigated demonstrators
show a pronounced dependency on the eC cycling frequency.
These results indicate the importance of heat transfer, and that
control of heat transfer dynamics plays a key role in further optimi-
zation of the eC devices. For better understanding the dynamics of
heat transfer, we performed lumped-element (LEM) simulations
(MATLAB Simscape) to investigate the thickness-dependent tem-
perature change of the NR foil during the holding time while it is
in contact to the heat sink and source. The LEM model assumes
thermally thin discretized elements, which are coupled to each
other via heat resistances.21 The convective heat transfer at the free
surfaces of the NR foils is described by a heat transfer coefficient
hconv = 25Wm−2 K−1. Of special interest is the heat transfer coeffi-
cient h at a mechanical contact between the NR foil and the sink/
source elements. By comparing the simulated and experimental
temperature changes, we determine h to be about 170Wm−2 K−1.

FIG. 11. Specific cooling power, _Q, vs frequency of the eC cooling device for
the foil thicknesses of 290 and 650 μm.
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The model also considers the strain-dependent changes of thick-
ness and width of the NR foil to accurately describe the resulting
changes of the contact area and the heat transfer time.

Figure 12 shows the simulated temperature change of the NR
foil during contact to the heat sink for different foil thicknesses for
a holding time of 0.75 s. The corresponding LEM simulation for a
holding time of 1.0 s is presented in Fig. S5 of the supplementary
material. For thicknesses of 650 and 290 μm, the cooling remains
incomplete within a holding time of 0.75 s. Starting from 5.2 K, the
incomplete temperature drop results in a remaining temperature
increase ΔTs of 2.1 and 0.7 K for foil thicknesses of 650 and
290 μm, respectively. Thus, heat accumulates during eC cycling,
which negatively affects the temperature evolution in subsequent
cooling cycles. The LEM results indicate that further reducing the
foil thickness can mitigate this problem. For a NR foil thickness of
100 μm thickness, ΔTs decreases to zero within less than 0.75 s. The
remaining temperature increase ΔTs affects the subsequent temper-
ature evolution at the heat source. In particular, the initial tempera-
ture decrease upon unloading reduces respectively. The subsequent
temperature increase at contact to the heat source also remains
incomplete due to limited heat transfer within a holding time of
0.75 s, resulting in non-zero values of temperature decrease ΔTso.
Even in the case of 100 μm foil thickness, ΔTso does not fully
decrease to zero.

In order to further explore the effect of a complete tempera-
ture drop at contact to the heat sink (ΔTs = 0 K) on the cooling
power, we investigate an eC cycle that starts with load step III.
Therefore, the NR foil being in fully elongated state of 700% at
room temperature is released, and the resulting temperature drop
and the corresponding cooling power are determined. It is impor-
tant to note that at 700% strain, the thicknesses of the 650 μm/
290 μm NR foils reduce to 180/80 μm. Assuming that the condition

of ΔTs = 0 K can be maintained for subsequent cycles, we can
deduce ideal values for the cooling power. The results of this inves-
tigation are summarized in Table I. For the NR foil of 650 μm
thickness, the experiment is performed at an optimal frequency of
350 mHz and the corresponding holding time of 1 s. In this case,
we estimate an increase of cooling power by almost a factor of 2,
from 158 to 331 mW. In the case of 290 μm foil thickness and a
corresponding optimal frequency of 425 mHz and a holding time
of 0.75 s, the cooling power increases from 214 to 306 mW corre-
sponding to a power density of 4.8W g−1. The simulation trends
indicate that there is a large potential for improvement of cooling
power. In particular, they highlight the importance of a fast heat
transfer to avoid heat accumulation at the heat sink and to enable
complete transfer of cold to the heat source.

High reversibility is an important requirement to enable oper-
ation at a sufficiently long lifetime. First of all, fatigue is minimized
by operating the NR specimen in the regime of SIC between the
pre-strain and the maximum strain of 300% and 700%, respectively.
At the device level, additional engineering factors, such as the
design of a solid–solid contact, are important. We investigated
the reversibility of eC cycling up to 104 cycles (see Fig. S6 in the
supplementary material) showing no significant loss of perfor-
mance, which confirms our previous results on a NR-based single-
stage eC cooling device.21 This performance is in line with other
high-cycle material tests up to 1.7 × 105 in Ref. 17 and 107 in
Ref. 25. Generally, the requirements of a long lifetime are less
severe compared to SMA-based systems, as the NR refrigerants can
be exchanged more frequently due to their low costs.

VI. CONCLUSIONS

We present a novel miniature-scale eC cooling device that
makes use of a bistable actuation mechanism for loading of a
natural rubber (NR) foil refrigerant with 290 and 650 μm thickness
in an initial undeformed state. This work is motivated by the large
eC temperature changes of NR foil materials of +6/−8 K in the
strain range between 300% and 700% at a strain rate of 9.3 s−1. The
thickness of the investigated NR foils is adjusted by laser ablation,
which allows evaluating thickness effects for the same material
properties. Owing to the large surface-to-volume ratio of the NR
foils heat transfer to the heat sink and source is accomplished by a
solid–solid mechanical contact.

The bistable mechanism consists of a rotating lever arm pro-
viding for stable positions at contact to the heat sink and source.
Therefore, the actuator only needs to provide for the tangential

FIG. 12. Temperature evolution of the refrigerant during device operation for
100, 290, and 650 μm foil thickness and a frequency of 424 mHz, which refers
to a hold time of 0.75 s due to LEM simulation.

TABLE I. Summary of results on the remaining temperature increase ΔTs, cooling
power _Q, and specific cooling power _q for foil thicknesses d of 290 and 650 μm and
different holding times thold.

d (μm) thold (s) ΔTs (K) _Q (mW) _q (mWg�1)

290 0.75 0.7 213 3410
290 0.75 0.0 306 4880
650 1.0 1.6 158 1213

650 1.0 0.0 331 2543
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force component for load cycling, which results in a significant
force reduction by a factor of 2.8 and 2.5 for a foil thickness of 650
and 290 μm, respectively. In addition, the bistable mechanism
enables significant power saving, as no power input is needed in
the stable end positions during the time periods of contact to the
heat sink and source. In the case of the 290 μm thick NR foil and
the optimal frequency of 424 mHz, the overall time without power
input reaches 64% of the total cycling time. The performance,
quantified by the cooling power and the COPdevice, reveals a signifi-
cant dependence on foil thickness. The optimal operation fre-
quency increases from 350 to 424 mHz for decreasing thickness
from 650 to 290 μm. Therefore, the cooling power increases from
158 to 214 mW corresponding to maximum specific cooling power
values of 1.1 and 3.4W g−1, respectively. The COP values are
enhanced particularly for 290 μm thick NR foils reaching a
maximal value of 5.7.

These results indicate that further reduction of foil thickness
will lead to enhanced heat transfer and, thus, will further improve
the cooling power. Further reduction of NR foil thickness leads to a
decrease of absolute cooling power, which could be compensated
by developing parallel eC architectures consisting of NR foil arrays.
Moreover, the addition of conductive fillers is expected to enhance
the cooling performance.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional results on
tensile stress–strain characteristics, a time-resolved strain change,
input power vs frequency of the cooling device, device temperature
span, LEM simulations of the temperature evolution of the NR foil
refrigerants as well as a lifetime test of the eC cooling device.
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