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Efficient thermal management is critical for next-generation energy
systems. Elastocaloric cooling with shape memory alloy (SMA) films offers
rapid heat transfer, high specific cooling capacity and simple solid-solid

heat exchange, but current devices rely on bulky, electrically powered
actuators that limit scalability and efficiency. Here we demonstrate a
thermally powered shape memory actuator that drives elastocaloric
coolingin tailored SMA films, establishing a heat-driven cooling system
that can use waste heat or solar thermal energy with reduced electricity
demand. Our prototype achieves atemperature span of12.9 Kat the
refrigerant film level and 4.0 K at the device level under Joule-heated
actuation at 86 °C. When driven by an external heat source, the system
maintains a device-level temperature span of 2.2 K, confirming the feasibility
of heat-driven elastocaloric cooling. These results mark a step towards
electricity-minimized elastocaloric cooling technologies that transform
heat into useful cooling.

Cooling and heating account for nearly half of global energy demand’,
and the ongoing miniaturization of electronic and photonic devices
makes efficient thermal management increasingly critical. Vapour
compression cooling dominates the market, but its reliance on high
global warming potential refrigerants accounts for more than 40%
of global energy-related CO, emissions’ and its bulky components,
such as compressors, make itincompatible with miniaturized systems.
Thermoelectric devices have been widely deployed to address the
demand for miniaturized cooling’, but their efficiency is only 10-15%
of the theoretical reversed Carnot limit, roughly one-quarter that of
modern vapour compression systems*, which greatly constrains their
applicability. Elastocaloric cooling, driven by stress-induced marten-
sitic transformations in shape memory alloys (SMAs) or crystalliza-
tion transitions in polymers®®, has emerged as the most promising
alternative™, eliminating volatile refrigerants and offering theoretical
efficiencies of up to 84% of the Carnot limit".

Most recent research on elastocaloric cooling has focused on
bulk SMA geometries for macroscale applications, such as SMA tubes,
whichare coupled with heat-transfer fluids and regenerator designs to
achieve high cooling power and a large temperature span'>">, Macro-
scale elastocaloric devices have already demonstrated temperature
spans of up to 75K and 1,284 W cooling power at zero temperature

lift'>"*, By contrast, for miniature-scale cooling, film geometries offer
promising prospects: their small mass and large surface-to-volume
ratio enhance heat transfer, enabling higher cycling frequencies (for
example, 4 Hz) and a high specific cooling power (SCP) of upto19 W g™*
(refs.15,16). Moreover, film-based elastocaloric devices can avoid the
use of heat-transfer fluids by employing solid-to-solid mechanical
contact for heat exchange™, minimizing system complexity and allow-
ing operation in confined spaces. To further enhance performance,
cascading can increase the temperature span, while parallelization
boosts cooling power, together enabling device upscaling for higher
overall output™?,

Currently, however, elastocaloric cooling prototypes typically rely
onelectrically powered actuators, making themelectricity-dependent
systems that continue to incur indirect CO, emissions during opera-
tion as most electricity is still generated from fossil fuels. In addition,
current devices typically use electromechanical motors or hydraulic
actuators as drivetrains to generate the large forces required to load
superelastic SMA refrigerants® >, However, high-force actuators are
commonly designed for long stroke operation, resulting in relatively
low force/displacement ratios (defined here as the ratio between
maximum output force and stroke length). In contrast, superelastic
SMA refrigerants require stresses on the order of several hundred
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megapascals while undergoing strain of only a few percent, thereby
demandinga high force over limited displacement and corresponding
to a high force/displacement ratio. This mismatch in actuator-refrig-
erant mechanical characteristics, together with the substantial mass
of conventional drivetrains relative to thin-film refrigerants, leads to
inefficient drivetrain utilization and oversized actuation systems®*?.
Akey challenge, therefore, is to develop elastocaloric cooling systems
that minimize electricity dependence while employing mechanically
well-matched actuators.

Inthis work, we developed a film-based, heat-driven elastocaloric
cooling prototype by integrating thermally powered shape memory
actuator films with superelastic SMA refrigerant films, offering the
potential to harness low-temperature heat sources, such as waste heat,
to deliver electricity-free cooling. The SMA-based thermal actuator
provides an improved force/displacement ratio of 14.5N mm™, com-
pared with 1.1 N mm™for the commercial electromechanical actuator
used in this study (Supplementary Note 1), as a result of the intrinsic
shape recovery behaviour of high-temperature SMAs, which enables
high force generation over alimited stroke without bulky transmission
systems”*?*** While aregenerative heat-driven elastocaloric concept
has been proposed through thermodynamic modelling and numerical
simulations at the macroscopicscale®, in this study, we experimentally
realized thermally powered shape memory actuation directly coupled
withathin-film elastocaloric refrigerant architecture at miniature scale.
Theintegrated prototype achieves atemperature span of12.9 Kat the
material level and 4.0 K at the device level under Joule-heated thermal
actuationat 86 °C. Operation driven by an external heat source was fur-
ther validated, achieving adevice-level temperature span of 2.2 K. This
approach addresses the key limitations of electrically driven systems
and illustrates the feasibility of using thermal energy as the driving
source for thin-film solid-state elastocaloric cooling.

Construction of a heat-driven elastocaloric
cooling system

Our prototype integrates two mechanically coupled units: a thermal
actuation unit and a cooling unit (Fig. 1a). Thin-film SMAs were cho-
senfor their high surface-to-volume ratio, which promotes rapid heat
transfer and enables efficient cycling. The actuation unit employs a
22-um-thick TiNi SMA film that generates force through the one-way
shape memory effect when heated by thermal input. The cooling unit
consists of a 26.5-um-thick TiNiFe superelastic SMA film that func-
tions as the elastocaloric refrigerant. Heat sinks are attached to both
units to enable efficient heat rejection, while a polymer coupling
element transfers the actuator force directly to the refrigerant film.
The two films are mounted in series on low-friction sliders guided on
rails, ensuring precise longitudinal motion (Fig. 1b). Further details of
device fabrication and construction are provided in the Methods and
Supplementary Fig. 1.

The fundamental concept of this work is to combine the shape
memory effect and superelasticity of SMAs to realize thermally driven
actuation for elastocaloric cooling (Fig. 1c). The red curve illustrates
the one-way shape memory effect: when pre-strained in the martensitic
state (temperature (7) < martensite finish temperature (M;)), an SMA
can generate an actuation force upon heating above the austenite
finish temperature (A;) asit recoversits pre-set length. The blue curve
represents the superelastic characteristic of an SMA with A;below
room temperature. Under external loading, these materials undergo
astress-induced martensitic transformation that releases latent heat,
while unloading triggers the reverse transformation that absorbs heat.
This reversible process constitutes the elastocaloric effect®.

The operation cycle of the device consists of four steps (Fig. 1d).
Thelabelled orange and light-blue dashed curvesin Fig.1c correspond
tothe four operatingsteps, illustrating the thermomechanical behav-
iours of the actuator (shape memory effect) and refrigerant (superelas-
tic effect) films. Both films areinitially pre-strained to enable actuation

by the shape memory effect. In step 1, the thermal input raises the
actuator filmaboveits A.temperature, transforming it from martensite
to austenite and generating sufficient force to elongate the refrigerant
film. This loading induces a stress-driven martensitic transformation
in the refrigerant, accompanied by heat release. In step 2, the heated
refrigerant film contacts the heat sink of the cooling unit, where the
released heatisrejected. Instep 3, the actuator filmis cooled to ambi-
enttemperature viaits heat sink, returning toits martensitic state with
reduced force. Therefrigerant filmthenrecoverstoits original length
through superelastic unloading, undergoing the reverse transforma-
tion and cooling below ambient temperature. In step 4, the cooled
refrigerant film contacts the heat source, absorbs heat from the target
regionand returns to ambient temperature. Repetition of this four-step
cycletransfers heat fromthe cold side (heat source of the cooling unit)
to the hot side (heat sink of the cooling unit), thereby establishing a
measurable temperature span across the device.

Material characterization

Twoddifferent cold-rolled SMA films are used in the prototype: aone-way
shape memory Tis;5Niyo g, film for thermal actuation and a superelastic
Tis NisosFeq, film for elastocaloric cooling. Fabrication details are
provided in the Methods.

TheTiNiFe film was characterized under uniaxial tension by infra-
red (IR) thermography (Fig. 2a). The engineering stress-strain curve
(Fig. 2d) shows transformation onset at ~400 MPa and full martensitic
transformation at-470 MPa at 5.2% strain. The corresponding adiabatic
temperature change is 19.4 K, measured over the central area of the
film to minimize edge effects (Supplementary Fig. 2). The TiNi film
was evaluated in a temperature-controlled chamber with integrated
Joule heating (Fig. 2b). The stress-strain response (Fig. 2e) demon-
strates its strong temperature dependence: at 2% strain, the stress is
150 MPa in the martensitic state (23 °C) and increases to 440 MPa in
the austenitic state (83 °C). The orange curve (Fig. 2e) illustrates load-
ingin martensite, followed by Joule heating above the A.temperature
and unloadinginaustenite, confirming that the large actuation stress
isaccessible through the shape memory effect.

Differential scanning calorimetry (DSC; Fig. 2f) showed that the
TiNiFe film has an A;temperature of 18.5 °C, ensuring superelasticity
at room temperature. The TiNi film exhibits an austenite start tem-
perature (A,) and A;of 47.1and 60.8 °C, respectively, indicating that
heating above A;is necessary to generate sufficient actuation stress,
while cooling below A, is required to fully recover theinitial pre-strain.
The characterization protocols are described in the Methods.

Based on these measured properties, the coupled force-displace-
ment relationships of the two films were estimated (Fig. 2c). Four
characteristic states were identified ((i)-(iv); also see Fig. 2d): (i) the
initial pre-strain, (ii) the onset of stress-induced martensitic trans-
formation in the refrigerant film, (iii) the fully transformed state and
(iv) the reverse transformation upon unloading. These material-level
results provide essential guidance for force-displacement coupling
design in the heat-driven elastocaloric cooling device: the diagram
shows that with a pre-strain of -0.5% (corresponding to adisplacement
of tens of micrometres) on the refrigerant and an actuator stroke on
the order of several hundred micrometres delivering a force of a few
newtons, the actuator can fully drive the refrigerant film through its
transformation plateau.

Subsystem characterization
The thermal actuation and elastocaloric cooling units were investigated
separately to evaluate their stand-alone performance.

Thermal actuation unit

The core element of the thermal actuation unit is a one-way shape
memory TiNifilmactuator (pre-setlength19 mm) pre-strained by 2.7%
(Fig.3a).One end of the filmis fixed while the otheris coupled toa TiNiFe
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Fig. 1| Concept and working principle of the heat-driven elastocaloric cooler
using SMA films. a, Schematic of the device, comprising a thermal actuation unit
(left) and a cooling unit (right), coupled mechanically but thermally isolated.
The actuator film (TiNi) is heated to cyclically load and unload the refrigerant
film (TiNiFe). Movements Ax,_;indicate the motions of individual components:
Ax, represents the coupled stroke between the two units, Ax, is the motion of

the heat sink/source of the cooling unit and Ax; is the motion of the heat sink of
the actuation unit. b, Three-dimensional rendering of the prototype, showing
the actuator film, refrigerant film and heat exchangers. The actuator converts
absorbed thermal energy into mechanical work that drives the cooling cycle.

¢, Thermomechanical behaviour of SMAs. The actuator operates via the shape
memory effect (red), while the refrigerant exploits stress-induced superelasticity
(blue). The dashed curves and labelled points correspond to the operation
stepsind. A,, austenite start temperature; A, austenite finish temperature;

M,, martensite start temperature; M, martensite finish temperature.

d, Schematic showing the four steps of the heat-driven elastocaloric cooling
cycle. (1) Thermalinput raises the actuator film temperature above A; (orange
curvelinc), causing contraction and loading the refrigerant film, which
undergoes stress-induced austenite-martensite transformation with associated
heating (lightblue curvelinc).(2) The refrigerant film contacts the heat sink of
the cooling unit, releasing heat until returning to ambient temperature (both
points2inc). (3) The actuator film cools to ambient temperature via its heat
sink (orange curve 3in ¢), unloading the refrigerant film, which undergoes the
reverse transformation accompanied by cooling (light blue curve 3inc).

(4) Therefrigerant film contacts the heat source, absorbing heat and returning
to ambient temperature (both points 4 inc). The external heat-source-driven
configurationisillustrated in Supplementary Fig. 15.

superelastic film serving as a bias spring. During operation, a copper
heatsink mounted on anelectromechanical actuator periodically con-
tacts the TiNifilm to enable controlled cooling.Joule heating above A,
produces strokes of 368-415 pum as pulse time increases (Fig. 3b). The
corresponding actuation forces remain above 5.5 N across all condi-
tions, sufficient to fully drive the phase transformation of the TiNiFe
refrigerant film, as corroborated by its stress—strain behaviour (Fig. 2d).
Loadingtimes remain above 500 ms and show no clear dependence on
pulsedurationatajoule heating current of 1.0 A (Supplementary Fig. 3a).
Incontrast, passive cooling viathe heat sink greatly reduces unloading
times from >3 s to <1 s (Supplementary Fig. 3b). These results confirm
that the thermal actuator delivers both the displacement and force
necessary for device operation.

Elastocaloric cooling unit
To assess the stand-alone performance of the cooling unit, the thermal
actuator was replaced with an electromechanical actuator to precisely

control displacement (Fig. 3¢). Inthis configuration, the heat sink and
heat source elements are moved independently to separate thermal
flows. Tests were conducted at strains of 4% and 4.5% across frequencies
of'1,1.33 and 2 Hz, with loading/unloading and holding times varied
between125and 250 ms. Figure 3d shows that larger strainamplitudes
yield larger temperature spans, while higher operating frequencies
suppress parasitic heatloss and improve cooling performance. Shorter
loading/unloading times have a greater impact than shorter holding
times, as the higher strain rate in the refrigerant material enhances
the adiabatic response. The maximum temperature span achieved is
8.2 K (mean value of three independent measurements) under zero
cooling power conditions at 2 Hz and 4.5% strain. By maintaining the
heat sink temperature within1.0 Kabove ambient, representing amore
application-relevant boundary condition, the cold-side temperature
drop (AT.=T,.- T, where T_is the cooling temperature in the cooling
unitand T,is theambient temperature) increases by anaverage of 0.8 K
compared with the insulated configuration (Supplementary Fig. 4).
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Fig. 2| Material characterization of the Ti;, ;sNi,, 5, (One-way shape memory)
and Ti,,,;Nis, sFe, . (Superelastic) films. a, Schematic of the tensile test set-up for
the superelastic TiNiFe film. b, Schematic of the tensile test set-up for the shape
memory effect TiNi film. Printed circuit boards (PCBs) are used at the clamps
forJoule-heating electrical connections. ¢, Force-displacement curves for the
TiNiFe and TiNi films, derived from tensile tests. The grey circles (i)-(iv) indicate
the estimated coupling points of the superelastic TiNiFe film expected in the
coupled heat-driven system, corresponding to the transformation states shown
ind. Horizontal dotted and dashed lines indicate the force matching between
TiNiand TiNiFe films. d, Engineering stress—strain response of the superelastic
TiNiFe film at room temperature. Points (i)-(iv) correspond to the coupling

points marked in c: (i) pre-strain, (ii) transformation start, (iii) fully transformed
state and (iv) reverse transformation. The dashed curve enclosed by points
(i)-(iv) highlights the operation cycle expected in the coupled heat-driven
device. The tested TiNiFe film had a cross-sectional area of 0.5 x 0.026 mm?Z.

e, Engineering stress-strain characteristics of the one-way shape memory

effect TiNi film. For the martensite-austenite transformation, loading occurs
inthe martensitic state, followed by Joule heating above A;and unloadingin the
austenitic state, demonstrating the one-way shape memory effect. The tested
TiNifilm had a cross-sectional area of 3.0 x 0.020 mm?. f, DSC curves of the TiNiFe
and TiNi films. TiNiFe shows an A;0f18.5 °C, while TiNi exhibits an A, of 47.1°C and
A;0of 60.8 °C. Downward direction indicates exothermic processes.

Although constraining the hot-side temperature rise reduces the overall
temperaturespan (AT, = T, - T, where T is the heating temperature
in the cooling unit), maintaining the heat sink near ambient prevents
an upward shift of the system reference temperature and resultsin a
larger measurable temperature drop relative to ambient conditions.
Temperature span values under both insulated and ambient-controlled
conditions are summarized in Supplementary Table 1.

Coupled heat-driven system using Joule heating
The actuator and refrigerant films are integrated in-plane using a
polymer connector, ensuring thermal isolation while enabling direct
transfer of displacement and force (Supplementary Fig.1). In this con-
figuration, the actuation stroke of the TiNi shape memory actuator
uniaxially loads and unloads the TiNiFe refrigerant film. The heat sinks
and heat source are cyclically moved into contact with both films, with
holding times of 0.5 s to ensure efficient thermal exchange.
Theintegrated heat-driven system under Joule-heated actuation
can continuously operate with actuation stroke lengths exceeding
300 um (Fig. 4a). A sharp initial drop is followed by much slower deg-
radation, attributed to the high operating frequency that hinders full
recovery of the martensite state of the actuator during cooling. The
force plateaus confirm the occurrence of stress-induced martensitic
transformation in the refrigerant film. The force-displacement ratio

of the thermal actuation unit was calculated to be 14.5 N mm™, which
is comparable to the target range (16.0-16.7 N mm™) and substantially
higher thanthat of acommercially available electromechanical actua-
tor (1.LINmm™).

IR thermography verified the elastocaloric effect under
Joule-heated actuation. At the material level, without heat exchang-
ers in the cooling unit, the refrigerant film exhibits a tempera-
ture span of 12.9 K at strain rates of 0.09 s™ (loading) and 0.03 s™*
(unloading; Supplementary Fig. 5). With anintegrated heat sink and
source, the device achieves a temperature span of 4.0 K (Fig. 4b).
The temperature drop (7. - T,) remains at —1.8 K when switching
from an insulated heat sink to a heat sink maintained near ambi-
ent temperature (Supplementary Fig. 6a), indicating that under
the current operating frequency, additional enhancement of the
cold-side temperature drop is not observed. This differs from the
cooling-only configuration (Supplementary Fig. 4), where a higher
electromechanical actuation frequency makes the heat sink con-
dition a dominant factor. In contrast, in the Joule-heated coupled
system, the lower operating frequency and strain rate limit the
cooling capacity, reducing the influence of the heat sink condition.
The cooling power (CP) at zero temperature lift, determined using
the counter-heating method, is 2.79 mW, corresponding to an SCP
of 4.43 W g™ (Supplementary Fig. 7a and Supplementary Table 3).
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Fig. 3 | Illustration and performance of the thermal actuation and
elastocaloric cooling units. a, Schematic and optical image of the thermal
actuation unit. The TiNiactuator filmis Joule-heated to contract against a bias
spring made of a superelastic TiNiFe film. Arrow Ax, denotes the stroke of the
actuator film and arrow Ax; denotes the vertical motion of the heat sink of the
actuation unit. b, Stroke and output force of the thermal actuation unit operated
at1.0 A heating current for different heating pulse duration (corresponding
heating power:1.32 W). Both actuator film and bias spring were pre-strained with
aforce of 1.5N. The symbols represent experimental data; the lines are guides to
the eye. ¢, Schematic and optical image of the stand-alone elastocaloric cooling
unit driven by acommercial electrical actuator. The TiNiFe refrigerant film is

cyclically loaded and unloaded between a heat sink and heat source. Arrow Ax,;
denotes the stroke of the refrigerant film and arrow Ax, denotes the vertical
motion of the heat sink and heat source of the cooling unit. d, Device-level
temperature span (A7) of the stand-alone cooling unit under imposed strains ()
of 4% and 4.5%, tested at different (un)loading times (125 or 250 ms) and holding
times (125 or 250 ms), corresponding to frequencies of 1,1.33 and 2Hz. The
maximum AT is 8.2 K at 4.5% strain with 125 ms (un)loading and 125 ms holding
times. Values under different conditions are given in Supplementary Table 1. The
dataare shown as mean + standard deviation (n = 3 independent experiments,
shown as white circles).

The actuator film reaches an average peak temperature of 86 °C
during cycling (Supplementary Fig. 8), confirming the viability of
low-grade heat (<100 °C) as the actuation source. The operations of
the cooling and actuation units are shown in Supplementary Videos 1
and 2, while IR thermography footage of the refrigerant film under
cyclicoperationis provided in Supplementary Video 3.

The motion sequence of the coupled system under Joule-heated
actuation is illustrated in Fig. 4c. The longitudinal displacement Ax;
denotes the coupled stroke transmitted between the actuator and
refrigerant films. Point B (-380 pum) marks the full transformation of
therefrigerant film, where stress-induced martensite dominates and its
temperaturerises. Point A (=50 pm) corresponds to the fully unloaded
state, where the refrigerant returns to austenite, absorbing heat from
the heat source. This recovery allows the superelastic refrigerant to
retainits pre-strained length (-50 pm). The lateral motions Ax, and Ax;
represent the displacements of the heat exchangersin the coolingand
actuationunits, respectively. Both displacements are set slightly larger
than the exchanger separations to ensure reliable solid-solid contact,
with holding times of 0.5 s applied to enable sufficient heat transfer.

Thethermodynamic performance ofthe coupled systemis summa-
rizedinFig.4d.Based onthe CP determined using the counter-heating
method, the coefficient of performance (COP) of the cooling unitis 2.61
without work recovery. The temperature-slope method yields aslightly
higher COP of 2.88. The COP of the thermal actuator is 3.27 x 1072,

based ontheJoule-heating thermalinput. For the Joule-heated coupled
system, the system-level COP is 8.53 x 1072 (counter-heating method)
without work recovery. Definitions of COP and the corresponding
exergetic efficiencies are provided in Supplementary Note 2 and
Supplementary Table 4. Further efficiency gains could be achieved
by (1) reducing parasitic thermal losses throughimprovedinsulation®®,
(2) optimizing heat-transfer interfaces via high-conductivity interlay-
ers and surface finish adjustment to lower contact resistance”, and
(3) tailoring the actuator-refrigerant coupling by employing compliant
polymer or metallic linkages to achieve uniformload distribution and
minimize frictional and hysteretic losses in the connector®*.

Coupled heat-driven system using an external
heat source

To verify true heat-driven operation, Joule heating was replaced with
an external solid heat source in the actuation unit, enabling direct
conductive heating of the actuator film (Fig. 5a,b). The verification
prototype was operated using the same film dimensions and cycling
frequency as the Joule-heated configuration to allow direct compari-
son. The external heat source was maintained at 130 °C (7;) to provide
sufficient thermal input for uniaxial loading of ~300 um of the refrig-
erant film within a 0.25 s heating interval (Supplementary Fig. 9a).
Active motion control of the heat source and heat sink in the actua-
tion unit constrained the loading and unloading durations to ~0.6 s
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Fig. 4 | Performance of the coupled heat-driven elastocaloric system under
Joule-heated actuation. a, Force-stroke loops of the coupled system for cycles
1,2,10and 20. The actuator film undergoes phase transformation driven by
Joule heating, and its actuation stroke loads/unloads the refrigerant film, driving
the elastocaloric cooling device. A 6-point moving average was applied for
readability. b, Device-level temperature span (AT) over arun time of 24 s. After
20 cycles, asteady-state temperature span of 4.0 Kis reached, comprising an
average temperature rise of +2.2 Kand drop of -1.8 K. ¢, Coordinated motions
oftheintegrated device. Ax; corresponds to the coupled axial stroke between
the actuation and cooling unit (between points A and B). Ax, corresponds to the
movement of the heat sink/source in the cooling unit (between points Cand D),
switching the thermal contact with the refrigerant film. Ax; corresponds to the
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regulating the actuator film temperature. The total cycle timeis1.2 s, witha
holding time of 0.5 s during thermal contact of the film. Inset: schematic of the
coupled motions. d, COP at zero temperature lift (AT = 0 K) under different
evaluation criteria. The full-system COP was evaluated on a thermal input basis,
where thermal energy absorbed by the actuator filmis taken as the input power.
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values are provided in Supplementary Table 4. Exergetic efficiencies and full
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Table 4. The data are shown as mean * standard deviation (n = 3 independent
experiments).

(Supplementary Fig. 9b,c), corresponding to strain rates of between
0.053 and 0.066 s* (Supplementary Fig. 9d).

The cooling performance was evaluated under these condi-
tions, with the heating time increased to 0.35 s to ensure sufficient
thermal input into the coupled heat-driven system using an exter-
nal heat source. With a slightly reduced stroke (strain = 4.1%),
the external-heat-source-driven device achieves a steady-state
temperature span of 2.2 K at the same operating frequency as the
Joule-heated coupled system (Fig. 5c,d). The CP at zero tempera-
ture lift, determined using the counter-heating method, is 2.09 mWw,
corresponding to an SCP of 3.32 W g™ (Supplementary Fig. 7a and
Supplementary Table 3). When the heat sink in the cooling unit is
maintained near ambient temperature, the cold-side temperature
drop (7. - T,) increases from —1.0 to -1.4 K (Supplementary Fig. 6b).
The operations of the external-heat-source-driven actuation unit and
the cooling unit in such a configuration are shown in Supplementary
Videos 4 and 5.

Compared with the Joule-heated configuration, the external-
heat-source-driven system exhibits reductions of 1.8 K in the tem-
perature span and 1.11W g in the SCP (Fig. 5d), primarily due to the
lower achievable stroke under the actuator geometry. The higher
required heating temperature of 130 °C, compared with 86 °C in the
Joule-heated case, reflects the different heat-transfer mechanisms

involved. Joule heating generates volumetric internal heat, whereas
the external heat source relies on boundary-driven conduction. Opti-
mization of the actuator geometry and transformation temperature
Ap, together with improved heat-transfer design, may reduce the
required heat-source temperature and enhance actuation efficiency
infuture implementations.

The future potential of the film-based, heat-driven elastoca-
loric cooler extends to a broad range of applications where compact,
solid-state and electricity-minimized cooling is essential. For instance,
inhouseholdelectronics, the cooler canbe integrated to dissipate heat
from central processing unitsin computers, where the thermal actuator
can harvest waste heat fromvoltage regulator modules to drive refriger-
ant films for localized cooling (Supplementary Fig. 10a). Similarly, in
automotive systems, the device can be configured to manage thermal
loadsin on-board electronics, with the actuator films potentially pow-
ered by waste heat sources such as exhaust or drivetrain heat, to deliver
targeted cooling of sensitive components (Supplementary Fig. 10b).
The present prototype serves as a proof-of-concept platform for inves-
tigating the scalability of film-based, heat-driven elastocaloric cooling.
Although the absolute CP is limited by the small active mass of the
thin-film refrigerant, the total cooling capacity can be increased by
(1) integrating multiple films in parallel and (2) enlarging the lateral
dimensions of each film, as previously demonstrated for film-based
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Fig. 5| System design and performance of the elastocaloric cooling device
under external-heat-source actuation. a, Schematicillustration of the device
architecture in whichJoule heating is replaced by an external solid heat source
inthe actuation unit, enabling thermal energy input through solid-to-solid
contact. b, Three-dimensional representation of the prototype, showing

the actuator film, refrigerant film, external heat source in the actuation unit
and heat exchangers. Inset: close-up view of the fin-structured heat sink and
the heat source assembly in the actuation unit. The heat source consists of a
platinum microheater bonded to a thin Cu contact plate that interfaces with the
actuator film. ¢, Device-level temperature span (AT) over an operation period
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of 24 s. After 20 cycles, a steady-state temperature span of 2.2 Kis reached,
corresponding to an average temperature rise of +1.2 Kon the hot side and an
average temperature drop of -1.0 K on the cold side. d, Comparison of heating
temperature (7;), temperature span (AT) and SCP (counter-heating method)
under Joule-heated and external-heat-source actuation. The proof-of-concept
external-heat-source configuration exhibits alower performance, primarily due
to the reduced actuation stroke under the current geometric constraints. The
data are shown as mean + standard deviation (n = 3independent experiments,
shown as white circles).

elastocaloric systems”. As the CP scales approximately with the volume
of actively cycled material under comparable stress and strain condi-
tions, increasing the number or area of films can proportionally enhance
the total output. Inthe presentarchitecture, modularintegration with
shared heat sinks and heat sources may mitigate footprint growth
compared with duplicating complete device assemblies. However,
scaling to higher cooling capacities requires careful management of
heat delivery as larger systems involve increased thermal loads. This
necessitates optimized heat-distribution pathways to ensure uniform
temperature fields and efficient operation. Potential mitigation strate-
gies include the use of high-conductivity intermediate thermal layers
to homogenize temperature distribution, enhanced heat-transfer
interfaces to reduce thermal resistance or modular architectures that
minimize heat-transport distances by locally coupling heat sources and
active elements. In addition, actuator synchronization and uniform
stress distribution across multiple films must be addressed. These
aspectsarenotyetimplementedinthe current prototype and will require
further investigation and engineering developmentin future work.

Conclusions

Here we have presented an integrated film-based, heat-driven elas-
tocaloric cooler that converts thermal energy into mechanical work
to drive solid-state refrigerants. By leveraging thin-film SMA archi-
tectures for both actuator and refrigerant, the design maximizes the
surface-to-volume ratio, enabling rapid heat transfer and a high SCP.

Throughin-plane coupling of TiNi actuator films with TiNiFe refriger-
ant films, the Joule-heated configuration achieves continuous cyclic
operation with material-level temperature spans of up to 12.9 Kand
device-level spans of 4.0 K, corresponding to an SCP of 4.4 W g™ ata
heating temperature of 86 °C. When driven by an external heat source
instead of Joule heating, the system maintains a device-level tempera-
ture span of 2.2 K with an SCP of 3.3 W g™ at a heating temperature
of 130 °C. These results demonstrate the feasibility of film-based,
heat-driven elastocaloric cooling and highlight the potential of
thermal energy as a driving source for electricity-minimized thermal
management systems.

Methods
Device fabrication
Detailed architecture designs of the prototype are provided in
Supplementary Fig.1. The heat sink in the actuation unit was mechan-
ically cut from a 750-pm-thick Cu plate in a rectangular geometry
(18 x 13 mm?). The surface was manually polished with polishing paper
and metal paste to reduce contact resistance. It was attached to a
3D-printed cantilever structure to improve contact with the actua-
tor film. The spring-like compliant cantilever mitigates film-heat
exchanger misalignment and preserves stable thermal contact, even
under minor buckling of SMA films.

The heat sink and heat source in the cooling unit were fabricated
from100-pm-thick Cu sheets by laser cuttinginto 7.0 x 0.5 mm?strips.
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Surfaces were manually polished. A350-pm-thick aerogel thermal insu-
lation layer (Stanford Advanced Materials) was cut to the same size and
adhered to the backside of the Cu heat exchangers. The performance
oftheinsulation layeris shownin Supplementary Fig. 11, confirming its
positive effect in maintaining heat exchanger temperature. The heat
exchangers were glued to a polymethyl methacrylate (PMMA) support
structure. A central holeinthe PMMA allowed a miniature type-K ther-
mocoupletobeattached tothebackside of the Cusheet with thermally
conductive glue. Polydimethylsiloxane (PDMS) square rings were
placed around the PMMA support legs before assembly with the top
and bottom PMMA plates to provide compliance. This design mitigates
the effects of minor buckling in the refrigerant filmand ensures stable,
repeatable contact with the heat exchangers during operation. The
heat sink and source were fixed 2 mm apart and moved together with
the plates by an electromechanical linear actuator.

To clamp the refrigerant SMA films, PMMA blocks with a locat-
ing pin and hole ensured precise alignment. Two screws secured the
films. For the actuator films, the bottom PMMA block was replaced
with a PCB board to provide electrical connection for Joule heating.
One side of the refrigerant film was clamped and screwed to a linear
stage (Norelem; Supplementary Fig.1, label A) for pre-straining at the
beginning of operation.

The two SMA films were mechanically linked by a 3D-printed
polymer coupler. The rigid structure ensured that the output force
and stroke from the actuator unit were efficiently transferred to the
cooling unit. Sliders mounted on the coupler guided motion along
the longitudinal axis, reducing parasitic losses and concentrating the
appliedforce. The polymer material and spacing of the coupler further
provided effective thermal isolation between the two films.

Material fabrication and characterization

Tiso15Niseg and Tiye Nisy sFeq 4 films were fabricated by cold rolling
at the University of Tsukuba, Japan, with 40% reduction to produce
~30-pm-thick films'*°, The TiNifilms were heat-treated ina vacuum fur-
nace at450 °C for 30 min to obtain the one-way shape memory effect*.
Samples were patterned by photolithography and HF-HNO, wet etch-
ing. Actuator films were cut into 19.0 mm (active length) x 0.6 mm
strips, followed by HF-HNO; etching to remove oxides and thinned
to 22 pm. The TiNiFe films were laser cut and electropolished (final
thickness: 26.5 pum) at ADMEDES. The refrigerant film consisted of
a13.0-mm-long strip with ring-shaped ends, as shown in the inset
of Fig. 2a. Each ring had an inner diameter of 1.0 mm and an outer
diameter of 2.5 mm, providing precise alignment during clamping.
Therectangular gauge section between the two rings was 7.5 mmlong
and 0.5 mm wide. Scanning electron microscopy images before and
after electropolishing are provided in Supplementary Fig. 12, show-
ing substantial surface improvement. A heat treatment at 500 °C for
30 min was required to obtain superelasticity at room temperature'®.

Mechanical properties were measured by means of uniaxial ten-
sile tests on a ZwickRoell Z0.5 testing machine. TiNiFe samples were
trained for 20 cycles at alowstrainrate (0.001 s™) until their behaviour
was stabilized. The TiNi samples were characterized in the martensite
(23 °C) and austenite (83 °C) statesin atemperature chamber. Polymer
clamp extensions minimized heat loss and an additional thermocouple
was attached near the sample to confirm test temperatures.

The fatigue behaviour of the superelastic TiNiFe refrigerant film
was evaluated under tensile loading at 5.2% strain and a strain rate of
0.02 s The filmsustained more than 2,000 cycles without mechanical
failure or observable functional degradation, confirming its mechani-
cal robustness within the operating strain range of the present proto-
type. However, the primary objective of this work was to establish a
proof-of-concept demonstration of heat-driven elastocaloric cool-
ing rather than to optimize long-term cyclic lifetime. Consequently,
fatigue-optimized SMA compositions were not specifically imple-
mentedinthe current device. Notably, ultra-low-fatigue TiNi-based thin

films have beenreportedin theliterature. Ti-rich TiNiCu and TiNiCuCo
films have demonstrated stable cyclic performance exceeding 10’
cycles under tensile actuation without functional degradation** .
These alloy systems are fully compatible with thin-film elastocaloric
architectures. Combined with animproved mechanical design to mini-
mize stress concentration and thermal accumulation, they provide a
clear pathway towards substantially extending operational lifetime in
future device generations.

IR thermography was performed with a FLIR A655sc camera at
50 fps (640 x 480 pixels, 17 pm pitch, maximum 200 fps). A black paint
spray (emissivity: 0.97) was applied to SMA films before measurement.
DSC was performed using a Netzsch Phoenix DSC 204 instrument ata
heating rate of 10 °C min™across temperature ranges of -120 to 150 °C
for TiNiFe and -100 to 150 °C for TiNi.

Device characterization

Characterization of subsystems. The prototype was first evaluated
atthe subsystemleveltoisolate the performance of theactuationand
cooling units.

In the actuation-only unit, TiNi films were Joule-heated under
controlled pre-strain to study displacement and force generation. One
end of the film was fixed, while the other was coupled to a TiNiFe super-
elastic filmthat functioned as abias spring to enable cyclicoperation.
Atthebeginning of testing, both films were pre-strained with aforce of
1.5N, corresponding toapre-strainlength of 520 um (¢ = 2.7%) for the
19-mm-long actuator film. Joule heating pulses 0f 0.9-1.0 Awith dura-
tions of between 90 and 180 ms were applied. Higher heating currents
and longer pulse durations were not tested to prevent overheating of
the actuator filmand polymer clamping structures, as well as to avoid
excessive heataccumulation that would prolong the subsequent cool-
ingstage. Witha pre-strain of 770 pm (£ = 3.2%), the shortest achieved
loading and unloading cycle was 500 and 530 ms, respectively, using
a24 mm actuator filmunder 0.9 A and 90 ms pulses.

Inthe cooling-only unit, the thermal actuator was replaced with a
precision electromechanical actuator to directly control the displace-
ment ofthe TiNiFe refrigerant film. A second independent electrome-
chanical actuator was used to cyclically move the heat sink and heat
source, thereby modulating thermal contact and heat exchange. Strain
amplitudes of 4-4.5% were applied at operating frequencies of 1,1.33
and 2 Hz, with loading/unloading and holding times varied between
125and 250 ms.

Device-level temperature spans were measured using miniature
type-K thermocouples (tip diameter: 360 pm; sensing wire diameter:
80 um) attached at the centre of the heat sink and heat source (denoted
as TC,,;q in Supplementary Fig. 13a). To verify that TC,4 accurately
represents the overall heat-source temperature, an additional ther-
mocouple (TCg4.) was placed near the edge of the heat source. The
temperature difference between TC,,,;,; and TC,;4. remained below 0.1 K
throughout operation (Supplementary Fig. 13b), confirming a spa-
tially homogeneous temperature distribution across the heat source
during cycling.

Coupled heat-driven system with Joule-heated actuation. After
subsystem evaluation, the actuator and cooling unit were integrated to
formacoupled heat-driven system operated usingJoule heating. In this
configuration, the actuation stroke of the TiNi actuator film directly
loaded and unloaded the TiNiFe refrigerant film viaa polymer connec-
tor, ensuring thermalisolation while enabling efficient force transfer.
The heat sink and heat source were cycled laterally into contact with the
refrigerant film, while a second heat sink contacted the actuator film
toregulateits temperature. A holding time of 0.5 swas applied during
each thermal contact to allow sufficient heat exchange.

System control and data acquisition were carried out using a
National Instruments cRIO-9067 CompactRIO controller running
a custom LabView project. The force of the superelastic refriger
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ant film was measured using a U9C 100 N load cell (HBM; label B in
Supplementary Fig. 1), and its axial displacement was recorded
with a Panasonic HL-G103-S-J laser displacement sensor (label C in
Supplementary Fig. 1). IR thermography was used to monitor the
film-level temperature response, with carbon spray (emissivity: 0.77)
applied to ensure uniform emissivity. Device-level temperature spans
were acquired with miniature type-K thermocouples attached to the
Cuheatsinkandsource. Theinput electrical power for Joule heating of
the actuator was supplied by a GW Instek GPP-3060 DC power source,
with pulse timing regulated by an external relay module controlled
from LabView. Four-wire measurement was used to monitor the sup-
plied electrical power. The electromechanical actuators used for the
lateral motion of the heat sink and heat source of the cooling unit and
the heat sink of the actuator unit were two servo linear actuators (ESR
Pollmeier), operated via the EtherCAT protocol and logged through
the CompactRIO system.

Theintegrated system was operated at afrequency of 0.83 Hz. The
initial pre-strain of the actuator film was set to 520 pm (¢ =2.7%) and
theJoule heating pulse was supplied withacurrent of 1.0 Awith adura-
tion time of 100 ms. This corresponded to a pre-strain force of .5N,
producingapre-strain of -50 pumin the refrigerant film. The pre-strain
length was kept moderate as larger pre-strains did not improve cool-
ing performance. It also prevented buckling of both SMA films during
push-pull operation.

Under these conditions, a maximum material-level temperature
change 0f12.9 Kand device-level spans of up to 4.0 Kwere achieved. The
average heat-transfer times between the refrigerant film and the heat
sink and heat source were approximately 270 and 350 ms, respectively,
asdetermined from the temperature evolution of the heat exchangers.
The experimentally derived thermal time constant (7 = 62 ms) agrees
well with the theoretical estimation (see Supplementary Note 3 for
details). Astability test performed underJoule-heated actuation over
80 cycles (96 s) showed no degradation in temperature span or maxi-
mum loading force. Although aslight reductionin stroke was observed,
the minimum value remained above the designed threshold of 300 pm,
resulting in a stable cooling performance (Supplementary Fig.14).

The material-level temperature change of 12.9 K for the TiNiFe films
under Joule-heated thermal actuation is lower than the fully adiabatic
value of 19.4 K measured under high-strain-rate tensile testing. This
reduction arises from the limited strain rate during device operation.
Similarly, the device-level temperature span of 4.0 K in the coupled
heat-driven configuration remains below the maximum 8.2 Kachieved
inthe cooling-only unit driven by anelectromechanical actuator.Inboth
cases, the limitation originates from thermally constrained actuation
dynamics, whichrestrict both the strainrate and the achievable operat-
ing frequency. Fully adiabatic conditions typically require strain rates
>0.1s((un)loading velocity: 750 pms™), whereas the present actuator
provides 0.09 s duringloading (velocity: ~639 um s™) and 0.07 s dur-
ing unloading (velocity: ~526 pms™). These sub-adiabatic strain rates
allow partial heat exchange during phase transformation. At the device
level, the temperature span is further limited by finite heat-transfer
rates between the refrigerant film and the heat sink/source, as well as
by the thermal mass of the heat exchangers during cyclic operation.
In the absence of regenerative or cascaded architecture™*, the net
temperature lift accumulated per cycle remains lower than the intrin-
sic material temperature change. Future improvements may focus on
increasingstrainrates through optimized actuator geometry, enhanced
heat transfer or alternative actuation strategies to more fully exploit
theintrinsic cooling potential of the refrigerant film. Advanced actua-
tion concepts, including bistable configurations, agonist-antagonist
designs or catch-and-release mechanisms***, together with multistage
cascading architectures on the cooling side'*, may further enhance
the effective device-level temperature span.

CP was determined using both the temperature-slope method
and direct counter-heating measurement. At zero temperature lift, the

CPsobtained from the temperature-slope and counter-heating meth-
ods were 3.08 and 2.79 mW, respectively (Supplementary Fig. 7a and
Supplementary Table 3). The close agreement between these values
supports the reliability of the CP evaluation. The slightly lower value
obtained from the counter-heating method is attributed to additional
thermal leakage to the surroundings under finite temperature-span
conditions during counter-heating operation. The COP values at zero
temperature lift and exergetic efficiencies at —1.0 K temperature drop,
derived using the CP fromboth methods under different input-power
definitions, are summarized in Supplementary Table 4.

Coupled heat-driven system with external-heat-source actua-
tion. The external heat source was fabricated in-house using a
5x5mm? platinum microheater (Innovative Sensor Technology).
The microheater was bonded with thermally conductive adhesive to
a 0.6-mm-thick Cu plate, which served as the contact interface with
the actuator film. A thermocouple was attached to the Cu plate for
closed-loop proportional-integral-derivative (PID) temperature con-
trol. Afin-structured Cu heat sink was employed to remove heat from
the actuator film during the cooling stage.

The heat-source temperature was varied between 70 and 130 °C
with a250 ms contact time to determine the heating temperature (T;)
required to achieve sufficient loading stroke and acceptable loading/
unloading times (Supplementary Fig. 9). The device operated in a
four-step cycle, as illustrated in Supplementary Fig. 15. The operat-
ing frequency was set to 0.83 Hz, identical to that of the Joule-heated
configuration, for direct comparison. The loading and unloading
velocities were 507 pm s (strain rate: 0.07 s™) and 511 pm s (strain
rate: 0.07 s™), respectively.

CP was determined using both the temperature slope and
direct counter-heating methods. At zero temperature lift, the CPs
obtained from the two methods were 1.36 and 2.09 mW, respectively
(Supplementary Fig.7aand Supplementary Table 3). The small differ-
ence between the two methods arises from their distinct evaluation
principles. Inthe counter-heating method, the CPisinferred from the
electrical power required to maintain thermal balance. Parasitic heat
exchange with the ambient environment contributes to the applied
heating power, which can lead to a slight overestimation of the CP*%,
In contrast, the temperature-slope method relies on the initial cool-
ing rate of the heat source, which can be influenced by finite thermal
response times associated with contact resistance and the thermal
mass of surrounding components, resulting inaslight underestimation
of the CP', As a result, the two methods exhibit opposite systematic
tendencies, leading to adifference between the evaluated values. The
COP values at zero temperature lift and exergetic efficienciesat —0.5 K
temperature drop, evaluated under different input-power definitions,
are summarized in Supplementary Table 4.

Calculation of figures of merit

System performance was evaluated after 20 operating cycles, when
the temperature span profiles reached steady state. The device-level
temperature span is defined as the temperature difference between
the Cu heat sink and heat source in the cooling unit, measured by
type-K thermocouples.

CPand SCP were determined using two independent approaches:
the temperature-slope method and direct counter-heating measure-
ment. Inthe temperature-slope method, CPis obtained fromthe initial
temperature decay rate of the heat source during the first cooling cycle
atzero temperature lift'®*. In the counter-heating method, a calibrated
0.5 QNiCrresistance wireis used to electrically supply heat to the heat
source until thermal balanceisreached, and the electrical input power
required to offset the cooling effect is taken as the CP. To establish
controlled thermalloading conditions, the heat source was preheated
using the resistance wire for 60 s before actuation. Subsequently,
the elastocaloric system was activated to induce cooling, while the
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electrical heating was maintained throughout the measurement. The
resulting temperature evolution under different thermalloads is shown
inSupplementaryFig. 7b. Allmeasurements were conducted duringa
runtime of 24 s to ensure consistency with other tests throughout this
work. The remaining temperature change rate at the end of the meas-
urement was negligibly small and the temperature span development
reached a steady state within the timeframe.
For the temperature-slope method, CP (Q,) is given by:

QC = mSOUI’CECP,SOUrCC TSOUI’CE (1)

where Mg, is the mass of the Cu heat source, ¢, ource is the specific

heat of Cu and T, is the initial cooling rate of the heat source

extracted from the first cooling cycle at zero temperature lift.
SCP (g.) isdefined as:

Q.

Mgg

q. (V)]
where mg; isthe active mass of the refrigerant film, determined fromthe
clamped gauge length (7.5 mm). The numerical values of all parameters
used in these calculations are provided in Supplementary Table 2.

COP was evaluated at zero temperature lift under differentinput
definitions using the CP determined by both the temperature-slope and
counter-heating methods. Exergetic efficiency (r,.,) was evaluated at
50% of the maximum temperature drop (-1K for Joule-heated opera-
tionand -0.5 K for external-heat-source-driven operation) using the CP
obtained from the counter-heating method. Detailed definitions and
formulations of COP and 5., under all evaluation criteria are provided
inSupplementary Note 2, and acomplete summary of efficiency values
is presented in Supplementary Table 4.

Data availability

The data supporting the findings of this study are included in the
article and the Supplementary Information. Source data are provided
with this paper.
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