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Abstract

Cooling technologies are omnipresent in modern society and play an indispensable role in eve-
ryday life. The ongoing growth of industry and population inevitably results in higher energy
demand in this technology sector. Conventional vapor-compression technology is associated
with high electricity consumption and relies on volatile gaseous refrigerants with a substantial
global warming potential (GWP). Elastocaloric solid-state cooling, which relies on temperature
changes induced by mechanical loading, has emerged as a promising environmentally friendly
alternative to vapor-compression technology. The elastocaloric effect, and the associated re-
versible temperature in elastomers, is based on the strain-induced crystallization (SIC) and the
entropy elasticity (EE). Elastomer materials, like natural rubber (NR) are inexpensive and exhibit
distinct temperature changes upon mechanical load cycling. Moreover, the SIC is also responsi-
ble for the fatigue resistance of NR under dynamic loading. To enable rapid heat transfer, foil
refrigerants are of special interest due to their high surface-to-volume ratio. In literature, only a
limited number of studies have concentrated on the development of rubber-based elastocaloric
devices. This work focuses on material characterization and the engineering of miniature-scale
elastocaloric cooling devices using NR foils and solid-to-solid heat transfer.

Foil refrigerants of 9 x 26.5 mm? lateral size are investigated, which are laser-cut from sheets
with thicknesses ranging from 60 to 900 um. Sheet materials such as commercially available NR,
NR latex, and NR produced with different crosslinking methods are employed. The elastocaloric
effect is evaluated under uniaxial tensile loading, while an infrared (IR) camera captures the
emitted radiation, which correlates with the material’s surface temperature. The reversible tem-
perature change exhibits a strong dependence on the strain, strain rate, and pre-strain. For a NR
foil with a thickness of 290 um and the maximum engineering strain of 700 % an adiabatic tem-
perature change AT,; of approximately 20.3 K is induced. This corresponds to a temperature
change of +10.0 K upon loading and of -10.3 K upon unloading. The required strain rate to
achieve quasi-adiabatic loading conditions increases with decreasing foil thickness. For the foils
with a thickness of 290 um, an engineering strain rate of 9.3 s is required. Among all examined
foils, the engineering stress-strain curves exhibit a hysteresis loop, with maximum engineering
stress levels of several MPa. The work input corresponds to the area enclosed by the hysteresis
loop and increases with the maximum engineering strain and strain rate. In contrast, it decreases
with shorter hold times under constant load and for the operation with pre-strain. An engineer-
ing pre-strain of 300 % is identified as optimum due to its increased material coefficient of per-
formance COPy,4; of around 6 and remaining AT,; of 12.4 K. In addition, the foil thickness de-
creases while the surface area enlarges, thereby increasing the surface-to-volume ratio and pro-
moting rapid heat transfer.

Three different NR foil-based elastocaloric cooling devices are designed and implemented to
operate within an engineering strain range of 300 to 700 % and transfer heat by mechanical
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contact. The first investigated device is a monostable single-stage device, in which one actuator
is employed for mechanical load cycling, while another one controls heat transfer. Spatial sepa-
ration of hot and cold flows is achieved through alternating mechanical contact between the foil
refrigerant and the parallel heat sink and heat source. A bistable actuation mechanism, utilizing
a rotating lever arm for both mechanical loading and heat transfer, is introduced in the second
single-stage device. The third device employs three cascaded foils that are thermally connected
in series to enhance the device temperature span AT .y;ce- An array of foil holders and a heat
transfer unit, comprising a heat sink and heat source, are arranged in interlocking, comb-like
structures. During operation of two and three foils, a temperature gradient is observed.

For all the investigated devices, the key performance parameters, including the AT .pice, the
initial cooling power Q, and the device coefficient of performance COPopice exhibit a pro-
nounced frequency and foil thickness dependence. The highest Qy and COPppice Of 214 mW
and 5.7 are observed for the bistable single-stage device and a 290 um thin NR foil. The optimum
operation frequency is determined by the foil thickness and scales inversely with it. For decreas-
ing the foil thickness from 650 to 290 um, the optimum operation frequency increases from 350
to 424 mHz. Consequently, the absolute cooling power increases from 158 to 214 mW for the
bistable single-stage device. By further decreasing the foil thickness to 60 um, the specific cool-
ing power increases to 6.7 Wg. In addition, significant power savings of 64 % and reduced op-
erating forces by a factor of 2.5 are observed, in comparison to the monostable single-stage
device. Besides the frequency-dependence the absolute cooling power is significantly influenced
by AT,; and the thickness inhomogeneity due to manufacturing tolerances. The highest
AT 40pice Of 5.1 K is achieved by the cascaded device. However, the improvement resulting from
two to three NR foils is marginal. A lumped element model (LEM) simulation indicates further
improvement by increasing the heat transfer coefficient and reduced loading and unloading
times. In addition, from elastocaloric cooling with shape memory alloys (SMAs), it is known that
cascading is a powerful means to increase AT j.p;ce, if heat transfer is fast enough. This could be
enhanced through various measures, such as thermally conductive fillers or surface coatings.
Consequently, the potential for improvement is high and should be further elaborated.

In order to demonstrate the potential of NR-based elastocaloric materials for cooling applica-
tions, a preliminary long-term test, comprising 10* cycles, is performed. The AT .pice remains
stable throughout 10 cycles. Overall, the results emphasize the significant potential of NR-based
elastocaloric devices as future sustainable cost-efficient cooling technology.



Kurzfassung

Kihltechnologien sind in der modernen Gesellschaft allgegenwartig und spielen im Alltag eine
unverzichtbare Rolle. Das anhaltende Wachstum von Industrie und Bevolkerung fihrt unweiger-
lich zu einem hoheren Energiebedarf in diesem Technologiesektor. Herkdmmliche Kompressi-
onskaltemaschinen sind mit einem hohen Stromverbrauch verbunden und basieren auf fliichti-
gen gasformigen Kaltemitteln mit einem erheblichen Treibhauspotenzial (GWP). Die elastokalo-
rische Festkorperkihlung, die auf mechanisch induzierte Temperaturanderungen basiert, hat
sich als vielversprechende umweltfreundliche Alternative zur Kompressionskdltemaschine her-
ausgestellt. Der elastokalorische Effekt und die damit verbundene reversible Temperaturdande-
rung in Elastomeren basieren auf der Dehnungskristallisation (SIC) und die Entropieelastizitat
(EE). Elastomermaterialien wie Naturkautschuk (NR) sind kostenglinstig und zeigen bei mecha-
nischer Belastung ausgepragte Temperaturanderungen. Darliber hinaus ist die SIC auch fiur die
Ermidungsbestandigkeit von NR unter dynamischer Belastung verantwortlich. Um eine verbes-
serte Warmelbertragung zu ermoglichen, sind Folien aufgrund ihres hohen Oberflachen-zu-Vo-
lumen-Verhéltnisses von besonderem Interesse. In der Literatur gibt es nur wenige Studien, die
sich mit der Entwicklung von elastokalorischen Systemen auf Gummibasis befassen. Diese Arbeit
konzentriert sich auf die Materialcharakterisierung und die Konstruktion von elastokalorischen
Kihlsystemen im Miniaturbereich unter Verwendung von NR-Folien und festkorperbasierten
Warmedbertragung.

Es werden Folien mit einer lateralen GréRe von 9 x 26,5 mm? untersucht, die aus Elastomerbin-
dern mit einer Dicke von 60 bis 900 um lasergeschnitten werden. Materialien wie handelsiibli-
ches NR, NR-Latex und NR, das mit verschiedenen Vernetzungsverfahren hergestellt wurde,
werden verwendet. Der elastokalorische Effekt wird unter einachsiger Zugbelastung bewertet,
wahrend eine Infrarotkamera (IR-Kamera) die emittierte Strahlung erfasst, die mit der Oberfla-
chentemperatur des Materials korreliert. Die reversible Temperaturanderung zeigt eine starke
Abhéngigkeit von der Dehnung, der Dehnungsgeschwindigkeit und der Vordehnung. Bei einer
NR-Folie mit einer Dicke von 290 um und einer maximalen technischen Dehnung von 700 % wird
eine adiabatische Temperaturanderung AT,; von etwa 20,3 K induziert. Dies entspricht einer
Temperaturdanderung von +10,0 K bei Belastung und von -10,3 K bei Entlastung. Die erforderliche
Dehnungsrate, um quasi-adiabatische Belastungsbedingungen zu erreichen, steigt mit abneh-
mender Foliendicke. Flr Folien mit einer Dicke von 290 um ist eine nominelle Dehnrate von
9,3 st erforderlich. Bei allen untersuchten Folien zeigen die nominellen Spannungs-Dehnungs-
Kurven eine Hystereseschleife mit maximalen nominellen Spannungen im Bereich von wenigen
MPa. Die benétigte Arbeit pro verrichtetem Zyklus entspricht der von der Hystereseschleife um-
schlossenen Flache und steigt mit der maximalen nominellen Dehnung und Dehnrate. Im Ge-
gensatz dazu nimmt diese bei kiirzeren Haltezeiten unter konstanter Belastung sowie beim Be-
trieb mit Vordehnung ab. Eine nominelle Vordehnung von 300 % wird aufgrund des erhdhten
Materialleistungskoeffizienten COP,, 4+ von etwa 6 und einer verbleibenden AT, ; von 12,4 K als
optimal identifiziert. Darliber hinaus verringert sich die Foliendicke, wahrend die Oberflache
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zunimmt, wodurch das Oberflachen-zu-Volumen-Verhaltnis steigt und ein schneller War-
metransport beglinstigt wird.

Drei verschiedene elastokalorische Kiihlsysteme auf Basis von NR-Folien werden entwickelt und
implementiert, um in einem nominellen Dehnungsbereich von 300 bis 700 % betrieben zu wer-
den und Warme durch mechanischen Kontakt zu tGbertragen. Das erste untersuchte Gerat stellt
ein monostabiles einstufiges System dar, bei dem ein Aktor den mechanischen Lastzyklus tber-
nimmt, wahrend ein zweiter Aktor den Warmetransport regelt. Eine rdumliche Trennung von
Warmestromen wird durch abwechselnden mechanischen Kontakt zwischen der Folie und der
parallel angeordneten Warmequelle sowie der Warmesenke erreicht. Im zweiten einstufigen
System wird ein bistabiler Mechanismus eingefiihrt, der einen rotierenden Hebelarm sowohl fiir
die mechanische Belastung als auch fiir die Warmeubertragung nutzt. Das dritte System verwen-
det drei hintereinandergeschaltete Folien, die thermisch in Serie verbunden sind, um die Tem-
peraturspanne des Systems AT,y ice zU erhohen. Ein Array aus Folienhaltern und eine War-
metransfereinheit, bestehend aus Warmesenke und Warmequelle, sind als ineinandergrei-
fende, kammartige Strukturen angeordnet. Wahrend des Betriebs mit zwei beziehungsweise
drei Folien wird ein Temperaturgradient beobachtet.

Fur alle untersuchten Systeme zeigen die wichtigsten Leistungsparameter, darunter der
AT jovice, die initiale Kiihlleistung Qy und die Leistungszahl COP,y;c., €ine ausgepragte Abhan-
gigkeit von der Frequenz und der Foliendicke auf. Die hochsten Werte fiir Qy und COP44pice, VON
214 mW und 5,7 werden fiir das bistabile einstufige System und eine 290 um diinne NR Folie
erreicht. Die optimale Betriebsfrequenz wird durch die Foliendicke bestimmt und skaliert umge-
kehrt proportional zu dieser. Bei Verringerung der Foliendicke von 650 auf 290 um steigt die
optimale Betriebsfrequenz von 350 auf 424 mHz. Folglich erhdht sich die absolute Kihlleistung
fiir das bistabile einstufige Gerat von 158 auf 214 mW. Durch eine weitere Reduktion der Foli-
endicke auf 60 um steigt die spezifische Kihlleistung auf 6,7 Wg™. Dariiber hinaus werden signi-
fikante Energieeinsparungen von 64 % sowie eine Reduzierung der Betriebskrafte um den Faktor
2,5 im Vergleich zum monostabilen einstufigen System festgestellt. Neben der Frequenzabhan-
gigkeit wird die absolute Kihlleistung wesentlich durch AT,; sowie die Dickeninhomogenitat
infolge von Fertigungstoleranzen beeinflusst. Die hochste AT .ice VOon 5,1 K wird durch das kas-
kadierte System erreicht. Die Verbesserung durch den Ubergang von zwei auf drei NR-Folien ist
jedoch marginal. Eine lumped element model (LEM) Simulation weist auf weitere Optimierungs-
potenziale durch Erh6hung des Warmelbergangskoeffizienten sowie durch verkiirzte Be- und
Entlastungszeiten hin. Darliber hinaus ist aus der elastokalorischen Kiihlung mit Formgedacht-
nislegierungen (FGLs) bekannt, dass Kaskadierung ein wirksames Mittel zur Erhéhung der
AT jepice ist, wenn die Warmetbertragung schnell genug erfolgt. Dies kdnnte durch verschie-
dene MaRnahmen, wie beispielsweise warmeleitende Fiillstoffe oder Oberflachenbeschichtun-
gen, verbessert werden. Folglich ist das Verbesserungspotenzial hoch und sollte weiter ausge-
arbeitet werden.

Um das Potenzial von NR-basierten elastokalorischen Materialien fiir Kiihlungsanwendungen zu
demonstrieren, wird ein vorliufiger Langzeittest mit 10* Zyklen durchgefiihrt. Die AT ;i bleibt



Uiber alle 10* Zyklen stabil. Insgesamt unterstreichen die Ergebnisse das erhebliche Potenzial von
elastokalorischen Geraten auf NR-Basis als zuklinftige nachhaltige kosteneffiziente Kiihltechno-
logie.



Publications

Parts of this thesis and related work have been previously published and presented by the au-
thor in scientific journals and conferences.

In scientific journals:

C. Ludwig, J. Leutner, O. Prucker, J. Rihe, and M. Kohl, “Miniature-scale elastocaloric cooling by
rubber-based foils”, J. Phys. Energy 6 (2023) 015009

C. Ludwig and M. Kohl, “Bistability-enhanced elastocaloric cooling device based on a natural
rubber foil”, J. Appl. Phys. 136 (2024) 165001

As conference proceedings:

C. Ludwig, J. Leutner, O. Prucker, J. Riihe, and M. Kohl, “Natural Rubber Foil-Based Elastocaloric
Cooling”, in ACTUATOR 2024 International Conference and Exhibition on New Actuator Systems
and Applications (VDE VERLAG GmbH, Wiesbaden, 2024), pp. 132-135.

As conference contributions:

C. Ludwig, J. Leutner, O. Prucker, J. Riihe, and M. Kohl, “Elastomer Foil-Based Elastocaloric Cool-
ing”, ELASTOCALORICS2023, June 27-28, 2023, Saarbruecken, Germany (poster presentation)

C. Ludwig, J. Leutner, O. Prucker, J. Riihe, and M. Kohl, “Rubber Driven Solid-State Elastocaloric
Cooling Device Based on Miniature-Scale”, ACTUATOR24, June 13-14, 2024, Wiesbaden, Ger-
many (oral presentation)

C. Ludwig, J. Leutner, O. Prucker, J. Riihe, and M. Kohl, “Natural Rubber Foil-Based Elastocaloric
Cooling using Bistable Actuation”, ELyT workshop 2025, February 19-21, 2025, Lyon/ Annecy,
France (oral presentation)

C. Ludwig, J. Leutner, O. Prucker, J. Rihe, and M. Kohl, “Bistability-Driven Elastocaloric Cooling:
Utilizing Natural Rubber Foils”, ELASTOCALORICS2025, May 13-15, 2025, Saarbruecken, Ger-
many (oral presentation)

Vi



Contents

7Y ¢ 13 4 - ot PPNt i
LT T4 £ T3 U - P iiii
LWL o] ot 1 T T o 13 PPt vi
L0001 =T o N vii
14N 0] < TV T o L ix
o 1= .4 T =T Ut xi
3 1o o 11T ot T o T 1
I R |V o f V7 | o U P PP PUPPU PP 1
B A O ] ] T=T ot 4 VTSR PR 3
IR T O 10 11 TSR 4

2 BacKBroUNd.......oeeeiieeeciiiiiccireeccerere e s rera e s e e na e s s e na e s s e nn s e s e e nnsaeseennsaesernnnnnnennn 5
2.1 Elastomers and the Elastocaloric Effect .......cccccvviieiiiiceiicee e 5
2.2 Natural Rubber Based Materials........ccccveeeeeriieeiiieeiieeeee e e 5
2.2.1 Vulcanization and Sheet Fabrication.........ccccecveveviereciee e 6

2.2.2 Fabrication of Thin Latex Products........ccccceevciieiiiciieeiccieee e 7

2.2.3 Synthetic Rubber Based Materials ........cccceeeciieeicciiee e 8

2.3 ENtropy EIaStiCity ..ccueeeeieeiee et et e 8
2.4 Strain-Induced Crystallization........cccceeveiiiiiiciie e 9
2.4.1 Time and Temperature Dependency....ccccccccccvurreeeeeeeeciciineeee e e eeccveneeens 11

2.4.2 Macroscopic Mechanical RESPONSE ......c.ueeveeciieeeeiiiee et 13

2.4.3 Macroscopic Thermal RESPONSE........ceevcvieeeriirieeeiiieeeecireeeesireeeeeaaeee s 15

2.4.4 SYNthetic RUDDET .......oooeeiiieeeee e 15

D 00 T 11T U URSSPRRS 16

2.4.6 Crosslink DENSILY ...vvveeieiiiieeciiie ettt saree s 18

2.5 Elastocaloric Temperature Changes in Elastomer-Based Materials................. 19
2.6 Fatigue Resistance and AZING ......cccuuviiiiieiiecciiiiieee e eeccirrr e e e e e esnrere e e e e e e e e enees 23

3 State of the Art of Elastocaloric Cooling Devices.........c.ccccceeeiiiiiiininnnnensisisnnnnennnnes 25
2 R -] (o g ol e To L o = PP UROPRPR 25
3.2 Comparison of Elastocaloric Cooling Based on SMAs and Elastomers............. 28
3.3 Device Prototypes based on ElastOmers .......cccccevecieeiicciiee e 32
3.3.1 Solid-Solid Heat Transfer......ccccveeeceeecie et 32

3.3.2 Solid-Liquid Heat Transfer ...t 33

3.4 Device Prototypes based on SMA.........ccuiiiiiiiiie e 36
3.4.1 Solid-Solid Heat Transfer......ccccveeecciecee et 36

3.4.2 Solid-Liquid Heat Transfer ...t 38

Vi



Contents

4 Material Characterization ..........ccceceiiiieiiiiiieiiiiiiiiiiisnissssnessssns 43
4.1 Specimen Material......cocciiii i et 43
4.2 SPeCiMEN Preparation. ..o 45
4.3 Thermal and Mechanical Characterization .......ccccoccveeeivciieiiniieee e 46

4.3.1 Experimental Methods and Test SEtUP ......ceeevevireeeicieee e, 46
4.3.2 Elastocaloric Temperature Change......cccccveeeeeiiieeeecciee et 48
4.3.3 Maximum Engineering Strain ........oooecciiieeiiiiiniiiiiiieeee e eesiieeeee e 50
4.3.4 Shape Change and Surface-to-Volume Ratio under Deformation ......... 55
4.3.5 Engineering Strain Rate and Quasi-Adiabatic Behavior..........cccccc...e. 57
4.3.6 Pre-Strain CharacteristiCs .....iiuviiieiiiieieiiieee et 60

5 Single-Stage Elastocaloric Cooling DevViCe ......cc.ccereeeuiereeeniiereeenccereneneeeneneneesnenans 63

5.1 Device Implementation......cccceiieieei e 64
5.1.1 Specimen Holder DESIZN.....ccccuiiiiiciiieiiiiie et ecree e e svaee s 65

5.1.2 DeVvice Fabrication ....ccccceeiiiieiiee ettt 68

5.1.3 Data Acquisition and Peripheral Communication and Control .............. 69

5.1.4 Modulation of Operation FreqUENCY .....ccuvevirciieeeeciieeeeciiee e 70

5.2 Monostable Single-Stage DEVICE........cccveeeeeiieeeeciiee ettt et 71
5.2.1 Operation PrinCiple.....uu e 72

5.2.2 Lumped Element Model Device Simulation .......cccccceevvviereiiciieeeeiinennn, 73

5.2.3 Performance Results of the Monostable Single-Stage Device ............... 77

5.2.4 LoNng-TermM TSt ..o 82

6 Bistable Single-Stage DeViCe........cccceeiiiieeiiiiiieeiiiiieneiiiiieneiesrenessssnenessssrenesssssennes 85
6.1.1 Operation PrinCiple.......ceeie e 87

6.1.2 FOrce EVOIULION c...eeiiiiieeiie ettt ettt ettt et 89

6.1.3 Performance Results of the Bistable Single-Stage Device.........cccc........ 91

6.1.4 Heat Transfer Characterization........cccoceeveieinieeeceeecee e 99

6.1.5 LoNg-TermM TSt ..cciiiiiiiiiiiii e 101

7 Cascaded Elastocaloric Cooling DeVice.......ccceeeiriiinirnnnnniisiniinninnnnessinniisessssenses 103
7.1.1 Operation PrinCiple.......eeee e e 104

7.1.2 Results on TeMPerature SPan .......cccceeeeevieeeeiiieeeesiieeeecieeeeesveee e 106

7.1.3 Cooling Power under Thermal Load .........ccceeevvieeeciiieeeccieee e 111

Lo Vol 11T o T -3 115

L0 TV [ T 122

LiSt Of FIBUIES c.iiereeeeeiiiiiiiiiiieinniiieiiiineenaenssisisiineenasssssesssisssssssssssssssssssssnnsssssssssns 125

[T e B - 1 o =TT 139

32T =T =T T T 144

Acknowledgement ... e rr e re e s n s s e a s seanenennas 157

viii



Abbreviations

CB
cop
EE
FGL
GTR
GNS

GWP

LCP
PFAS
PPI
PCO
PLA
PVDF
NiTi
NR
SEBS
SIC
SIS
SMA

SMP

Carbon black

Coefficient of performance
Entropy-elasticity
Formgedachtnislegierung

Ground tire rubber

Graphene nanoplatelet

Global warming potential

Infrared

Liquid crystal polymer

Per- and polyfluoroalkyl

Pulse per inch

Polycyclooctene

Polylactic acid

Fluoropolymer polyvinylidene fluoride
Nitinol

Natural rubber

Styrene ethylene butylene styrene
Strain-induced crystallization
Styrene-isoprene-styrene

Shape memory alloy

Shape memory polymer



Abbreviations

TPU

TIC

TIM

uv

Thermoplastic polyurethane
Temperature-induced crystallization
Thermal interface material

Ultraviolet



Parameters

COPdevice

COPpat

COStmar

Emax
Emin

Epre

T

T

Contact area

Initial cross-sectional area

Angle between heat sink and lever arm
Biot number

Angle between heat sink and heat source
Device coefficient of performance
Material coefficient of performance
Material cost

Specific heat capacity

Initial thickness of the foil specimen (unloaded)
Maximum engineering strain

Minimum engineering strain
Engineering pre-strain

Engineering strain rate

device operation frequency

Absolut loading force

Force vector

Clamping force vector

Loading force vector

Force vector normal to the trajectory
Force vector tangential to the trajectory

Clamping force vector

Force vector along the x, y-axis

Xi



Parameters

h Heat transfer coefficient

Rconv Convective heat transfer

Reond Conductive heat transfer

L Characteristic length

Ly Initial foil specimen length

A Thermal conductivity

M Applied torque vector

1\7fp, My, M(p Bending moments about the p, 8, p-axis
Msource Source mass

Qo Initial cooling power

do Specific initial cooling power

Gab Specific absorbed heat

Qload Cooling power under applied thermal load
Qout Heat release

Qin Heat absorption

p Density

Omax Maximum engineering stress

Ore Remaining engineering stress

R Radius

So Initial foil specimen heat transfer area
thold Hold time

tperiod Time period

tramp Ramp time

texp Experimental time constraints

Teource Initial temperature change

xii



AT Temperature change

AT, 4 Adiabatic temperature change

AT, Temperature change after unloading
AT jevice Device temperature span

ATy, Temperature change after loading
AT;q, ATy, Temperature change of intermediate elements
ATgink Sink temperature change

AT Initial residual temperature increase
AT, Residual temperature increase
ATgource Source temperature change

v Velocity

Wy Initial width

4 Device input power

AW evice Mechanical work input per cycle

AW ot Specific material work input

Awar Specific material work input

xiii






1 Introduction

1.1 Motivation

Cooling technologies are ubiquitous and play an indispensable role in modern everyday life. Air
conditioning, food refrigeration, and thermal management of batteries and temperature-sensi-
tive medical supplies illustrate the broad spectrum of cooling applications. Increasing industri-
alization and rising population inevitably lead to higher energy consumption in this technology
sector. Approximately three billion cooling devices are currently in use worldwide, representing
about 17 % of the total global electricity consumption [1]. Events such as the exceptionally hot
summer of 2023 and the steadily rising average annual temperature [2] will lead to an increased
demand for cooling units in the future [3].

The cooling market is dominated by vapor-compression technology, associated with high elec-
tricity consumption, and relies on volatile gaseous refrigerants with a substantial global warming
potential (GWP). Achieving the climate goal of reducing overall greenhouse gas emissions by
over 95 % by 2050 compared to 1990 levels necessitates a comprehensive transformation of
cooling technologies [4]. Besides the GWP, per- and polyfluoroalkyl substances (PFAS) are in-
cluded in many commonly used refrigerants. PFAS are persistent chemicals that resist degrada-
tion and are known for their potential harmful effects on human health and the environment.
Due to their widespread impact and persistence, they are often referred to as poison of the
century. The European Union is considering significant PFAS restrictions aimed at limiting the
manufacture, marketing, and use of PFAS, including fluorinated greenhouse gases [5]. Conse-
quently, the development of efficient innovative cooling technologies eliminating the depend-
ence on gases with GWP is inevitable.

Elastocaloric cooling, which relies on temperature changes induced by mechanical loading, has
emerged as a promising alternative. Superelastic shape memory alloys (SMAs) exhibit the elas-
tocaloric effect with temperature changes exceeding 20 K, and their theoretical efficiency can
approach the thermodynamic limit [6,7]. Due to the absence of harmful or flammable refriger-
ants, solid-state cooling based on the elastocaloric effect is classified as a viable substitute for
vapor-compression technology [8]. Various macro-scale elastocaloric cooling demonstrators
based on SMA materials, employing approaches such as the compression of NiTi-based supere-
lastic tubes, have been reported lately [9—12]. Extraordinary temperature spans of up to 75 K
[13] and cooling power exceeding 1.2 kW [14] are achieved using heat transfer fluids.

Nowadays, cooling requirements for miniature-scale devices are mainly fulfilled by thermoelec-
tric coolers, which typically operate with COPs below 2.5 [15]. SMA film-based devices have
demonstrated temperature spans of 27.5 K [16] and specific cooling power of 19 Wg [17], high-
lighting their potential for miniature cooling applications. Film and foil refrigerants are
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particularly advantageous for applications such as localized cooling of electronics and tempera-
ture regulation of lab-on-chips due to their high surface-to-volume ratios [18]. A major challenge
in utilizing SMA refrigerants is the large stress range of 600-800 MPa required for superelastic
cycling, aggravated by issues related to material availability and cost [19].

Elastomers such as natural rubber (NR) may provide a promising cost-efficient and environmen-
tally friendly alternative [20]. The renewable origin and the potential for recycling waste tires,
along with its non-toxic natural composition, are key factors contributing to environmental ben-
efits [21]. Besides the sustainable factors, mass production of the material is already established,
resulting in a remarkably low price of around 1.5 €kg?, in contrast to 100 €kg? for SMAs [22].
This could facilitate commercialization and potentially ease the demand for long lifetimes, as
the refrigerant can be replaced more frequently [19]. Furthermore, a large adiabatic tempera-
ture change of around 20 K, induced by only several MPa of stress, is of special interest for cool-
ing applications [19]. To yield a strong enough temperature effect, high strains of several hun-
dred percent are needed [23,24].

mechanical %?!E hea\
ase

loading rele

—~ =
Qin

heat mechanical I

%rption-l".:'L;LLg unlo:ty

Figure 1: Schematic of a four-step elastocaloric cooling cycle based on elastomers. (I) mechanical loading of the
elastocaloric refrigerant, (II) followed by heat release. (I1I) mechanical unloading, resulting in (IV) heat absorp-
tion. By separating the heat flows, both heating and cooling applications can be realized.

A schematic of the four-step elastocaloric cooling cycle based on elastomers is presented in Fig-
ure 1. The cycle starts with the mechanical loading in step I, followed by a temperature increase
and heat release during step II. In step I1I, unloading takes place, leading to a temperature
decrease, while step IV involves heat absorption for cooling.

The temperature change results from two effects, a conformational entropy change caused by
the alignment of molecular chains and the strain-induced crystallization (SIC) [25,26]. The varia-
tion in the configurational disorder of polymer chains upon mechanical stimuli is also called en-
tropy elasticity (EE) [27]. When stretched, a fraction of the polymer chains in the network



straighten and become ordered, and SIC arises in the rubber [28]. The crystallites melt, upon
strain release. The fatigue resistance of NR under dynamic loading is associated with the SIC
[29]. By the formation of semicrystalline zones around the crack tip, growth of cracks is pre-
vented [30]. To date, only a limited number of studies have focused on the development of
rubber-based elastocaloric devices [31-34].

To overcome the early stage of the research field and pave the way for feasible industrial appli-
cations, further investigation is needed. Given the promising environmental benefits, cost effi-
ciency, and fatigue resistance of NR, further exploration of its potential for elastocaloric cooling
is essential. This work aims to address current gaps by investigating the performance and dura-
bility of rubber-based elastocaloric cooling and to uncover its critical challenges. Ultimately, the
goal is to contribute to the advancement of sustainable and efficient cooling technologies.

This work is performed in the framework of a research project funded by the German Science
Foundation (DFG) with Prof. Riihe’s research group at the University of Freiburg. Within this
collaboration, the University of Freiburg focuses on material synthesis and the production of
rubber sheets. This work, conducted at the Karlsruhe Institute of Technology, focuses on mate-
rial characterization and the engineering of elastocaloric cooling devices using NR foils made
from both commercially available and sheets fabricated in collaboration.

1.2 Objectives

One of the two main objectives of this work is to characterize NR materials for their suitability
in elastocaloric cooling applications. The focus is on understanding their coupled thermal and
mechanical properties, carried out by tensile tests combined with infrared thermography. Rub-
ber materials such as commercially available NR, NR latex, and NR produced with different cross-
linking methods, fabricated by cooperation partners, serve as active material, also referred to
refrigerant. Building on the knowledge gained from material characterization, the second objec-
tive is to design and implement elastocaloric cooling devices that operate on the principle of
solid-to-solid heat transfer. This includes the fabrication of compact functional prototypes, al-
lowing spatial separation of heat flow, and the optimization of their operating parameters. Over-
all, three elastocaloric cooling devices based on NR foils are realized. Initially, a monostable sin-
gle-stage device is investigated, serving as the initial baseline design and establishing a founda-
tion for comparison with more advanced configurations. The objective of the bistable single-
stage device is to further enhance performance parameters while reducing the number of re-
quired actuators. To reduce system complexity and facilitate commercialization, the number of
actuators is intended to be kept to a minimum. Besides the single-stage devices, a cascaded
device is developed to increase the device temperature span. To obtain a better understanding
of the device, a lumped element model simulation of the thermal behavior is developed. Finally,
the performance of these devices is evaluated to establish their potential for practical cooling
applications and to identify directions for further improvement.
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1.3 Outline

The following chapter provides an overview of the fundamental properties of NR materials and
the elastocaloric effect, with a particular focus on its physical origin. To facilitate a deeper un-
derstanding of the elastocaloric effect on elastomers, the mechanisms of EE and SIC are ex-
plained in detail. Subsequently, adiabatic temperature changes reported in the literature for
various elastomer-based materials are compared. Chapter three is dedicated to the current
state of the art in elastocaloric cooling devices. Various system architectures and their respective
operating principles are reviewed and analyzed in terms of performance, including a comparison
between SMA- and elastomer-based cooling devices.

The fourth chapter focuses on the experimental characterization of elastomer foils. This includes
specimen preparation based on both commercially available and NR sheets fabricated in collab-
oration. The experimental procedures are described in detail, with particular emphasis on the
determination of mechanical and thermal properties under uniaxial tensile load conditions.

Building on this, the fifth chapter is dedicated to the demonstration of the elastocaloric effect
in a functional cooling device based on elastomers. The implementation and operating principle
of a NR-based elastocaloric cooling devices are presented. Three devices based on solid-to-solid
heat transfer are evaluated and classified according to their performance. Particular emphasis
is placed on the effects of operating frequency and foil thickness on the performance of each
device. Among the three devices, two are single-stage concepts utilizing a single foil refrigerant,
whereas the third features a cascaded architecture aimed at extending the achievable temper-
ature span by operating three foils simultaneously.

Finally, the last chapter summarizes the key results obtained in the course of this work and pro-
vides an outlook on future research directions.



2 Background

2.1 Elastomers and the Elastocaloric Effect

As early as the beginning of the 19th century, Gough described that NR heats up when deformed
and cools down upon release. He also described that NR undergoes thermal contraction when
exposed to increased temperatures and expands upon cooling [35]. This behavior was later
qguantified by Joule [36]. The elastocaloric effect, and the associated reversible temperature
change upon mechanical deformation in elastomers like natural rubber, is based on the strain-
induced crystallization (SIC) and the entropy elasticity (EE) [25,26]. The EE is related to an en-
tropy change resulting from the alignment of polymer chains during deformation [25]. In addi-
tion, the SIC, which depends on strain, strain rate, and temperature, [37] results in a first order
phase transition [38] from an amorphous rubbery state to a semicrystalline state under defor-
mation [39,40]. This crystallization and the subsequent melting are accompanied by a pro-
nounced stress-strain hysteresis response. The SIC provides a substantial reinforcing mechanism
for the rubber network [38,41,42]. The elastocaloric temperature change mainly originates from
the latent heat accompanied by the SIC [25,26,43]. Although intensive research has been con-
ducted in the field of SIC, the quantitative relationship between SIC and the resulting elastoca-
loric effect has not yet been sufficiently clarified. To provide a basis for understanding this cor-
relation, both EE and SIC are discussed in detail in Chapters 2.3 and 2.4, while experimentally
measured reversible temperature changes are summarized in Chapter 2.5. In addition, the oc-
currence of SIC in synthetic rubber and the effects of filler content and crosslink density are
discussed in Subchapters 2.4.4, 2.4.5 and 2.4.6, respectively. For better understanding, an ex-
planation of the NR material, including vulcanization, is presented beforehand, as this
knowledge is necessary to comprehend SIC and EE.

2.2 Natural Rubber Based Materials

Cross-linked natural rubber can be found in many typical everyday products. In addition to its
main application as truck and car tires, cross-linked NR is used in medical gloves, steering wheels
and seals. The NR raw material is obtained from the sap of the rubber tree. The liquid milky sap,
also known as latex, contains around 30 % NR [44]. Latex can be purchased as a partially cross-
linked concentrate, and is used, for example, as an impregnation for clothing. The majority of
latex is processed into solid rubber by coagulation and drying [45]. After the drying process, the
rubber is pressed into bales [46]. Raw rubber can be stretched by 800-1000 % [47]. In order to
process the rubber bales further, the viscosity must be reduced. This can be achieved by knead-
ing in an internal mixer. This process step is called mastication [48]. Subsequently, shaping can
be carried out by pressing, or mixing with rubber chemicals can take place. The final step is vul-
canization of the shaped product.
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While in English the term rubber is commonly used for both the raw material and the crosslinked
product, whereas in German a distinction is made between Kautschuk (uncrosslinked) and
Gummi (crosslinked) [44]. The term rubber also includes synthetically produced rubber.

In this work, the elastocaloric effect in NR-based materials with a defined compounding is inves-
tigated. Sheets are fabricated in collaboration with the University of Freiburg. In addition to clas-
sic sulfur vulcanization, a C,H-insertion crosslinking method is applied to produce recyclable
sheets. This approach enables reshaping after failure due to fracture, which is not possible for
conventionally vulcanized NR products. The method was developed by the University of Freiburg
[49,50] and the sheet fabrication process is described in detail in [19]. In addition to tailored
materials, commercially available products are also investigated. NR sheets based on sulfur
crosslinking and NR latex are studied. Therefore, their fabrication and differences are briefly
presented in the following two subchapters.

2.2.1 Vulcanization and Sheet Fabrication

In its uncured original state, NR is soft and sticky but already exhibits high restoring forces [46].
These properties can be further enhanced through cross-linking, also known as vulcanization.
The name vulcanization comes from the high process temperatures and pressures [51]. Chemi-
cally, NR consists of cis-1,4-polyisoprene [52]. The polyisoprene forms long-chain polymer struc-
tures, the so-called macromolecules [53]. The individual macromolecules can be covalently
linked through a chemical cross-linking reaction [54]. The crosslinking bridges are relatively short
compared to the macromolecules and, in the case of crosslinking with sulfur, the most common
type of crosslinking, consist of one to eight sulfur atoms [46]. The structure of cross-linked NR is
illustrated in Figure 2. Due to the cross-linking, the restoring forces increase as a result of the
significantly restricted mobility of the macromolecules [46]. The highly elastic end products after
completion of a vulcanization process are called elastomers, rubber or vulcanizates (definition
according to DIN 7724:1993).
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Figure 2: (a) The cis-1,4-polyisoprene macromolecule of NR. Adapted from [52] licensed under CC BY 4.0. (b) Prin-
ciple of sulfur vulcanization with active crosslinking sites (Si1.s) and potential crosslinking sites (in blue) illustrated
using cis-1,4-polyisoprene. Adapted from [55] licensed under CC BY 4.0.

Rubber products are shaped prior to cross-linking. After cross-linking, not only are the restoring
forces improved, but undesirable properties such as stickiness and plasticity are also suppressed



[56]. The resulting vulcanizates can be stretched by several hundred percent and return almost
completely to their original shape after release [46]. This behavior is referred to as rubber or
entropy elasticity (EE) [57]. The modulus of elasticity, hardness, dynamic load-bearing capacity
and strength increase with the crosslink density [46]. However, if the crosslink density is too
high, the values decrease. In addition to sulfur vulcanization, rubber can also be cross-linked
using peroxides. However, since sulfur vulcanization is the most common method, reference is
made here to further literature [58].

2.2.2 Fabrication of Thin Latex Products

In some sectors of the rubber industry, raw field latex is directly utilized for manufacturing thin
products such as medical gloves and balloons [59]. After extraction from the Hevea brasiliensis
tree, the raw field latex is concentrated and mixed with ammonia at the plantation for mechan-
ical stabilization, which is later used to produce prevulcanized NR latex [58]. In contrast to cross-
linked NR products that are vulcanized in the solid state, NR latex products are typically pro-
duced through a prevulcanization step in the liquid state, followed by a postcuring process. [60].
During prevulcanization, the raw NR latex is mixed with a water-based dispersion containing a
vulcanization agent. The resulting suspension can be shaped in a mould and vulcanized at ele-
vated temperatures maintained for several hours, to obtain sheets with thicknesses in the range
of tens to a few hundred micrometers [61,62].
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Figure 3: Schematic diagram of the microstructure of (a) vulcanized NR and (b) vulcanized NR latex. Yellow dots
indicate the crosslinking points. NR latex exhibits a more uniform crosslinking network with higher entanglement.
Adapted with permission from [59].

Due to the different fabrication methods, the resulting vulcanized rubber sheets differ in micro-
structure. When comparing sheets with identical total crosslink density, vulcanized NR latex has
been reported to exhibit a more homogeneous and uniform crosslinking network with a higher
entanglement content than conventionally vulcanized NR [59].
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2.2.3 Synthetic Rubber Based Materials

NR-based products exhibit excellent mechanical and dynamic properties, but their thermal sta-
bility is limited, and they offer only slight resistance to oil and ultraviolet (UV) radiation [46]. In
response to the demand for new properties and the desire for independence from plantation-
based rubber, synthetic rubbers have been developed. One example is acrylonitrile butadiene
rubber, also known as nitrile rubber and designated as NBR according to ISO 1629. Nitrile buta-
diene rubber (NBR) offers excellent resistance to oil and fuels derived from petroleum and is
commonly used in sealing applications. [58]. In tire production, styrene butadiene rubber (SBR)
is used alongside NR due to its high coefficient of friction in wet conditions and excellent abra-
sion resistance [46]. The synthetic counterpart to NR is isoprene rubber (IR). However, IR exhib-
its a significantly lower tendency to crystallize [63], resulting in considerably reduced tensile and
tear strength compared to NR. A well-known synthetic rubber is chloroprene rubber (CR), com-
monly known as neoprene, which is valued for its excellent weather resistance and is often used
in applications such as window frame seals [64]. It should be noted that, according to I1SO 1629,
the abbreviations are used synonymously for both uncured, raw and crosslinked rubbers.

In addition to monomer-based rubbers, a copolymer is a polymer derived from two or more
different monomer species. In the case of styrene-isoprene-styrene (SIS), the material consists
of a hard and glassy polystyrene (PS) end block. The middle block is the soft and rubbery polyi-
soprene (Pl), responsible for the elastomeric behavior and a second polystyrene block. This
triblock architecture enables the material to combine the elastic properties of rubbers with the
processability of thermoplastics. Although covalent bonds are present within the chains, no co-
valent crosslinks are formed, as in chemical crosslinked vulcanized NR. Instead, only physical
interactions, such as those between aggregated polystyrene end blocks acting as physical cross-
linking points, and van der Waals forces between chains, are present [65]. Being free from chem-
ical crosslinking, the triblock copolymer, which belongs to the class of thermoplastic elastomers
(TPEs) similar to thermoplastic polyurethane (TPU), is compatible with standard plastic pro-
cessing techniques like injection molding and melt extrusion, and could also be processed via 3D
printing, enabling the fabrication of flexible geometries [66].

2.3 Entropy Elasticity

Typically, metals such as steel can be elastically strained by up to about 0.2 %, whereas elasto-
mers such as NR can be strained by more than 1000 % without failure. Unlike metals, the elas-
ticity of rubbers is governed by entropy rather than by enthalpy [67]. The elastic restoring force
in metals arises from the variation in interatomic binding energy with strain. This principle was
established as a fundamental concept in the modern theory of solids [68]. In rubber, the elastic
restoring force arises from entropy changes caused by variations in the configurational disorder
of polymer chains [27]. At room temperature, the coiled polymer chains in rubber, initially dis-
ordered, can be stretched and displaced relative to each other under the influence of a macro-
scopic force [25].
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During deformation, the polymer chains unravel and align, resulting in a higher state of order
with fewer possible conformations and, consequently, a decrease in entropy, while the internal
energy remains approximately constant [69,70]. For ideal elastic materials, the internal energy
stays constant due to the freely rotatable polymer chains and the absence of significant inter-
molecular forces [71]. To describe this behavior thermodynamically, the Helmholtz free energy
F, defined as the internal energy U minus the product of temperature T and entropy S, is used,
2-1. As the entropic contribution decreases, the negative term on the right-hand side of the
equation becomes less negative, leading to an increase in the Helmholtz free energy. This in-
crease is balanced by the mechanical work performed by the external force stretching the rub-
ber [72]. Due to the reduction in entropy during the stretching process, heat is released [73].
According to the second law of thermodynamics, the original disordered state is restored upon
removal of the external load. Consequently, entropy increases again as heat is absorbed by the
environment. This disordered state represents the entropically favorable equilibrium condition.
This material behavior is known as rubber or entropy elasticity (EE). The glass transition temper-
ature, of approximately -72°C for natural rubber, separates the glassy-like, hard state from the
entropy-elastic region [74].

To sum up, entropy elasticity describes the thermodynamically driven recovery of stretched rub-
ber materials to their original configuration upon removal of the external load, resulting from
the system’s tendency to maximize entropy. This concept can explain the elastic behavior of
materials such as styrene-butadiene rubber (SBR), which remains amorphous under defor-
mation [72]. However, for rubbers like NR, the situation is more complex due to their ability to
crystallize under high deformation above 300 % strain [72]. This phenomenon is known as strain-
induced crystallization (SIC). Moreover, SIC is the primary contributor to the elastocaloric effect
observed in cross-linked natural rubber, alongside EE [43]. Therefore, SIC will be discussed in
detail in the following section.

2.4 Strain-Induced Crystallization

Cross-linked natural rubber (NR) exhibits excellent mechanical properties, including high tensile
strength and fatigue resistance [57]. In the undeformed state, the NR network consists of coiled,
amorphous polymer chains connected by sulfur cross-linking bridges [25]. Under large defor-
mations, these polymer chains align in parallel and form crystallites, resulting in a highly ordered
configuration [39,40]. This means that part of the material crystallizes as a result of deformation
[75]. The outstanding mechanical properties originate from strain-induced crystallization (SIC),
which constitutes a reversible phase transformation [26]. The elastocaloric temperature change
primarily results from the latent heat associated with SIC [25,26,43]. In Figure 4, the schematic
of the NR network is shown, including coiled polymer chains connected by cross-linking bridges
and strain-induced crystallites formed under macroscopic uniaxial tensile loading.
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Figure 4: Schematic of nucleation and crystallization in a vulcanized natural rubber (NR) network, showing (a) the
state before mechanical loading and (b) the semicrystalline state under high tensile strain. The load direction is
indicated by the black arrow. Amorphous polymer chains are depicted as entangled structures connected by sulfur
cross-linking bridges (black dots). Crystallites formed due to strain-induced crystallization (SIC) are highlighted in
yellow. Together with entropy elasticity (EE), SIC mainly contributes to the elastocaloric effect in elastomer mate-
rials. Adapted with permission from [76].

Embedded within an amorphous matrix, the crystallites, which measure tens of nanometers, act
as reinforcing fillers [38,41,42]. In comparison, many tough biological materials incorporate
nanostructures within an amorphous matrix [29]. For example, spun spider silk fibers contain
sheet-like crystallites that cross-link the elastic fibroin proteins into a polymer network, resulting
in exceptional stiffness, strength and toughness [77]. In NR materials, stiffness, as indicated by
engineering stress, increases with deformation because newly formed crystallites act as fillers,
analogous to cross-linking points [24,38]. To assess the degree of crystallinity, the crystallinity
index can be used, which is evaluated based on the reduction of the amorphous fraction upon
stretching [39]. This definition is employed by [78] to evaluate the crystallinity of an NR sample
under mechanical loading and unloading. Since the definition of the crystallinity index may vary
across the literature, the specific calculation method should be carefully considered when com-
paring absolute values. In Figure 5, a schematic is presented illustrating the evolution of crystal-
linity for different maximum strain levels [78].

Emax

Crystallinity index

Figure 5: Schematic of the degree of crystallinity of the strain-induced crystallization (SIC) at various maximum
strains in natural rubber (NR) during loading and unloading at room temperature. Legend: maximum strain &,,,y;
onset strain of SIC £.; strain at which melting is completed &,,+. Adapted with permission from [78].
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The SIC in vulcanized NR typically begins at a tensile strain €.; of approximately 300 % at room
temperature [37,38]. The onset of crystallization depends on several factors, including strain
rate, ambient temperature, and rubber compounding, particularly the presence of additional
fillers such as carbon black [38,79]. Consequently, the strain at which crystallization initiates vary
across the literature and should always be reported together with the specific test conditions.
The crystallites are already highly oriented at the onset [76] and align parallel to the direction of
the macroscopic mechanical load [28,80]. The degree of crystallinity increases with applied
strain [25], accompanied by the progressive disentanglement of coiled polymer chains [39]. In
addition, oriented amorphous chains serve as precursors to crystallite formation [28,78]. As the
mechanical strain increases to 600 %, the formation of additional crystallites is more and more
impeded due to the accumulation of topological constraints in the amorphous phase adjacent
to the existing crystallites [24]. Even at high strain levels of 600 %, approximately 75 % of the
polymer chains remain unoriented [28] and retain their amorphous character [80]. Therefore,
the notion, prevalent in many polymer textbooks, that polymer chains fully align under large
deformations is shown to be inaccurate.

Upon removal of the external load, the melting of the crystallites begins [81]. In the fully relaxed
state equal to complete unloading, all crystallites are completely dissolved [76]. The onset strain
for crystallization during loading .5, and the strain at which melting begins during unloading
€ms, and the strain corresponding to the completion of melting &, differ, following the rela-
tionship: &, < &5 < &y, [38]. However, the strain conditions under which crystallization is
fully completed cannot be defined, as they depend on strain, strain rate, and the duration of
deformation. As an example, when a NR specimen is subjected to uniaxial tensile load up to
500 % (€max), the onset of SIC, €., is reported at 330 % and upon load removal, the crystallites
completely melt at ¢, which equals 220 % [78]. Although the value of &, is not explicitly
mentioned, it must lie between &, and &,,,. The authors report a maximum degree of crys-
tallinity of 14 % at a maximum strain of 500 %. In Figure 5, the degree of crystallinity remains
constant under a maintained maximum strain, likely due to the low strain rate of 4.2 x 1073 s,
indicating that the maximum crystallinity is already reached during the mechanical loading pro-
cess. Under rapid, quasi-adiabatic mechanical loading, an increase in the degree of crystallinity
is to be expected, as explained in the following section.

2.4.1 Time and Temperature Dependency

Based on the findings of [79], approximately 50 % of the crystallization process, specifically the
formation of crystallites, is completed within 5 ms. These findings are obtained from a rapid
tensile test with a deformation time of 10 ms and a maximum strain of 400 %, performed on a
cross-linked NR specimen. The remaining 50 % of the process takes place under constant maxi-
mum strain, either completing within the following 60 seconds or showing only minimal
changes. Therefore, the degree of crystallinity continues to increase over time when the mate-
rial is held at a constant maximum strain [37,38,79,81,82]. In Figure 6, the degree of crystallinity
as a function of the holding time at maximum strain is shown for different maximum strains,
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measured on a cross-linked NR specimen stretched at room temperature. The strain is applied
rapidly, reaching the maximum deformation within less than 10 ms, and can therefore be ap-
proximated as a Heaviside step function. The short-term behavior shown in Figure 6 (b), occur-
ring within less than 5 seconds, is relevant for elastocaloric cooling applications due to the cyclic
nature of mechanical loading. After load removal, the melting process of induced crystallites is
rapidly completed within a time frame of less than 10 ms, resulting in the disappearance of the
crystallites [79]. This indicates that the rates of energy storage and release differ between crys-
tallization formation and the melting processes.

To further evaluate SIC and its dynamic behavior, two different tests are conducted. A static test
up to a strain of 365 % (above the SIC onset), held at the maximum strain for 5 minutes, serves
as a reference due to the assumed equilibrium conditions. In the first dynamic test, the applied
strain ranges from 0 to 365 %, while in the second dynamic test, the strain varies between 290
and 365 %. It has been reported that the degree of SIC is lowest in the first dynamic test, and
higher in the second, as the crystallites do not fully melt between cycles. However, the degree
of crystallization in both dynamic tests remains lower than that observed under static equilib-
rium conditions [79].
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Figure 6: Evolution of the crystallinity index for different maximum strains as a function of time. The time corre-
sponds to the holding period under a constant maximum strain. Starting from the undeformed state, a NR specimen
is subjected to the maximum uniaxial tensile strain at t = 0 s. This strain is applied as a Heaviside step function
within less than 10 ms. (a) Linear plot and (b) semi-logarithmic time plot. Short-term behavior (less than 5 s) is
relevant for elastocaloric cooling due to cyclic mechanical loading. Adapted with permission from [37].

Since the quantitative influence of SIC on the elastocaloric temperature change is not yet fully
understood, the hold time at maximum strain should be specified and considered for any mean-
ingful comparison of reported temperature change values. This is particularly important, as it
has been reported that the degree of crystallinity can change significantly within just a few sec-
onds, which directly impacts the operating mode of elastocaloric cooling devices based on NR
materials. Moreover, it should be noted that the degree of crystallinity, and consequently the
elastocaloric temperature change, may be reduced during dynamic cycling.
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Figure 7: Evolution of the crystallinity index as a function of the applied maximum strain for the corresponding
discrete ambient temperatures. Reproduced with permission from [37].

Besides the time-dependent behavior, the degree of crystallinity, and therefore the crystallinity
index, is also influenced by the ambient temperature [30,37,38]. In Figure 7, the evolution of the
crystallinity index as a function of the applied maximum strain and for different ambient tem-
peratures is shown. As the temperature decreases, the onset of crystallization occurs at lower
strains, and the crystallinity at a given strain increases almost linearly with strain [37]. For exam-
ple, at 25°C, crystallization begins at approximately 300 % strain and the maximum crystallinity
isaround 15 %. These results are in qualitative agreement with earlier literature reports [30,38].
No SIC is observed at temperatures above 70 °C, as evidenced by the absence of a hysteresis
loop in the stress-strain response of a NR specimen at 72 °C [83].

2.4.1.1 Temperature-induced Crystallization

When considering crystallization in NR, it is important to distinguish between strain-induced
crystallization (SIC) and temperature-induced crystallization (TIC) [84]. This phenomenon is oc-
casionally referred to in the literature as cold crystallization [85,86] or thermal quiescent crys-
tallization to highlight the unstrained state [72]. NR can become crystalline either through strain-
ing at room temperature (SIC) or through exposure to low temperatures without the application
of strain (TIC), typically occurring at or below 0°C [40]. TIC is most prominent around -25°C,
where NR undergoes crystallization over the course of several hours [87,88]. A molecular-level
interpretation of SIC, analogous to the well-established nucleation and growth models for TIC,
is still lacking [89]. Furthermore, there is no consensus regarding the structure of SIC crystallites
[90].

2.4.2 Macroscopic Mechanical Response
The macroscopic measurable responses induced by SIC are the temperature change and the

stress-strain behavior [43,81]. In the stress-strain diagram, the loading and unloading process of
a vulcanized NR specimen forms a hysteresis loop.
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This means that the unloading curve does not coincide with the loading curve which is charac-
terized by a lower stress level. SIC can lead to an increase in stress during the mechanical load
process, this effect is referred to as stress hardening [38] The pioneering work on this subject
was first documented by [25]. During unloading, the stress is significantly lower than during
loading, although the degree of crystallinity is higher in the retraction phase [76,81]. Paradoxi-
cally, SIC can also cause a decrease in stress under constant mechanical load, this effect is called
stress relaxation [63,81,91]. This is attributed to the alignment of molecular chains within the
crystallites, which adopt an extended conformation oriented along the direction of the applied
strain [25,63,92]. In simpler terms, the molecular chains become further disentangled and thus
appear more stretched, resulting in a stress release. Suggesting that the chains are stretched
within the crystallites, while the remaining amorphous regions are relaxed [76], similar to re-
laxed regions around crack tips due to SIC in NR [30]. However, even in the case of cross-linked
rubber, there are contributions to stress relaxation not only from SIC but also from plastic flow,
namely the mutual slippage of molecular chains, which is non-reversible and characterized by
permanent plastic deformation [63]. Plastic deformation can be quantified in the unstrained
state by the increase in length, which increases the initial length relative to specimens without
a prior mechanical load history.
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Figure 8: Stress-strain characteristics of an NR-based material. The first cycle exhibits the Mullins effect, while the
vertical line is attributed to stress relaxation. Uniaxial mechanical loading and unloading are indicated by the black
arrow.

In subsequent cycles under similar loading conditions, lower forces are required to achieve the
same deformation compared to the initial cycle. This phenomenon is known as stress softening
or the Mullins effect [93]. A typical stress-strain curve with hysteresis behavior and the Mullins
effect is exemplified in Figure 8. To date, there is no general agreement on either the physical
origin or the mechanical modeling of this effect [94]. However, the origin of the hysteresis is
known. It arises from the process of SIC, involving the formation and transformation of crystal-
lization [81]. The formation of the hysteresis loop is caused by a change in the microstructure of
the material and is not attributed to intrinsic or thermal dissipation [24]. Intrinsic dissipation
involves irreversible processes such as mechanical destruction and viscous flow [95]. Therefore,
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in the case of NR, the mechanical energy used to deform the material is primarily stored elas-
tically [96]. The energy storage occurs in the amorphous phase through chain alignment and the
accumulation of topological constraints in the vicinity of crystallites [24]. After storage, the en-
ergy is released by crystallite melting. At this point, the differing kinetics of crystallite formation
and melting should be noted [38,81].

2.4.3 Macroscopic Thermal Response

Under the assumption of an ideal elastomer, polymer chains are able to rotate freely, and the
internal energy, U does not vary with molecular conformation [97]. Therefore, the internal en-
ergy of rubber remains nearly constant during deformation (AU = 0) [69,70]. As a result, the
applied mechanical work is directly released as heat, AW = AQ, in accordance with the first law
of thermodynamics, as given in Equation 2-2 [98]. Conversely, during retraction, mechanical
work is recovered at the expense of the absorbed heat.

AU = AQ — AW 22

In contrast to conventional entropy-elastic materials, NR undergoes SIC under high deformation.
The SIC contributes additionally to the cooling of the material during mechanical load removal,
as the latent heat Ahf required for melting is absorbed from the surrounding [25,99]. Alto-
gether, the temperature decrease upon unloading corresponds to the combined reversible ef-
fects of the latent heat and the mechanical work, and therefore correlates to the sum of Ahf
and AW [98]. The reverse effect of NR, with the specimen length decreasing upon heating and
increasing upon cooling, was first reported in the year 1806 by Gough and later used as an indi-
rect means to study the elastocaloric effect [35,100]. While these early studies relied on indirect
observation of the elastocaloric response, recent research has focused on direct experimental
methods. In these approaches, temperature changes are measured during mechanical loading
and unloading, primarily under uniaxial tensile loading and using infrared thermography. An
overview of the reversible elastocaloric temperature changes based on polymer materials re-
ported in the literature is provided in Chapter 2.5.

2.4.4 Synthetic Rubber

NR stands out as the primary elastomer that undergoes SIC. In addition to NR, the SIC has also
been observed in chloroprene rubber (CR), also known as neoprene [101-104], as well as in
polybutadiene rubber (BR) and polyisobutylene-isoprene rubber (lIR), also known as butyl rub-
ber [105]. The synthetic analog of NR, polyisoprene rubber (IR), also exhibits SIC [44]. However,
it has been reported that crystallization in synthetic cis-1,4-polyisoprene rubber (IR)-based ma-
terials occurs more slowly than in crosslinked NR, and the overall degree of crystallization is
lower [63,92], for both SIC and TIC. These findings are based on comparisons between NR and
IR of identical composition, which also revealed that the onset of SIC is shifted to higher strain
levels. While NR specimens begins to crystallize at around 300 % strain, IR must be stretched to
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approximately 400 % to initiate SIC [92]. The observed differences are attributed to polymer
chain defects in the synthetic IR. The reduced crystallization rate of IR is attributed to minor
structural irregularities of approximately 1.4 to 2 % in its cis-isoprene chains, which consequently
manifest macroscopically as lower tensile and tear strength at high strains [85,87]. Specifically,
the cis-1,4 content is higher in NR and close to 100 %, and the ability to crystallize correlates
with the average length of uninterrupted cis-configured segments in the polymer backbone [85].
Additionally, the authors report that deproteinizing the naturally present proteins in NR reduces
the crystallization rate, likely by decreasing nucleation sites. The higher degree of crystallization
in NR is due to a sterically pure polymer backbone, characterized by the absence of head-head
and tail-tail structures and the presence of the desired head-tail structures [106,107].

Larger crystallite sizes upon deformation are reported in vulcanized natural rubber latex. This
comparison is conducted at identical total cross-linking densities and is attributed to a more
homogeneous network with higher entanglement compared to vulcanized NR [59]. In summary,
the superior performance characteristics of NR products remain difficult to replicate using syn-
thetic IR, despite structural similarities.

2.4.5 Filler

Carbon black and precipitated silica, as the primary reinforcing fillers, contribute to a substantial
increase in tensile strength and improve abrasion resistance, tear strength, and damping prop-
erties [108]. The filler content is expressed in parts per hundred rubber (phr) by weight, meaning
the rubber matrix is defined as 100 phr [58]. For example, if 10 g of carbon black is added to 100
g of crosslinked natural rubber, the resulting rubber contains 10 phr carbon black. It is well es-
tablished in the literature that the presence of reinforcing fillers shifts the onset of SIC in NR to
lower strain levels [90]. For example, for 20 phr carbon black (HS-HAF, Diablack N339) with an
average particle size of 26-30 nm, the SIC onset shifts to 260 %, and for 40 phr to 230 %, com-
pared to 300 % in unfilled NR [41].
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Figure 9: (a) Stress-strain curves of unfilled natural rubber (NR) and NR filled with 50 phr carbon black (N375) (F-
NR) at different maximum strains, and the corresponding (b) crystallinity degree measured at room temperature
(22 °C). The mechanical loading and unloading direction in (a) is clockwise, while in (b) it is counterclockwise due
to the higher degree of crystallinity during retraction. Adapted with permission from [109].

A comparison of the stress-strain behavior and the corresponding degree of crystallinity for un-
filled natural rubber (NR) and NR filled with 50 phr carbon black (N375) (F-NR) is presented in
Figure 9 (a) and (b), respectively [109]. The filled NR specimen exhibits an earlier SIC onset and
increased stiffness. In Figure 9 (a), mechanical loading and unloading proceed in a clockwise
direction, whereas in Figure 9 (b), a counterclockwise direction is observed due to the higher
degree of crystallinity during retraction. A gradual decrease is also reported by [72], where the
onset is even below 100 % for NR filled with 60 phr of N234 carbon black, while the unfilled NR
also exhibits an onset at 300 %. This shift in onset is attributed to locally increased strain, even
though the overall macroscopic strain remains low [72]. There is broad consensus in the litera-
ture that the SIC onset shifts to lower strains in filled rubbers. However, the influence of fillers
on the rate of crystallization remains less clearly defined. No studies report an increased crys-
tallization rate or a higher maximum crystallinity in filled systems [41,83,109-112].
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Figure 10: Degree of crystallinity as a function of the applied tensile strain for a 2 phr MWCNT-filled NR specimen
(CNR) and an unfilled NR (pure NR) specimen. The filled specimen exhibits a dual crystallization mechanism and a
shifted SIC onset to lower strains. Reproduced with permission [113].

Besides the well-established and widely used micron-sized carbon black filler, recent studies
have reported the benefits of inorganic nanofillers [114]. Numerous studies have shown that
the addition of nanoparticles significantly enhances SIC in NR [115-121]. For example, aniso-
tropic nano clay fillers shift the SIC onset to lower strains and improve both the rate and the
degree of crystallization under deformation in NR [115,116]. In addition, the planar structure of
clay promotes the parallel alignment of polymer chains, thereby enhancing SIC [122]. More spe-
cifically, clay-filled NR exhibits an SIC onset at a strain of approximately 120 %, thus initiating is
about 150 % earlier than in unfilled NR specimens under uniaxial deformation. Furthermore,
after a strain of approximately 250 %, the slope of the degree of crystallization versus strain
increases [119]. Therefore, a dual crystallization mechanism is assumed, with the first stage at-
tributed to the orientation of clay layers at small strains, and the second to the conventional
crystallization mechanism of unfilled NR [115,116,119]. The dual crystallization mechanism has
also been reported in carbon nanotube-filled NR specimens. In Figure 10, the degree of crystal-
linity as a function of the applied strain is shown for the filled and unfilled NR specimens. Spe-
cifically, NR specimens filled with 2 phr of purified multiwalled carbon nanotubes (MWCNTSs)
with a diameter of 20 nm show a lower SIC onset strain, a higher degree of crystallinity, and
increased tensile strength compared to unfilled NR specimens [113].

2.4.6 Crosslink Density

Crosslink density denotes the concentration of crosslink points within a polymer network, quan-
tified as the number of crosslinks per unit volume [25]. Importantly, the number of monomer
units between crosslinks decreases as the crosslink density increases, indicating that these two
parameters are inversely related [25]. An increase in crosslink density typically enhances tensile
strength by restricting chain mobility. However, excessive crosslinking can lead to brittleness
and ultimately reduce strength [46,76]. In one study, crosslink density is increased by raising the
amount of sulfur used in the vulcanization process, which reduced the number of monomer
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units between crosslinks [38]. Another approach to varying the crosslink density in carbon-black-
filled samples involves changing the concentration of the accelerator (CBS) [110]. There is a gen-
eral agreement that the onset strain for SIC in sulfur-crosslinked natural rubber is largely inde-
pendent of the crosslink density [38,76,123]. However, for highly crosslinked NR (from 1.61 to
1.95 x 10* molem™3), SIC is reported to decrease with increasing crosslink density [124]. In con-
trast, for low crosslink densities, there is no clear consensus, and further investigations are re-
quired. While [38] report that the degree of crystallinity increases with decreasing crosslink den-
sity, [124] observed the opposite trend, suggesting that below the optimum of
1.2 x 10* molem?3, the crystallization rate decreases as crosslink density decreases. Although
several studies have investigated the influence of crosslink density on strain-induced crystalliza-
tion (SIC) [38,76,110,124,125], it is still not fully understood. This complexity is further increased
by the non-uniform distribution of crosslink density within a specimen and the inherent variation
in polymer chain lengths, which makes establishing a clear relationship between network struc-
ture and SIC challenging in practice.

2.5 Elastocaloric Temperature Changes in Elastomer-
Based Materials

The performance of elastocaloric cooling devices is strongly dependent on the properties of the
refrigerant material, as it directly governs the achievable temperature change, cooling power,
and efficiency. Among various classes of materials, elastomers have emerged as promising can-
didates for solid-state cooling applications. This chapter provides a comprehensive overview of
elastocaloric temperature changes reported in the literature for elastomer-based materials. The
focus lies primarily on natural rubber (NR) and thermoplastic triblock copolymers, such as sty-
rene ethylene butylene styrene (SEBS), which have demonstrated significant potential for re-
versible, entropy-driven temperature changes under mechanical loading and unloading. By sum-
marizing and comparing these reported temperature changes, the chapter aims to highlight the
material-specific factors influencing elastocaloric performance and to provide a basis for evalu-
ating their suitability in future device design and optimization.

An overview of the reported reversible elastocaloric temperature changes upon unloading AT,
and the peak-to-peak temperature span between loading and unloading AT, is presented in
Table 1. Test conditions, including the maximum applied uniaxial tensile strain and the ambient
temperature during testing, are specified for each reference. For one study, only the tempera-
ture change after loading is available, this value is indicated by *. In addition, two studies report
results obtained under non-uniaxial deformation. These are labeled with ** and ***, corre-
sponding to twisted and nearly biaxial deformation of a fiber and a membrane, respectively. For
comparison, the reported elongation values are converted to strain to ensure consistency. An
elongation of 1 corresponds to 0 % strain, while, for example, an elongation of 6 corresponds to
a strain of 500 %. In addition, if not explicitly stated, the strain rate is calculated based on the
strain range and the duration of deformation. As the distinction between engineering strain and
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true strain is not specified in the referenced studies, the term “strain” is used as originally re-
ported. This clarification is provided for consistency, as the present work refers to engineering
strain throughout.

Table 1: Overview of reported reversible elastocaloric temperature change after unloading AT . and a peak-to-peak
temperature span AT ,,; (from loading to unloading) for the corresponding maximum strain &,,,, and room tem-
perature values T, of different elastomer specimen materials. *Value obtained from the loading curve. Non-uni-
axial deformation is indicated by ** and ***, which correspond to twisting and inflation, respectively.
Legend: natural rubber (NR), ground tire rubber (GTR), thermoplastic polyurethane (TPU), liquid crystal elastomers
(LCE), shape memory polymer (SMP), fluoropolymer polyvinylidene fluoride (PVDF), styrene ethylene butylene sty-
rene (SEBS) and graphene nanoplatelet (GNP).

, . AT, AT 4q s Trr

Specimen Material K ) %) ¢0) Reference

NR -3.7 7.0 500 23 [19]

NR -10.3 20.3 700 23 [19]

NR -8.7 14.2 600 23 [100]

NR -9.4 17.4 500 23 [82]

NR -12.2 - 600 23 [126]

NR -19.1 - * 23 [126]

NR -41.3 68.0 ** -20 [127]

NR -16.8 >23.0 ok 22 [31]

NR + GTR +6.5* - 500 23 [21]

TPU -7.7 - 400 23 [128]

LCE -0.35 - 75 67 [129]

SMP -2.8 5.6 300 70 [130]

SMP + carbon fabric -1.3 2.3 50 70 [131]

PVDF -1.8 - 10 25 [132]

P(VDF-TrFE-CTFE) -2.15 5.0 12 27 [133]

SEBS -15.3 29.8 600 26 [134]

SEBS + GNS -18.0 - 600 25 [135]

A reversible elastocaloric temperature change of -8.7 K upon unloading is observed for a NR
specimen with a thickness of 100 um, while a peak-to-peak temperature span of 14.2 K is de-
tected [100]. The temperature change is measured under uniaxial tensile loading at a strain rate
of 3.0 s, where the maximum strain of 600 % is maintained for 20 seconds. The best reported
result in the literature for uniaxial tensile deformation shows an elastocaloric temperature
change of 9.3 K after unloading from a maximum strain of 500 % [82], the values are provided
in the supplementary information. Loading and unloading are performed at a strain rate of
10 s, followed by a holding time of 200 s. The specimen, with a crosslink density close to
1.5x10“* molecm™ and a thickness of 1 mm, experiences a resulting stress of approximately
2.5 MPa. In addition, the authors evaluate a synthetic polyisoprene rubber (IR) specimen with
the same thickness. For a strain range of 250 to 500 %, a temperature change of less than -2.5 K

20



after unloading is reported, which is nearly half of the value observed for the NR specimen. This
difference is attributed to the lower ability of IR to crystallize under deformation [63,92].

As an alternative to foil or film specimens, NR fibers are subjected to uniaxial tensile deformation
of up to 600 % strain, resulting in a temperature decrease of -12.2 K [126]. Even greater temper-
ature changes are reported for twisted fibers. When unplying seven-ply NR fibers with a diame-
ter of 2.2 mm, a maximum temperature change of -19.1 K is reported. The average temperature
change over the fiber surface is -14.4 K. While these results are obtained at room temperature,
at temperatures of -20 °C, even higher temperature changes upon unloading, up to -41.3 K, are
reported for a twisted and stretched cylindrical NR specimen with a diameter of 5 mm [127].
The high peak-to-peak temperature span of 68.0 K is attributed to both the presence of SIC and
temperature-induced crystallization (TIC). The latter is introduced in Subchapter 2.4.1.1.

In addition to the non-uniaxial strain applied by twisting fibers, [31] present a rapid inflation-
deflation experiment involving a NR membrane. The membrane with a thickness of 420 um is
almost biaxially stretched through balloon inflation and then adiabatically contracted within ap-
proximately 100 ms. A maximum temperature change of approximately -16.8 K is reported fol-
lowing deflation, based on data presented in Fig. 2e of [31]. The corresponding balloon volume
is indicated to be between 200 and 220 cm?.

An innovative and sustainable approach demonstrates a method for giving waste tires a second
life by incorporating ground tire rubber (GTR) particles into NR, which is then vulcanized using a
hot press. Upon applying a uniaxial tensile strain of up to 500 % at a strain rate of 0.9 s and
maintaining the strain for 60 s, a temperature change of -6.5 K during loading is reported [21].

In addition to NR, the elastocaloric effect is also observed in thermoplastic polyurethane (TPU)
specimens. Under uniaxial tensile testing up to a strain of 400 %, the TPU specimen with a thick-
ness of 0.2 mm exhibits a temperature change of -7.7 K upon unloading [128]. The strain rate is
reported as 160 s, with a holding time of 150 s. During cyclic operation over 5000 cycles at a
frequency of 0.2 Hz, the authors report a peak-to-peak temperature span decrease of approxi-
mately 10 % per decade. This suggests that TPU-based specimens are likely not suitable for elas-
tocaloric cooling applications, as such systems require high cyclic stability. Moreover, thermo-
plastic polyurethane (TPU) can be processed by additive 3D printing, enabling the fabrication of
complex geometries. In the study by [136], 3D-printed TPU specimens based on Ultimaker
TPU95A filament are evaluated. The additively manufactured specimens exhibit a peak-to-peak
temperature span of 17.8 K for the first load cycle under uniaxial tensile loading at a strain rate
of 5 st and a maximum strain of 500 %. After ten cycles, the temperature span decreases to less
than 7 K, showing a similar trend as reported by [128].

A minor elastocaloric temperature change has been observed, for example, in liquid crystal elas-
tomers (LCEs). During the phase transition from the isotropic to the nematic state, which refers
to the reorientation of polymer molecules from a disordered to an ordered, directionally aligned
state, a temperature change of -0.35 K can be achieved at a strain of 75 % and an ambient tem-
perature of 67 °C [129]. Due to their ability to elongate up to 400 % an elastocaloric effect of
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several kelvin is expected [137]. In addition to LCEs, shape memory polymers (SMPs) also exhibit
the elastocaloric effect [138]. Specifically, cross-linked poly(cyclooctene) also named as PCO
specimens with a thickness of 1 mm are subjected to uniaxial tensile loading at a strain rate of
0.05 s, which corresponds to quasi-adiabatic conditions. The PCO-based specimen undergoes
plastic deformation of approximately 70 %. However, within the reversible regime, a tempera-
ture change of -2.8 K upon unloading from a maximum engineering strain of 300 % is reported
[130]. The authors report a further improvement by incorporating carbon fibers. In specimens
based on a composite material with a shape memory polymer (SMP) matrix reinforced with car-
bon fabric, a reversible strain of 50 % results in an elastocaloric temperature change of -1.3 K,
representing a gain of 1.1 K compared to the pure SMP [131]. In the crosslinked fluoropolymer
polyvinylidene fluoride (PVDF), an elastocaloric temperature change of -1.8 K can be observed
at an ambient temperature of 25 °C and a strain of approximately 10 %, using a tensile-loaded
film with a thickness of 0.3 mm and a resulting stress of 15 MPa [132]. Another polymer based
on PVDF exhibits an even higher elastocaloric temperature change. A terpolymer is the result of
a polymerization involving three different monomers. The terpolymer poly(vinylidene fluoride-
trifluoroethylene-chlorotrifluoroethylene) or (PVDF-TrFE-CTFE) demonstrates an elastocaloric
temperature change of -2.15 K upon unloading from a strain of 12 %, which is attributed to its
entropic elasticity [133]. The measurement is performed on uniaxially stretched films with a
thickness of 10 um at a strain rate of 20 s2.

The highest reported non-NR-based temperature change of -15.3 K upon loading is measured in
a triblock polymer specimen based on poly(styrene-b-ethylene-co-butylene-b-styrene), abbre-
viated as SEBS [134]. The SEBS specimen with high molecular chain-length uniformity, with a
thickness of 0.4 mm, is uniaxially deformed up to a strain of 600 % at a strain rate of at least
15 s1. A peak-to-peak temperature span of 29.8 K is reported. This result can be improved by
manipulating the ethyl side groups within the SEBS triblock polymer. This improvement is
claimed to result from a reduced content of ethyl side groups, which otherwise hinder internal
rotation. The increased structural regularity promotes crystallization, and the resulting larger
reversible conformational adjustments (spatial arrangement) in the molecular chains lead to a
temperature change of -16.3 K upon loading [139]. Furthermore, the authors report another
enhancement by incorporating graphene nanoplatelets (GNS) into the SEBS polymer matrix. A
maximum temperature change of -18.0 K upon unloading is observed for specimens with 1 wt.%
GNS [135]. According to the authors, this improvement is attributed to the aggregation of elastic
chains caused by shearing the interlaminar molecular chains, which is supported by the presence
of the nanofillers and is believed to promote entropy changes in the elastocaloric polymer. The
addition of 1 wt.% GNS also leads to a slight improvement in thermal conductivity, increasing
from 0.17 to 0.20 Wm™K™ compared to the unfilled material.

To summarize, SEBS- and NR-based specimens exhibit the highest elastocaloric temperature re-
sponses among the reported elastomers. The largest temperature change upon unloading at
room temperature, -19.1 K, is reported for twisted seven-ply NR fibers [126]. The second highest
value, -16.8 K, is also reported under non-uniaxial loading conditions and corresponds to a NR
membrane. Among specimens tested under predominantly uniaxial tensile loading, the highest
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temperature change of -18.0 K is observed for SEBS specimens filled with graphene nanoplate-
lets (GNS). In [82] a temperature change upon unloading of -9.4 K at 500 % strain for a NR spec-
imen is reported. Therefore, this can be directly compared with this work pre-published in [19].
For the same test conditions, minor results of -3.7 K are measured with another NR-based spec-
imen. These differences highlight that not every NR-based specimen exhibits the same elasto-
caloric response, emphasizing the importance of tuning material parameters even within NR-
based refrigerants. The fact that the elastocaloric temperature change during loading differs
from that during unloading can be attributed to the distinct kinetic mechanisms of crystallite
formation and melting [100,101].

2.6 Fatigue Resistance and Aging

For natural rubber, the occurrence of SIC correlates directly with its fatigue resistance [140]. A
comprehensive review on mechanical fatigue, addressing the initiation and propagation of
cracks due to cyclic loading in rubber components, is provided in [141]. For elastocaloric cooling
applications, the mechanical fatigue resistance of the refrigerant under cyclic operation is of
primary interest. The advantage of an increased minimum strain on the fatigue life of rubber is
first mentioned by [142,143]. Cyclic tests under tensile load conditions with more than 107 cycles
[144] are reported. In addition, by cycling within the SIC strain regimes between 200 and 500 %
strain, 1.7 x 10° crack-free cycles under uniaxial tensile load are observed [145]. SIC in NR acts
as a reinforcement mechanism and significantly increases fracture resistance [29]. The for-
mation and growth of cracks are prevented by the development of semicrystalline zones sur-
rounding the crack tip [30].

Besides the load history, environmental effects also influence fatigue life, such as oxygen, which
diffuses into rubber products and leads to embrittlement by reducing elastic properties and
crack growth resistance, while also inducing chemical reactions known as oxidative aging [141].
The exposure to ultraviolet (UV) light leads to chain scission and subsequent recombination,
resulting in crack formation and ultimately failure, a mechanism that similarly applies to the
influence of ozone [46,146]. Furthermore, crack growth in NR products initiates earlier when
exposed to oxygen compared to vacuum conditions [147]. Quantitative analysis reveals a signif-
icant reduction in tensile strength and retention of elongation after 120 hours of UV radiation
exposure at 40 °C (Zhou et al., 2023). The changes in surface morphology after 24, 48, and 72
hours and the corresponding tensile strength are presented in Figure 11 (a) and (b), respectively.
These processes, which can ultimately lead to the complete degradation of the rubber material,
are referred to as aging. Mechanical, especially dynamic, loading accelerates these aging pro-
cesses [46].
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Figure 11: (a) Changes in the surface morphology of the NR specimen under UV irradiation and (b) the correspond-
ing tensile strength. Adapted from [148] licensed under CC BY 4.0.

At the device level, aging effects might be mitigated by housing the elastocaloric cooling unit to
shield it from UV radiation, thereby extending component lifetime, while optimized rubber com-
pounding further reduces environmental degradation and prevents premature failure. Moreo-
ver, performing cyclic deformation of NR under vacuum conditions may prolong operational life
by minimizing oxidative aging. Therefore, the material of the refrigerant plays a crucial role in
enhancing mechanical durability under aging conditions. The following chapter presents the
elastocaloric cooling devices reported in the literature, discussing their working principles and
focusing on their performance and lifetime aspects.
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3 State of the Art of Elastocaloric
Cooling Devices

3.1 Caloric Cooling

Concerns regarding the limitations of conventional cooling technologies have led to a growing
interest in alternative approaches. These alternatives aim to provide enhanced energy effi-
ciency, compactness, and lower environmental impact, positioning them as promising candi-
dates to gradually replace the widely used vapor-compression technology [149]. A particularly
promising area of research concentrates on caloric cooling technologies, which utilize caloric
effects linked to solid-to-solid phase transitions [150]. In caloric materials, applying and remov-
ing an external field induces a reversible entropy change, which leads to the corresponding ca-
loric effect [151]. If the field change is performed under adiabatic conditions, the caloric effect
manifests as a change in the temperature of the caloric material [152]. In contrast, under iso-
thermal conditions the effect manifests as an isothermal entropy change in the material. The
external field can be a magnetic, electric, or stress field, or a combination thereof. Depending
on the type of field, the caloric effect can be categorized as the magnetocaloric effect, electro-
caloric effect or mechanocaloric effect. The mechanocaloric effect comprises both the elastoca-
loric and barocaloric effects [153].
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Figure 12: Schematic of solid-state cooling technologies based on (a) elastocaloric, (b) barocaloric, (c) magnetoca-
loric and (d) electrocaloric cooling. Reproduced with permission [154].

A change in the external magnetic field induces the magnetocaloric effect by causing the mag-
netic moments within the material to align [155,156]. Gadolinium, considered the benchmark
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magnetocaloric material, exhibits an adiabatic temperature change at room temperature of up
to 5.8 K for a magnetic field change of 2 T [157]. One of the main arguments against the com-
mercialization of magnetocaloric cooling is the price of the magnetocaloric material and the
magnet arrays as well as the large magnetic field required, which is due to the use of rare earth
elements [158].

While in magnetocaloric materials the magnetic moments are aligned, the electrocaloric effect
is achieved by aligning electric dipoles using electric fields [159]. In electrocaloric cooling, the
breakdown of electrical insulation is a primary cause of failure and performance degradation
[160]. An important milestone for electrocalorics is the development of a stack of films arranged
as a multilayer capacitor [161]. The multilayer capacitor configurations based on lead scandium
tantalat ceramic can achieve adiabatic temperature changes of up to 3.3 K under an applied
electric field of 29.0 Vum™ [162]. However, the observed temperature changes remain lower
than those achieved in materials exhibiting the elastocaloric effect.

The elastocaloric effect in elastomers is the oldest known caloric effect [35]. The elastocaloric
effect is triggered by a uniaxial mechanical field [163]. The elastocaloric effect observed in elas-
tomers such as NR, along with its origin and the resulting temperature changes, is discussed in
detail in Chapter 2, as it is the subject of this work. In addition to elastomers, superelastic shape
memory alloys (SMAs) also demonstrate the elastocaloric effect, although the underlying mech-
anism differs [164]. SMAs like NiTi alloys exhibit a reversible phase change between the crystal-
lographic phases known as austenite and martensite in response to a change in the applied
stress field [165].

The first-order, solid-solid phase transformation from a low-symmetry martensitic phase to a
high-symmetry austenitic phase is diffusionless [166]. Under mechanical loading, latent heat is
released, whereas during unloading, heat is absorbed. For NiTi-based alloys, it has been demon-
strated that the elastocaloric temperature change is dependent on the alloy’s composition
[167]. For NisssTis1.1 wires subjected to a stress of 700 MPa and a strain of 6 %, loading induces
a temperature increase of 25 K, while unloading results in a temperature decrease of 21 K, yield-
ing a total adiabatic temperature change of 46 K [168]. The second mechanocaloric effect is the
barocaloric effect.

The barocaloric effect arises when hydrostatic pressure is applied, leading to a change in volume.
In NR-based materials, an adiabatic temperature change of approximately 25 K has been ob-
served under a pressure of 390 MPa [169]. The barocaloric effect also occurs in magnetic shape
memory alloys like FeRh [170] or electrocaloric ceramic materials like BaTisz [171]. Therefore,
these materials exhibit more than one caloric effect, which leads to their classification as multi-
caloric materials [172—-175].

Despite promising temperature changes, implementing barocaloric demonstrators remains
challenging. This is primarily due to the difficulty of enabling spatial separation of the hot and
cold heat flows while at the same time applying isostatic pressure changes under adiabatic con-
ditions [22]. The application of uniaxial stress is technically less complex compared to
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hydrostatic pressure, which necessitates uniform loading along all axes. For the elastocaloric
effect, uniaxial loading and heat exchange can be spatially decoupled, thereby simplifying device
design. Based on this advantage, NR-based materials are investigated in this work for its elasto-
caloric properties.

For device realization, the caloric materials must be subjected to cyclic loading and subsequent
field removal under the corresponding external field. In Figure 12, a schematic overview of solid-
state refrigeration technologies based on caloric materials is presented. In practical caloric cool-
ing and heat-pumping devices, the inverse Brayton cycle is the most commonly employed [160].
Other thermodynamic processes can also be employed for caloric cooling [176]. Since the cycle
is driven not by pressure but by cyclic variation of the external field, it constitutes an inverse
Brayton-analog cycle.

Th

Tr

Figure 13: Temperature-entropy (T-s) diagram of the reversed Brayton cycle, serving as a reference framework for
analyzing the caloric cooling process. The idealized elastocaloric cooling cycle starts with adiabatic loading 1-2,
followed by heat transfer to the heat sink from the refrigerant at constant strain 2—3. Adiabatic unloading 3—4,
after which heat is transferred from the heat source to the refrigerant at constant strain 4—1. Legend: room tem-
perature T, temperature after adiabatic loading T, temperature after adiabatic unloading T.

The inverse Brayton cycle is schematically represented in the temperature-entropy (T-s) diagram
shown in Figure 13. The idealized cycle is described for elastocaloric cooling based on elasto-
mers. Starting at room temperature (T) and in the absence of an applied field, the elastocaloric
material serving as the refrigerant is subjected to mechanical loading under adiabatic conditions
(1—2). In detail, the loading process is isentropic, resulting in a temperature increase of the re-
frigerant (T},). In the subsequent step, heat transfer under constant strain is carried out (2—3).
Ideally, the temperature of the refrigerant is restored to room temperature. After adiabatic load
removal, the temperature of the refrigerant decreases from Ty to T, (3—4). In the final step,
heat is absorbed under zero strain, causing the temperature of the refrigerant to rise back to Ty
(4—1). The load cycling can then be repeated. During the heat transfer steps (2—3) and (4—1),
the hot and cold heat flows are selectively directed to a heat sink and a heat source, respectively.
This enables the realization of heat-pumping and cooling applications.
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3.2 Comparison of Elastocaloric Cooling Based on SMAs
and Elastomers

So far, only six elastocaloric cooling devices based on elastomers have been reported [31-
34,135,177], in addition to the three devices developed within this work [19,178]. At the start
of this study, only two devices had been reported [31,32]. The rapid increase in publications
over a short period highlights the relevance and growing interest in this field of research. An
overview of the reported devices is provided in Figure 14. A detailed description of the devices
is provided in the subsequent sections of this chapter. To facilitate comparison, the reported
devices are categorized according to their heat transfer mechanism.
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Figure 14: Overview of elastocaloric cooling devices based on elastomers, categorized by heat transfer mechanism,
loading mode, refrigerant type and material, along with the corresponding references.

ference

On the one hand, heat transfer is achieved through a solid-solid mechanism, and on the other
hand through a solid-liquid mechanism. In both cases, the refrigerant (also referred to as the
active material) is solid, with internal heat transfer occurring by conduction and limited by the
material’s thermal conductivity. In the solid-solid heat transfer mechanism, heat is rejected and
absorbed from the refrigerant by a solid heat sink and source unit through mechanical contact.
This mechanism, which is limited by the heat transfer resistance, is employed in the present
work. In contrast, for the solid-liquid mechanism, a heat transfer fluid is employed to transfer
heat to the hot and cold reservoirs, promoted by forced convection induced by the fluid flow.

Further categorization can be made based on the type of mechanical loading. To date, most
devices are based on uniaxial tensile loading, with only one device employing nearly biaxial load-
ing achieved through pneumatic expansion [31].
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Although most devices are driven by tensile loading, the refrigerant types exhibit a wide spec-
trum. They range from balloon-like NR membranes and NR tubes to custom 3D-printed thermo-
plastic polyurethane (TPU) structures with fluid channels, and finally to foils.

In contrast to elastomer-based elastocalorics, a wide range of SMA-based cooling devices have
been reported [154,179]. On the macroscale, fluid-based systems include wires operated in ten-
sion for air-conditioning applications [180], as well as tubes operated in compression
[13,14,181,182]. Most recently, the combination of operation in compression and tailored ma-
terial transition temperatures to extend the operating window has been demonstrated. Follow-
ing this approach, the highest cooling power of over one kilowatt and temperature spans of 75 K
reported for elastocaloric cooling devices have been achieved [13,14]. On the miniature scale, a
film-based device employing solid-solid heat transfer and operating in tension has achieved a
high specific cooling power of 19 Wg? [17]. Furthermore, cascaded systems, also operating in
tension, have been developed to address the limitations imposed by the material’s temperature
range [16]. Therefore, if the adiabatic temperature change in the caloric materials is smaller than
the required temperature span of the system, methods such as active regeneration or cascading
can be employed [155]. Within cascading, multiple refrigerants are thermally connected in se-
ries, generating a temperature gradient within the system, while heat transfer is achieved
through solid-solid mechanical contact [16]. Due to the gradient, refrigerants are pre-heated
and pre-cooled, so that individual cycling occurs at different starting temperatures. In the figure,
the corresponding T-s diagram is shown. Due to the gradient, refrigerants are pre-heated and
pre-cooled, so that each cycle begins at a different starting temperature. The corresponding T-s
diagram is shown in Figure 15. In contrast, the term active regeneration is typically associated
with fluid-based systems [183]. Similarly, along the regenerator, each element performs its own
thermodynamic cycle at a slightly different temperature [184]. These two concepts can be sum-
marized under the framework of heat recovery.

cooling
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Figure 15: Temperature-entropy (T-s) diagram of the reversed Brayton cycle, for a cascaded device architectures
with three refrigerants. Each refrigerant cycles at different temperatures, enabling an increased device tempera-
ture span. Adapted with permission from [185].
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Due to its relevance to this work, the most important and recent cooling devices based on SMAs
are presented in this chapter, followed by a detailed overview of devices based on elastomers.
Prior to this, a comparison of the two material classes (elastomers and SMAs) and their respec-
tive impacts on device design, arising from material differences, is provided. An overview of the
resulting advantages, disadvantages, and associated inferences is provided in Table 2.

First of all, the adiabatic temperature change observed in NR materials is around 20 K at room
temperature [19]. Therefore, the effect size is promising when compared to other SMA alloys,
such as NiTiFe with 36 K [186], NiTi with 42.5 K [187], or Ti-Ni-Cu-Co films with 23 K [16]. This
makes NR a promising candidate for the realization of elastocaloric cooling devices.

While SMA-based materials need high stress fields, elastomer-based materials require high
strains for a pronounced effect size. In detail, several hundreds of MPa, up to 900 MPa, and low
strain of around 4 % are common for SMA [188]. In contrast, elastomers exhibit the elastocaloric
effect under strains of several hundred percent, up to 700 %, but at much lower stress levels of
only a few MPa [19]. Consequently, the stress and strain requirements are opposite for the two
material classes. This leads to different design opportunities and challenges. On the one hand,
the large strains of several hundred percent require distinct heat sink/source geometries and
large actuation strokes, resulting in more complex device architectures, particularly for cascaded
systems as presented in this work, compared to SMA-based architectures. On the other hand,
the lower forces required for elastomer-based devices relax the demands on support structures,
enabling the use of lightweight 3D-printed polymer components and low-cost motors, as exem-
plified in this work. Together with the low material price of around 1.5 €kg* for NR, which is two
orders of magnitude lower than for SMA [22], NR is promising for commercialization. Further-
more, overloading due to actuation tolerances is less critical because of the flexible nature of
the refrigerant. The NR foils in this study exhibit a high strain at failure, exceeding 1000 %, which
further reduces the risk of damage.

Another key difference between the two material classes lies in their thermal properties. While
the thermal conductivity A of SMAs can be expected in the range of 8.6-18 Wm™ K [188], NR-
based materials exhibit a much lower value of around 0.17 WmK? [189]. This places them
within the range of thermal insulation materials. Since the thermal conductivity lowers heat
transfer across the boundary to another medium, the heat transfer coefficient h for solid-to-
solid contact is likewise reduced [190]. For SMA-based devices, a h value of approximately 1200
Wm=2K? has been reported [186], whereas in NR systems the coefficient is about an order of
magnitude lower [19,178]. This leads to limited internal heat transfer within bulk materials as
well as across their interfaces. These factors must be addressed in the device design. Foils are
employed in this work due to their high surface-to-volume ratio, which promotes rapid heat
transfer especially in devices utilizing solid-solid heat transfer [19,191]. Similar to the approach
in this work using thin foils, SMA-based devices have been reported to achieve a high surface-
to-volume ratio by thin NiTi tubes.
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Table 2: Comparison of using SMAs and elastomer-based refrigerant materials for elastocaloric cooling. Corre-
sponding advantages, disadvantages, and inferences from the viewpoint of elastomer-based elastocaloric cooling
technology. Typical values of the adiabatic temperature change AT ,;, maximum strain &, stress g, thermal con-
ductivity A at room temperature, heat transfer coefficient h and material cost,,,;. References: [192]?, [19,178]°,
[188]¢, [186]¢, [22]e.

AT .4 £ g A h cost
(K) (%) (MPa) | Wm™'K™") | Wm™*K™") | (€kg™")
33
SMA NN 2-4° 500-900° 8.6-18° 1200¢ 100¢
(NITI)
Elasto-
20 (NR)® <700° <10° 0.17° 80-170° 1.5°
mer
Pros/ Promising Complex Low-load Limited internal/boundary heat Low
cons effect size design structures transfer cost
Attractive Different 3D printed, Pre-strain, Attractive for
Infer- _ geometry, . . L
for device larae low-cost High surface-to-volume ratio commerciali-
ences realization strogke actuation (foils) zation

For example, values of 4.36 mm™ [9] or even 7.51 mm™ have been reported for the device
achieving the highest temperature span recorded for elastocaloric cooling devices. This is sur-
passed by the foils used in this work, which exhibit a surface-to-volume ratio of 6.66 mm for
an initial thickness of 290 um under 300 % strain, increasing to 12.5 mm™ at 700 % strain [19].
For further comparison, as shown in Figure 16, the specific heat transfer area can also be con-
sidered, defined as the heat transfer area normalized by the mass of the refrigerant.

(@) (b) (c)
-

7.8 cm?g? 12.5 cm?g? 18.5 cm?g?

Figure 16: Comparison of the specific heat transfer area of (a) spiral cross-section, (b) multi-cell cross-section to
increase of NiTi tubes and (c) NR foil, used in this work. Adapted with permission from [13].

The specific heat transfer area of 7.8 cm?g™ can be increased to 12.5 cm?g? by employing a
multi-cell cross-section instead of a spiral cross-section [13,182]. In comparison, the foil-based
NR specimen used in this work achieves a specific heat transfer area of 18.5 cm?g[19]. For this
calculation, a foil with an initial thickness of 650 um is considered, taking only the surface facing
the heat source into account. Under an engineering strain of 300 %, the value increases to
45.2 cm?gtdue to the enlarged surface. Therefore, by using elastic foils, expensive fabrication
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methods of complex structures are not required to achieve a high surface-to-volume ratio and
specific heat transfer area compared to SMA-based refrigerants.

3.3 Device Prototypes based on Elastomers

In the previous Chapter 2.5, an overview of the reversible adiabatic elastocaloric temperature
changes reported in the literature for elastomer specimens is presented. However, a high tem-
perature change on the material side alone does not guarantee good device performance, since
the elastocaloric temperature changes generated within the refrigerant specimen must be ef-
fectively exchanged within a device through rapid heat transfer to be useable in practical cooling
applications. Moreover, fatigue resistance under dynamic conditions must be considered due to
the repetitive cyclic operation required for the cooling device. The reported devices in the rela-
tively young research field of elastocaloric cooling based on elastomers are described in detail
in this section. A summary of all the devices can be found in, including the corresponding oper-
ating conditions and performance parameters. They are subdivided according to the heat trans-
fer mechanism, as illustrated in Figure 14.

3.3.1 Solid-Solid Heat Transfer

Apart from this work [19,178], only one reported study employs a solid-to-solid heat transfer
mechanism combined with uniaxial tensile load cycling [34]. In Figure 17, a photograph of the
device with parallel-oriented heat sink and source is presented. Similar to this work, NR-based
foil specimens with two different thicknesses are tested. Load cycling is performed between 300
and 500 % strain at a strain rate of approximately 7s™*. The cooling power is determined under
thermal load, resulting in 390 mW (0.430 Wg™) for the 600 um foil. This is obtained at a fre-
quency of 0.3 Hz, involving a heat transfer time of 3 s, resulting in a maximum temperature span
of 1.8 K. The highest specific cooling power is obtained for the 400 um foil, reaching 0.54 Wg™
[34].

Natural rubber

Figure 17: Photograph of the elastocaloric cooling device employing solid-to-solid heat transfer and uniaxial tensile
loading of the NR refrigerant. Adapted from [34] licensed under CC BY 4.0.
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Besides uniaxial tensile loading, nearly biaxial loading is achieved using an inflatable NR mem-
brane with a thickness of 140 um [31]. Similar to the previously presented device, heat is trans-
ferred through solid-solid contact. The adiabatic temperature span of the NR membrane is 23 K,
based on a maximum adiabatic temperature change after unloading of around -16.5 K. The de-
vice performance is driven by two key mechanisms. The first is the strong elastocaloric effect
resulting from nearly biaxial deformation, and the second is the snap-through instability that
induces rapid quasi-adiabatic expansion and contraction in less than 100 ms. This results in a
high specific cooling power of 20.9 Wg™ [31] at frequencies of 1.1 Hz, comparable to that of SMA
based devices at the miniature scale [193].

Adiabatic
expansion
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Figure 18: NR membrane based elastocaloric cooling device utilizing snap through instability for rapid mechanical,
nearly biaxial load cycling. Heat transfer is accomplished by solid-to-solid contact, promoted by elevated contact
pressure due to inflation of the balloon-like membrane. The surface temperature profile of the refrigerant during
after loading (2) and unloading (3) is shown. Reproduced with permission [31].

The corresponding absolute cooling power is reported to be 877 mW, while the maximum de-
vice COP is 4.7 [31]. A maximum temperature span of 7.9 K is measured between the hot and
cold reservoirs (HTR and LTR), which are composed of spherical caps, see Figure 18. The device
transfers heat through mechanical contact enabled by the pressurized balloon like refrigerant
driven by pneumatic actuation and remains stable over 10 cycles. Therefore, this device exhibits
the highest operating frequency and specific cooling power among the reported elastocaloric
cooling devices based on elastomers. For consideration as a cooling application, the lifetime is
too low.

3.3.2 Solid-Liquid Heat Transfer

In contrast to this work, heat can be transferred using a heat transfer fluid. A regenerative fluid-
based elastocaloric cooling device is presented, utilizing a deproteinized, cross-linked NR tube
with a wall thickness of 1 mm [32]. While one end of the tube is fixed, the other one undergoes
cyclic deflection facilitated by an actuator. The tube has an initial diameter of 5 mm, which re-
duces to 2 mm under a strain of 500 %, corresponding to an inner diameter of 1.47 mm. The
heat exchange of the NR tube is achieved through an oscillating water-based fluid. As reported
by [32] the thickness of the material layers significantly influences the system's performance.
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Simulations indicate that the optimal layer thickness for both the fluid and the cross-linked NR
tube ranges between 0.2 and 1 mm. At an operational frequency of 0.3 Hz, the fluidic prototype
achieves a temperature span of 1.2 K.
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Figure 19: Elastocaloric cooling regenerator based on a parallel arrangement of 55 NR tubes with an initial diameter
of 3.18 mm. Heat exchange is facilitated by water. The resulting temperature gradient is given after 50 and 4000 s.
Reproduced with permission from [33].

In a subsequent study, the authors presented a similar system incorporating multiple tubes,
which achieved a maximum device temperature span of 10 K at a frequency of 0.1 Hz [33]. The
maximum adiabatic temperature change of the used rubber tubes is 13.8 K after unloading from
500 to 0 % of strain. The system operates at strains between 350 and 550 %, resulting in tube
wall thicknesses of approximately 300 and 450 um, respectively. In Figure 19, a photograph of
the regenerator-based device with 55 NR tubes of an initial diameter of 3.18 mm is presented,
and the corresponding temperature gradient developed after 50 and 4000 s is shown.

By cyclically pumping the water-based fluid through the interior of the tube, a temperature gra-
dient along the tubes is built up during operation. Therefore, this device employs the principle
of active regeneration, as previously described in Chapter 3.2. In detail, fluid flow occurs in op-
posite directions at maximum and minimum deformation. At maximum deformation, the fluid
is pumped from the cold reservoir to the hot reservoir, cooling the heated-up NR tubes. Con-
versely, at minimum strain, the flow direction reverses, and the cold reservoir is cooled down.
During deformation, no fluid flow takes place. Therefore, the operation can be subdivided into
four steps. The cooling power is determined by measuring the heating power of a resistor placed
in the insulated cold reservoir. The maximum cooling power under thermally loaded conditions,
when the cold reservoir reached ambient temperature, is reported as 1.5 W, with a correspond-
ing specific cooling power of 0.14 Wg. The highest obtained device COP is 6. According to the
study, the system has been subjected to 3 x 10* operating cycles [33]. By reversing the operating
principle, heat can be converted into mechanical work. It has been reported that 4 J can be
achieved per cycle [194].
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3.3.2.1 Non-NR Elastomer Refrigerants

Another fluid-based elastocaloric cooling device uses a 3D-printed thermoplastic polyurethane
(TPU) structure with rectangular microchannels, demonstrating that custom structures are fea-
sible. The cubic TPU core (15 x 15 x 20 mm?3) houses 72 channels with a length of 20 mm and an
opening size of 0.45 x 0.45 mm?2. While the TPU specimen exhibits a temperature change upon
unloading of -2.3 K, the maximum temperature span of the device reaches 4.7 K, operating un-
der 5.5-7.7 MPa and a strain range of 200-600 % [177]. A specific cooling power of 1.85 W gl is
obtained at a frequency of 0.1 Hz.

The fourth reported device is also based on solid-liquid heat transfer. The device incorporates
connected cooling units designed to counteract each other [135]. In the first unit, the foil spec-
imen with a thickness of 1 mm is in the initial unstretched state, while simultaneously the second
specimen in the other unit is in the stretched state. This configuration allows for work recovery.
This means that the elastically stored energy due to deformation is reused, for example, for the
actuation of a secondary refrigerant, as reported for SMA-based devices [186,195,196]. For the
elastomer-based device, the uniaxial tensile strain applied to the specimens ranges from 100 to
500 %. The specimen material is poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS) filled
with graphene nanoplatelets (GNS). Heat transfer is achieved by fluid flow, resulting in a maxi-
mum temperature change of -3.5 K of the water at the cold outlet. At zero temperature span, a
cooling power of 5 W and a corresponding specific cooling power of 5.74 Wg™ are reported,
along with a device coefficient of performance COP,;,yic. of 8.3. Therefore, this device exhibits
the highest absolute cooling power among the elastomer-based devices reported in literature.

Table 3: Overview of reported single-stage and regeneration-based elastocaloric cooling devices using elastomer
refrigerants. The devices are characterized by the following values: The temperature change upon unloading AT,
of the refrigerant material and the operation parameters: the maximum strain range Ag, the corresponding maxi-
mum engineering stress Ag, the resulting device temperature span AT g,,ic., the (specific) cooling power @ (Go)
and the coefficient of performance COP 4.,;.. and the maximum number of cycles. Legend: *regeneration-based
devices (remaining devices are single-stage), **cooling power determined under thermal load; ***non-uniaxial.

Refriger- | AT, Ag Ao | AT gepice Q q
) 2 | Ref.
ant & | @) | MPa) | ) | w) | wgt) | COPdevice| CYCleS | Re
500-
NR tube 1 | 500 - 1.2 - - - - [32]
NR
165 | w - 7.9 08 | 209 4.7 103 [31]
membrane
350-
NR tubes* - 550 1.5 10.0 1.5** | 0.14** 6.0 3x104 [33]
NR 300- - - 3
foil 4.6 500 3.9 1.8 0.3 0.54 15.0 1.1x10 [34]
SEBS+ 100-
GNS bulk | -18.0 500 4 3.7 5.0%* | 5.74** 8.3 108 [135]
foil
3D-printed 200-
TPU* -2.3 600 7.7 4.7 2.5 1.85 1.7 - [177]
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3.4 Device Prototypes based on SMA

In contrast to the limited number of reported elastomer-based devices, several SMA-based de-
monstrators have been developed in recent years. Therefore, only a selection of SMA-based
elastocaloric cooling devices is discussed in this section. Based on the relevance to this work, a
single-stage cooling device and a cascaded device architecture at miniature scale are presented.
An outlook is provided, highlighting the most promising devices for commercialization, which
represents the outcome of more than a decade of intense research. Comparable performance
levels could potentially be achieved with elastomer-based devices, leveraging their inherent ad-
vantages, provided that further research is conducted. An overview of the selected elastocaloric
devices based on shape memory alloys reported in the literature is provided in Table 4.

3.4.1 Solid-Solid Heat Transfer

Elastocaloric cooling devices based on SMAs are presented in this subchapter, starting with
solid-solid heat transfer concepts. At the macro scale, elastocaloric cooling devices have been
realized using SMA wires [11] and ribbons [197,198], which are subjected to tensile loading and
rely on solid-solid contact for heat transfer. On the miniature scale, foils are employed for rapid
solid-solid heat transfer owing to their large surface-to-volume ratio [186,191]. The concept re-
lies on free-standing SMA bridges that are deflected out of plane, which triggers the elastoca-
loric effect [186]. The U-shaped bridges serve as holders for the SMA films, with their ends fixed
at a constant distance. Out-of-plane loading is induced through mechanical contact with a con-
vex surface of the heat sink. The cyclic loading is achieved by the linear displacement of an ac-
tuator, enabling repeated contact. Devices based on a single film and on coupled two-film sys-
tems are examined [186,199,200]. The mechanical coupling of two antagonistic bridge pairs,
each containing one SMA film, allows work recovery [186].

Further developments of these systems employing flexible springs have been reported [17]. The
default layout, comprising a single bridge, is shown in Figure 20 (a) and (c). Asymmetry or misa-
lignment deviations, which can be corrected by flexible spring structures, are shown in Figure
20 (b) and (d)-(f). The coupled bridges, which allow work recovery, are arranged in convex or
concave configurations, as shown in Figure 20 (d) and (e), respectively.
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Figure 20: Schematics and photographs of suspended bridges based on SMA films, enabling out-of-plane loading.
(a) Default layout based on a single bridge. (b) Improved design consisting of compliant spring-like structures and
(c) the corresponding photograph. (d) Convex and (e) concave coupled bridges used for work recovery.
(f) Photograph of corresponding experimental setup. Reproduced with permission [17].

The temperature evolution of the heat sink and heat source for the configuration shown in Fig-
ure 20 (b) is presented in Figure 21. The device performance exhibits a distinct frequency de-
pendence, as also observed in this work [19,178]. At a frequency of 4 Hz, a high specific cooling
capacity of 19 Wg! and a maximum temperature span of 14 K is achieved with a NiTiCuCo-based
film [17].
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Figure 21: Temperature evolution of the heat sink and heat source for different frequencies. The device is based
on a single SMA film and flexible support structures. Reproduced with permission from [17].

Therefore, the out-of-plane loading mechanism achieves the highest reported specific cooling
power among SMA-based cooling devices. In addition, a cascaded device with in-plane loading,
similar to this work, is demonstrated [193]. By operating three NiTiFe films, which are thermally
connected in series, at an optimum frequency of 1 Hz, a high temperature span of 27.3 K is
reported on the miniature scale.
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3.4.2 Solid-Liquid Heat Transfer

The highest device temperature span of elastocaloric cooling devices is achieved through solid-
liquid heat transfer and load cycling in compression. In the fluid-based system reported by [13],
75 K is achieved at a frequency of 0.33 Hz and a stress rate of 1 GPa s, involving an applied
stress of 900 MPa. The system manages to overcome the adiabatic temperature change of the
material by employing active regeneration and multi material selection. This surpasses single-
material devices, which exhibit a maximum temperature span of 50.6 K [182]. The multi-material
cooling device uses NiTi SMAs with three different austenite finish temperatures. This means
that the material's lattice is fully transformed to austenite at different temperatures. The trans-
formation temperatures ranging from -2.5 to 48.0 °C and therefore create a possible operation
span of over 100 K, see Figure 22. It should be mentioned that the adiabatic temperature change
is temperature-dependent and differs for the different NiTi-based materials.
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Figure 22: Adiabatic temperature change for the three selected NiTi SMAs at different ambient temperatures, re-
alizing a possible operation region of over 100 K. Adapted with permission from [13].

The system architecture comprises 11 cascaded NiTi units, each 50 mm long and two distilled
water-based loops enabling the heat exchange. During operation, cold and hot fluid loops are
formed. The fluid pre-cools and pre-heats units 1-4 and 8-11, respectively, with lower and higher
austenite finish temperatures. A schematic of the temperature gradient established along the
cooling system, along with the corresponding austenite finish temperatures, is shown in Figure
23. The maximum temperature lift of 74.7 K is reached during the first 10* cycles and remains at
55 K after one million cycles [13]. In addition, a specific cooling power of up to 0.42 Wg? at a
50 K temperature span is reported, corresponding to an absolute cooling power of 12 W. Even
higher cooling powers have been reported for a similar device architecture [14].
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Figure 23: A schematic of the active regenerator device architecture comprising 11 NiTi units with different austen-
ite finish temperatures As. Low temperature A (-2.5 K) used in the units 1-4 connected to the units 5-7 with As equal
to 28 °C. The units 9-11 exhibit a high A¢ of 48 °C. Adapted with permission from [14].

Fluid flow takes place in parallel through NiTi tubes connected in series. The connected tubes
are subdivided into cells. Figure 24 (a) illustrates a schematic of a single cell, comprising four
SMA tubes, two ceramic loading heads, and two ceramic liquid distributors. The cells operate at
different temperature lifts of 0, 15, and 30 K, thereby promoting a temperature gradient along
the device. Therefore, this strategy uses different austenite finish temperatures to promote the
build-up of the device temperature span [17,201,202]. This strategy is also used to achieve the
highest reported temperature span of 75 K in an elastocaloric cooling device [13]. The im-
portance of strategies to enhance heat transfer is highlighted by increasing the thermal conduc-
tivity of the heat-transfer fluid and increasing the surface-to-volume ratio of the elastocaloric
refrigerant. In the reported system, water containing graphene nanoparticles with diameters
between 500 and 800 nm exhibits a 50 % increase in thermal conductivity compared with pure
water, thereby improving heat transfer. In Figure 24 (b), the thermal conductivity of the
nanofluid at different ambient temperatures is presented.
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Figure 24: (a) Schematic of a single elastocaloric cell comprising four NiTi tubes, two ceramic loading heads, and
two ceramic liquid distributors. (b) Increased heat transfer due to high surface to volume ratio and water based
nano fluid with enhanced thermal conductivity due to graphene nanoparticles. Adapted with permission from [14].

At an operating frequency of 3.5 Hz and under thermal load, a cooling power of 1.284 kW is
reported for zero temperature span during the first half-million cycles [14]. The frequency of
3.5 Hz consists of 0.05 s for loading and unloading, each followed by a 0.09 s holding phase. With
an applied compressive stress of 950 MPa and the same operating frequency, it endures over
two million cycles. In Table 4, an overview of the selected elastocaloric cooling devices based on
SMAs is presented.
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Table 4: Overview of selected elastocaloric cooling devices based on SMAs reported in the literature. The devices
are characterized by the following values: The temperature change upon unloading AT . of the refrigerant material
and the operation parameters: the maximum strain range Ag, the corresponding maximum engineering stress Ag,
the resulting device temperature span AT .,;c., the (specific) cooling power Q, (go) and the coefficient of perfor-
mance COP 4., and the maximum number of cycles. A negative strain value indicates compressive deformation.
Legend: *cooling power determined under thermal load (zero temperature span), **cascaded devices, *** regen-
eration-based devices (remaining devices are single-stage).

Refriger- | AT, Ag Ao AT gevice Q q
ant &) | %) | (MPa) (K) w) | wg COP4.pice | Cycles | Ref.
N'Tf'ﬁco 145 |>2.0| >400 | 126 | 022 | 19 6.7 400 | [17]
NITIFe | 160 | 45 - 273 | 019 | 34 - - | 1193
films**
NiTi

- | 30| 900 | 747 | 12 | 042 10.2 105 | [13]
tubes***
NiTi

220 | 35| 950 | 31.6 |1284*| 12.3* 7.9 2x10° | [14]
tubes***
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4 Material Characterization

An overview of the material characterization process carried out on elastomer foils employed
for the investigation of the elastocaloric effect is presented in this chapter. First, the elastomer
sheet materials are introduced, together with a description of the procedure employed to pre-
pare foil specimens. Subsequently, the thermal and mechanical characterization of the prepared
specimens is addressed, with a primary focus on evaluating the elastocaloric effect. The experi-
mental setup developed for uniaxial tensile loading is described in detail, including the instru-
mentation and boundary conditions employed. The investigation systematically varies the fol-
lowing mechanical parameters: maximum engineering strain, engineering strain rate, and engi-
neering pre-strain. In addition, foils with different thicknesses are evaluated to assess their in-
fluence on the elastocaloric performance. The resulting data, including temperature evolution
and stress-strain curves, are presented to illustrate the thermo-mechanical response under cy-
clic loading. From these results, performance metrics such as absorbed heat, mechanical work
input, and the material coefficient of performance are derived. On this basis, the efficiency of
the elastocaloric effect under various conditions is evaluated. Since the performance of elasto-
caloric cooling devices relies heavily on the properties of the active refrigerant, the characteri-
zation of promising elastomer foils is essential. This characterization provides the foundation for
evaluating the overall device performance.

4.1 Specimen Material

In this section, an overview of the elastomer sheets used in this work is provided. Elastomers
that exhibit the strain-induced crystallization (SIC) and the entropic elasticity (EE) are considered
for the use as elastocaloric refrigerants. The elastomer selection comprises commercially avail-
able vulcanized natural rubber (NR) and NR latex sheets, as well as custom sheets fabricated in
collaboration. The custom sheets comprise sulfur-vulcanized and C,H-ic vulcanized NR, as well
as styrene-isoprene-styrene (SIS) copolymers with varying styrene content. Further information
on the custom sheets can be found in Chapter 2.2, while details on their fabrication and com-
pounding are provided in [19]. In Table 5, an overview of the materials, including their abbrevi-
ations and the corresponding material sources, is listed. Throughout the rest of this work, the
term “Type” is used to identify the material of the specimens and subsequently refers to the foil
refrigerant employed in the device. The elastomer sheets are used for the preparation of the foil
specimens.

Foils with a thickness below one millimeter have been identified as beneficial for cooling appli-
cations based on the elastocaloric effect due to their rapid heat transfer [203]. However, com-
mercially available natural rubber (NR) sheets are predominantly offered in thicknesses exceed-
ing one millimeter.
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Table 5: Material overview, including their abbreviations and the corresponding material manufacturer. The selec-
tion spans from vulcanized natural rubber (NR) through a styrene-isoprene-styrene copolymer to natural rubber
latex. Material labels marked with an asterisk (*) indicate that detailed compounding information is unavailable
due to the commercial origin of the material. The sheets labeled with “Fabricated in collaboration” employed in
this study are custom fabricated by our collaborative partners at the University of Freiburg, Germany [19].

Type Material Manufacturer

K Vulcanized NR* IHSD-Klarmann

F Sulfur vulcanized NR Fabricated in collaboration
CHIC C,H-ic vulcanized NR Fabricated in collaboration
SIS SIS Copolymer Fabricated in collaboration

L NR-latex* MAPA GmbH

Lp NR-latex* Karex Industries Sdn. Bhd.

For instance, NR sheets from the company IHSD-Klarmann have a minimum sheet thickness of
650 um. In the following specimens based on sheets of this company are labeled with a “K”. To
make it possible to also test specimens with the same material but thinner, specimens are en-
graved and thinned down by laser ablation. In addition to the commercially available sheets,
custom sheets are employed to maintain control over the compounding and to allow more flex-
ibility in sheet thickness. Specimens based on sulfur and C,H-ic vulcanization are used. For more
details on the vulcanization process, see Chapter 2.2.1. The PS-PI-PS (SIS) copolymer sheets with
three different styrene contents are tested, ranging from 14 to 22 %. For more information
about the SIS copolymer, see Chapter 2.4.4. In addition to the custom sheets NR latex sheets are
included in the study to assess the behavior of thin rubber foils. The use of commercially availa-
ble NR latex sheets offers an advantage, as they are industrially produced with precisely con-
trolled and uniform thickness. This makes them particularly suitable for investigating thickness-
dependent effects. Specimens based on NR latex from the companies MAPA GmbH and Karex
Industries Sdn. Bhd. are used. Figure 25 presents a photograph of the foil specimens used in this
work, along with their corresponding labels.

y
|
¥

4

b

K F Chic SIS L Lp

Figure 25: Photograph of foil specimens which are laser-cut from the sheet materials listed in Table 5, and their
corresponding labels.
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4.2 Specimen Preparation

This section is dedicated to the specimen preparation performed by laser cutting. A rectangular
specimen geometry is chosen instead of the conventional tensile test specimen, commonly re-
ferred to as a "dogbone" shape. The dogbone geometry is avoided due to the inhomogeneous
temperature profile induced by the elastocaloric effect that occurs at the fillet radius. Addition-
ally, classical tensile testing until fracture is not required in this study, making the standard ge-
ometry unnecessary. In contrast, the rectangular specimen provides a homogeneous surface
temperature distribution during testing. This is crucial for avoiding a temperature gradient for-
mation within the heat sink/source in cooling devices. The selected specimen dimensions are
9 x 26.5 mm? [19]. In Figure 26 a schematic of the undeformed rectangular tensile specimen is
presented. The total specimen length, denoted as Ly, includes both the gray-shaded end sec-
tions used for mechanical fixation and the central deformable region, shown in beige color. The
section subjected to deformation is geometrically defined by its initial length L, the width w ,
and thickness d. From these dimensions, the cross-sectional area A, = d w, can be calculated,
which is relevant for stress analysis. Additionally, the area available for heat exchange with a
heat source or sink is denoted as S, and considered in subsequent thermal analyses. The holder
for specimen fixation is introduced in Chapter 5.1.1, as it is a critical component of the elastoca-
loric cooling device with respect to its lifetime.

A, =dw, d
|' }wo =9.0mm
\ L, =51.0 mm y S, =L,w,
Vo
L,=26.5mm

Figure 26: Schematic of the undeformed rectangular foil specimen subjected to uniaxial tensile load. The specimen
geometry is given by the total length L, which includes the end sections used for fixation (indicated in gray) and
the central deformable volume (indicated in beige color). The deformable section is characterized by the length L,
width w, and thickness d. The initial cross-sectional area is given by A,. The area available for heat transfer to a
sink or source is denoted as S.

The sample geometry is cut from the elastomer sheets, introduced in Table 5 using a pulsed
laser through material ablation [19]. The cutting edge is generated thermally. Since rubber can-
not be melted, it undergoes oxidation and thermal decomposition under the laser beams energy
input [46]. A laser cutter from Universal Laser Systems is used, equipped with a CO; laser oper-
ating at a wavelength of 10.6 um and a focal spot size of 120 um. The maximum output power
of the laser is 40 W, with a maximum travel speed of 25 cms™. Smooth and homogeneous cut
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edges are achieved using a low power setting of 20 %, a travel speed of 10 %, 700 pulses per
inch (PPI), and by repeating the cutting process multiple times. For example, in the case of sheets
of the material type “K” with a foil thickness of 650 um, the cutting process must be repeated
four times. To produce a continuous cutting edge, the PPl value is a critical parameter. For ex-
ample, at 500 PPI, the cut edge of a sheet type “K” with a foil thickness of 650 um is discontinu-
ous, which becomes evident under deformation and manifests as a wavy, perforated cutting
edge. The specimens generated by laser ablation are engraved at moderate power input to re-
duce their thickness [178].

4.3 Thermal and Mechanical Characterization

4.3.1 Experimental Methods and Test Setup

The experimental test setup to characterize the mechanical and thermal properties of the elas-
tocaloric elastomer tensile specimens is depicted in Figure 27. The setup comprises an IR camera
and a linear actuator with a force sensor and two rigid specimen holders. The linear actuator
including an AC servo drive is provided by the company ESR Pollmeier GmbH. The right specimen
holder is stationary and attached to the force sensor which captures the force needed to deform
the specimen uniaxially. The other specimen holder is fixed to the slide block of the linear actu-
ator which performs the displacement in x-direction. Force sensors with a maximum force of
100 N and 50 N are used, depending on the specimen thickness. The time-dependent surface
temperature, located in the x-y plane, is evaluated by infrared thermography during the test.
The infrared camera (FLIR A655sc) with close-up lens (T198066) achieves a resolution of
640 x 480 pixels with a pixel size of 25 um and can record up to 120 fps. As the emitted thermal
radiation is influenced by the surface characteristics and material properties, the emission coef-
ficient is set to 0.92, based on values reported in the literature for rubber materials [189]. The
literature value of the emission coefficient is confirmed by comparing the resulting surface tem-
peratures with measurements from an embedded thermocouple [203]. The experiments are
controlled and recorded through a computer utilizing FLIR ResearchIR and LabVIEW software,
while the measurement data is analyzed using MATLAB.
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Fallder force sensor

linear
actuator

Figure 27: Top-view schematic of the experimental setup used for the mechanical and thermal characterization of
elastocaloric elastomer foil specimens. The IR camera captures the emitted radiation of the surface which corre-
lates to its temperature T (x, y, t) of the clamped specimen during uniaxial tensile loading and unloading. To de-
form the specimen with an initial length of Lj,the linear actuator's slide displaces along the x-axis, inducing a length
change of AL(t), as indicated by the black double arrow. During operation the force sensor records the force F(t).

The mechanical properties of elastocaloric elastomers specimens are determined through uni-
axial tensile tests, as the elastocaloric effect can be triggered by tensile strain. The mechanical
behavior is characterized by stress o and strain €. The tensile stresses, strains, and strain rates
are nominal quantities. They differ from the actual values (true strain), as the cross-sectional
area of the specimen changes compared to the initial cross-section or more specifically, the
specimen undergoes lateral strain. Consequently, it is referred to as engineering stress, strain,
and strain rate. In tensile tests, the force F in x-direction is applied perpendicular to the cross-
sectional area of the specimen under load. The resulting engineering stress is calculated as the
ratio of the applied force to the undeformed initial cross-sectional area A, as given in Equation
4-1.

_ F _ F
G_Ao_wod 41

The resulting engineering strains arise from the applied engineering stresses. They can be calcu-
lated from the change in length AL, equal to the displacement of the slide block, relative to the
initial length L, as given in Equation 4-2.

AL

e=—100% 4-2

Lo
All tensile tests conducted as part of this work are performed at a constant engineering strain
rate £. The strain rate & is expressed in st and is calculated based on the original specimen length
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Lo and the displacement rate d L(dt)™?1, or the slide block speed v, of the linear actuator, as
given in Equation 4-3.

dt  Lodt Ly 4-3

With the setup, strain-rates up to 14 s can be achieved, which is equal to a duration of half a
second to reach the maximum engineering strain of 700 %.

4.3.2 Elastocaloric Temperature Change

The elastocaloric response resulting from mechanical loading and unloading of a NR foil type “K”
with a thickness of 290 um is shown in Figure 28. The temporal evolution of a single strain cycle,
comprising uniaxial tensile loading and unloading, is shown in Figure 28 (a). The cycle begins
with a rapid loading process at an engineering strain rate of 9.3 s up to the maximum engineer-
ing strain €,,4,, Which is visualized by the path from @ to @ Consequently, a maximum engi-
neering stress g,,4x , is induced in the specimen, given in Figure 28 (b). Crystallites form due to
the SIC and polymer chain orientation, which lowers the entropy. The elastocaloric effect leads
to a temperature increase of the specimen due to release of latent heat. For further details on
the origin of the elastocaloric effect in elastomers, refer to Chapter 2.3 and 2.4. In Figure 28 (c)
the temperature response over time is given. The maximum temperature difference AT, with
respect to the ambient temperature of 23.0 °Cis 7.4 K. Once the maximum load is reached, the
tensile specimen is held in this state until its temperature stabilizes at ambient temperature, as
indicated by @ to @ During this time, additional crystallites are formed and may influence
the temperature change upon unloading. For this reason, the holding time t;,;4 is maintained
constant for all specimens in this study to ensure comparability. A stress relaxation during con-
stant maximum strain is observed, which is reflected in the decline of the engineering stress, as
shown in Figure 28 (b). Therefore, after the holding time of 120 s, quasi-adiabatic unloading
takes place at significant lower engineering stress g,.., compare @ to @ The unloading end-
point is characterized by a complete absence in both engineering strain and stress. The result of
unloading is a temperature decrease, as shown in Figure 28 (c), due to an entropy increase
caused by melting crystallites and re-entangled polymer chains. The maximum temperature
drop after unloading AT, is -10.3 K. Subsequently, a holding time of 120 s follows, during which
the temperature of the elastocaloric specimen decreases toward ambient temperature, given
by the points @ and @ This marks the end of the first loading cycle. The corresponding surface
temperature of the specimen is visualized in Figure 28 (d), which peaks at the points @ and @
The peak-to-peak temperature difference AT, and therefore the full elastocaloric response is
given as the product of the temperature change during loading AT}, and the temperature change
during unloading AT, as given in Equation 4-4.

AT,q = AT, + |AT,| 4-4
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For comparison, temperature profiles over time of NR foils with two different thicknesses,
290 um (black solid line) and 800 um (green dashed line), of material types “K” are provided in
Figure 28 (c). The thickness refers to the initial undeformed state. For the 800 um thick foil and
the resulting lower surface-to-volume ratio, the equilibration process with the surrounding en-
vironment takes more time. While the full equilibration of the 290 um thick foil in the loaded
state occurs within 18 s, the 800 um thick foil requires 4.3 times longer. After unloading, the
equilibration times are even longer. For the 290 um foil, full equilibration is reached after 115,
while for the thicker foil, it takes approximately twice as long. The differences arise from the
change in foil thickness under deformation. This highlights the challenge of realizing devices with
elastomers like NR, which have low thermal conductivity and slow heat transfer. A potential
solution could be the reduction of the foil thickness [19,178]. For more details, see 4.3.4.
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Figure 28: The elastocaloric effect in elastomers, exemplified for a natural rubber (NR) foil, is characterized by a
reversible temperature change during rapid mechanical loading and unloading. The effect is associated with the
strain-induced crystallization (SIC) and entropy elasticity (EE). Uniaxial tensile loading @—>® and unloading
®—>@ are performed at an engineering strain rate of 9.3 s'! on foils with a thickness of 290 um. The engineering
strain (a) is cycled between the undeformed state &,,;,, (at the points @, @ and @) and the maximum engineer-
ing strain &,,,, (at @ and @) and maintained respectively during the time t;,;4. The corresponding engineering
stress (b) and temperature difference upon loading AT}, and unloading AT (c) are shown. For comparison, the
temperature evolution of a foil with a thickness of 800 um (dashed green line) is shown, demonstrating slower
thermal equilibration (during loading ®—>® and unloading @—>@) with the ambient environment. In part (d),
two infrared images of the radiation emitted from the surface of the foil specimen at room temperature (23.0 °C)
are shown. The corresponding maximum and minimum surface temperatures are 30.4 °C and 12.7 °C. Adapted
from [19] licensed under CC BY 4.0.
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4.3.3 Maximum Engineering Strain

It is well known that the temperature change in elastocaloric materials is strain-dependent, ow-
ing to its origin in strain-induced crystallization and entropy elasticity [20,23]. To evaluate the
dependency on maximum engineering strain, the strain is varied in steps of 100 %, starting from
0 % and increasing up to 800 %, followed by unloading to the undeformed state. Loading and
unloading are conducted at an engineering strain rate of 4.7 s, with a hold time of 120 seconds
at both the maximum and minimum strain states. The resulting temperature difference during
loading AT}, (red dots) and during unloading AT, (blue dots) as function of the maximum engi-
neering strain are given in Figure 29 (a). The NR specimens type “K” with a thickness of 650 um
is used. In addition, the difference between the absolute temperature values are visualized by
the green points. All tests are performed in a state free of the Mullins effect, after performing
up to ten initial cycles to stabilize the material response. Within the strain range of up to ap-
proximately 300 %, minor and nearly linear temperature changes are observed. For the maxi-
mum engineering strain of 300 % AT, is -1.3 K, decreasing further to -1.9 K at the next strain
increment. At 400 % engineering strain, the temperature change upon loading and unloading is
almost equal (AT}, = AT,) and differ only by 0.1 K. Above 300 % of engineering strain, the tem-
perature exhibits a pronounced nonlinear increase with |AT,.| < ATj. A near doubling of the
temperature difference is observed at a maximum engineering strain of 500 % compared to the
preceding measurement point. At a maximum engineering strain of 700 %, AT}, is +8.8 K after
loading and AT, is -10.3 K after unloading, resulting in an adiabatic temperature AT, of 19.1 K
[19]. Further increasing the maximum engineering strain to 800 % produces only a minor addi-
tional temperature change of approximately 8 %.
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Figure 29: (a) The temperature difference during loading AT} and unloading AT as a function of the maximum
engineering strain for a NR foil type “K” of 650 um thickness and (b) the corresponding engineering stress-strain
response. Uniaxial tensile tests are performed with an engineering strain rate of 4.7 s~. The loading and unloading
direction is indicated by the black arrows. The solid lines indicate the connections between the points. Adapted
from [19] licensed under CC BY 4.0.

The linear temperature variation in the engineering strain range up to 300 % primarily reflecting
the entropic elasticity associated with the alignment of molecular chains [43]. For engineering
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strain above 300 % the nonlinear behavior can be explained by the formation of the strain-in-
duced crystallization, eventually reaching saturation above 700 % [24]. Therefore, for all subse-
guent tests, a maximum engineering strain of 700 % is selected due to the significant tempera-
ture change.

In Figure 29 (b) the corresponding nonlinear stress-strain characteristics are given for different
maximum engineering strains. The loading and unloading direction are indicated by black ar-
rows. For engineering strains below 100 %, the NR foil exhibits near-elastic behavior. At engi-
neering strains exceeding 200 %, the stress rises in a plateau-like fashion, but with a reduced
slope indicating the progression of SIC [19]. The maximum induced engineering stress occurs at
the end of the loading curve, resulting in 0.7 MPa for the engineering strain of 100 % (black
curve). By further increasing the maximum engineering strain up to 700 % (green curve) the
maximum stress is elevated up to 3.5 MPa. During temperature equalization, quantified by the
time ;4 Of 120 s, an engineering stress decrease occurs at a constant engineering strain, as
shown by the vertical curve segment. For the maximum engineering strain of 700 % the engi-
neering stress decreases by 1.6 MPa. Consequently, unloading occurs at substantially lower
stress levels, thereby completing the loop into a hysteresis that encloses the area Apyq: [19].
The enclosed area increases with rising maximum engineering strain. For strains exceeding
500 %, a further downward shift with characteristic convex bulging as part of the unloading
curve is observed, resulting in an additional enlargement of the enclosed area.

In general, in subsequent cycles under similar load conditions, reduced forces are required for
deformation compared to the initial cycle. This phenomenon is known as stress softening or
Mullins effect [93]. To date, there is no general agreement on either the physical origin or the
mechanical modeling of this effect [94]. For the NR specimen type “K” the Mullins effect only
occurs within the first load cycle, the hysteresis is stabilized after the first cycle. The Mullins
effect has no effect on the temperature difference only on the needed work input. The plateau-
like increase in engineering stress reflects the progression of strain-induced crystallization, char-
acterized by the nucleation and transformation of crystalline structures [81]. Furthermore, the
SIC at maximum strain also causes stress relaxation, leading to the typical hysteresis behavior
[100]. While conventional texts attribute the origin of hysteresis to thermal dissipation, recent
investigations may reveal that the hysteresis loop instead arises from microstructural changes
within the material rather than intrinsic or thermal losses [24]. The area enclosed by the hyste-
resis loop represents the work input AW, ,; required for elastocaloric cycling. Work recovery is
assumed, meaning the hysteresis work during loading and unloading is considered, while the
efficiency of the actuator is neglected.

In conclusion, the maximum stress is on the order of several megapascals, and in all cases a
hysteresis loop is observed, with the enclosed area, representing the work input, increasing pro-
gressively with the maximum engineering strain [19].

For comparison, the custom NR foil type “F” is also evaluated under varying the maximum engi-
neering strain. In Figure 30 (a) the temperature difference during loading AT}, (red dots) and
during unloading AT, (blue dots) as function of the maximum engineering strain are given. The
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NR specimen type “F” with a thickness of 290 um is used. In Figure 30 (b) the corresponding
stress-strain curves are given. Tests are performed with an engineering strain-rate of 9.3 s. In
comparison, the results for the foil specimens type “K” and type “F” are similar, especially the
engineering strain dependency. The results differ in the absolute value of AT, thereby indicating
a lower elastocaloric temperature change for type “F”. For a maximum engineering strain of 700
%, specimen type “F” reaches -8.2 K, which, in terms of the absolute value, is 2 K lower [19]. In
addition, the value of AT, is 13.5 K, which is therefore 70 % lower than that of foil type “K”
with a thickness of 650 um.

For comparison at the same thickness (290 um) and under the same engineering strain rate, the
results for foil type “F” and “K” are given in Table 6, page 53. The temperature differences AT,
and ATy, are lower for foil type “F” than for type “K”. It can therefore be assumed that the ma-
terial exhibits a lower elastocaloric effect, at the same test conditions.
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Figure 30: (a) The temperature difference during loading AT}, and during unloading AT as a function of the maxi-
mum engineering strain for a NR foil type “F” of 290 um thickness and (b) the corresponding engineering stress-
strain response. Uniaxial tensile tests are performed with an engineering strain rate of 9.3 s~ and the loading and
unloading direction is indicated by the black arrows. The solid lines indicate the connections between the points.

To calculate the coefficient of performance for the material, the specific absorbed heat g,; and
the specific work input per cycle Aw,,,; are used, as given in Equation 4-5. Using the material
density of the foil, p and the specific heat capacity at constant pressure c,, and the temperature
change after unloading AT,, qq4p can be calculated. The enclosed hysteresis area Apyg, in @
stress-strain diagram recorded during mechanical loading and unloading determines the work
input per cycle.

Qap Qap  ~Cp AT, p

COPpr = = =
mat AVVmaLt AWmatt Ahyst

4-5

In Table 6, an overview of the elastocaloric material properties of the investigated foils with
different initial thicknesses d is presented. The applied strain range is defined by &pre — Emax-

Chapter 4.3.6 discusses engineering pre-strain in detail, which is defined as mechanical cycling
that starts and ends in a pre-deformed state.
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The foil types “K”, “F”, and “Chic” are NR-based materials, whereas “SIS” corresponds to a co-
polymer with varied styrene content, indicated in brackets. The foil types “Lp” and “L” are NR-
latex-based materials. Further information on the materials is provided in Table 5.

Table 6: Overview of elastocaloric material properties of the investigated foils within this work with different initial
thicknesses d. For material details of the NR foils (“K”, “F” and “Chic”), copolymer foils (“SIS” with styrene content
in brackets) and NR latex foils (“L” and “Le”), see Table 5. The test condition parameters are the strain range, which
is given by the engineering pre-strain £, the maximum engineering strain £,,,, and the corresponding engineer-
ing strain rate &. The resulting parameters are the specific work input Aw, the temperature change upon unloading
AT, the peak-to-peak temperature change AT .4, the corresponding specific absorbed heat q,; and the coefficient
of performance for the material COP 4.

Typ e d Epre — Emax ‘:: Awr:mt AT, AT 4q qa_b COP o
(um) (%) (sH|Ug™H | &K (K) |Ug™

K 900 0-700 0.7 5.2 -10.0 174 18.8 3.6
K 900 300-700 0.7 1.7 -6.4 12.3 12.0 6.9
K 650 0-700 4.7 7.1 -10.3 19.0 19.5 2.7
K 650 0-700 9.3 8.5 -10.3 20.3 19.5 2.3
K 650 300-700 4.7 24 -7.8 124 14.6 6.0
K 650 300-700 9.3 3.6 -7.9 13.1 14.9 4.1
K 290 0-700 9.3 7.2 -10.0 17.4 18.9 2.6
K 290 300-700 9.3 4.2 -7.6 13.5 14.3 34
F 290 0-700 4.7 6.5 -7.9 12.7 9.3 14
F 290 0-700 9.3 6.8 -8.2 13.5 9.7 14
F 290 300-700 4.7 3.0 -5.5 8.0 10.3 3.4
F 290 300-700 9.3 2.9 -6.4 10.6 12.0 4.1
Chic 340 0-700 9.3 17.7 -11.4 23.1 21.6 1.2
Chic 340 300-700 9.3 35 -1.7 13.0 14.6 4.2
SIS(14) | 600 0-700 4.7 6.4 -2.2 7.3 4.2 0.6
SIS(17) | 600 0-700 4.7 4.4 -1.9 5.0 3.6 0.8
SIS(22) | 600 0-700 4.7 4.3 -1.5 3.9 2.8 0.7
L 60 0-700 9.3 6.8 -7.1 9.5 134 1.9
L 60 0-700 14.0 5.8 -7.0 9.6 13.3 2.3
L 60 300-700 9.3 4.0 -2.1 4.7 4.0 1.0
L 60 300-700 14.0 4.3 -2.0 4.7 3.8 0.9
Lp 120 0-700 9.3 13.8 -9.2 12.2 17.4 1.3
Lp 120 0-700 14.0 15.0 -9.4 12.4 17.8 1.2
Lp 120 300-700 9.3 55 -4.3 6.6 8.1 3.2
Lp 120 300-700 14.0 5.7 -4.3 6.6 8.1 14

In Figure 31 (a), the engineering stress-strain curves of the copolymer foils of type “SIS” with
styrene contents of 14, 17, and 22 % are presented. The tests are performed with an engineering
strain rate of 4.7 s and stretched up to a maximum engineering strain of 700 %. The thickness
of the foils is 600 um. The highest maximum engineering stress of 1.7 MPa and AT, of -2.2 K is
observed for the lowest styrene content of 14 %. This corresponds to the highest isoprene
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content of 86 %. For the specimens with a higher styrene content of 17 and 22 %, the maximum
engineering stress and AT, are lower. In addition, for the lowest styrene content of 14 %, the
upper curve corresponding to the loading path exhibits a steeper slope at engineering strains
exceeding 100 %. The styrene content, which is coupled with the isoprene content, mainly influ-
ences the hysteresis shape. Therefore, it determines the work input needed to deform the spec-
imen up to 700 % engineering strain. However, only a slight difference in AT, is observed. Over-
all, the foils of type “SIS” are unsuitable for elastocaloric cooling, as they exhibit premature fail-
ure by fracture after less than five cycles and generate only minor temperature changes and
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Figure 31: (a) Engineering stress-strain curves for the copolymer foil type “SIS” with a thickness of 600 um for dif-
ferent styrene contents of 14, 17 and 22 % at an engineering strain rate of 4.7 s'1. The “SIS” specimen with 14 %
styrene content shows the highest elastocaloric temperature response among the “SIS” types, although it remains
lower than that of the tested NR specimens. Due to its early mechanical failure, it is considered unsuitable for
elastocaloric cooling. (b) Engineering stress-strain curves for the NR latex foil type “L” (dashed line) and “Lp” (solid
line) with a corresponding thickness of 60 and 120 um and the engineering strain rate of 9.3 (purple line) and
14.0 s (light blue line) as indicated. The corresponding temperature response is listed in Table 6.

Among all tested foils, the NR latex-based foil type “Lp” exhibits the highest Aw,,,;, which is
unfavorable. In Figure 31 (b), the engineering stress-strain curves for the two selected NR latex
types are shown. The foil type “Lp” displays a pronounced, enlarged hysteresis area. In compar-
ison, the foil type “Lp” requires nearly twice the work input per cycle for the strain range be-
tween 0 and 700 %. For both NR latex-based foil types, increasing the strain rate from 9.7 to
14 s does not lead to a significant temperature increase. However, it remains possible that
quasi-adiabatic loading conditions are not achieved due to the low foil thicknesses of 120 um
and 60 um. The quasi-adiabatic loading conditions are discussed in Chapter 4.3.5.

In summary, the evaluation of the tested foils reveals that only type “SIS” is deemed unsuitable,
as discussed in the preceding sections. The remaining foils that were subjected to testing have
been determined to be potentially suitable for elastocaloric cooling. Consequently, they are be-
ing evaluated in elastocaloric cooling devices. Owing to the highest COP,,,¢, the NR foils of type
“K” and “Chic” represent the most promising foils in terms of elastocaloric performance among
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those characterized. The performance of the corresponding devices are presented in Chapters
0 through 7.

4.3.4 Shape Change and Surface-to-Volume Ratio under Deformation

During deformation, significant shape changes occur. This is crucial because several hundred
percent of strain is required to trigger the elastocaloric effect. Therefore, the shape change in
all three dimensions is studied. Additionally, shape changes are important because the heat
transfer during the deformed state and heat absorption during the undeformed or pre-strained
state occur within different refrigerant geometries. This is relevant because the heat transfer
time is also influenced by the thickness of the refrigerant specimen [19].

Figure 32: Schematic of the shape deformation behavior. The undeformed elastomer specimen is visualized by
dashed lines while the solid green body denotes the sample under deformation. A uniaxial load is applied through
the force component F along the x-axis. The initial length [, and the initial thickness d and w, describe the sample
dimensions in x, y and z-direction, respectively.

In Figure 32, the three-dimensional deformation of the elastic specimen under uniaxial loading
is visualized. The specimen’s undeformed initial dimensions, visualized by dashed lines, are de-
fined by the length [, the thickness d and the width w, which describe the geometric dimen-
sions in the x-, y- and z-direction, respectively. By applying an uniaxial load in the x-direction
with the force F, the dimensions of the specimen are altered. With increasing strain, the length
of the specimen increases while the cross-sectional area of a tensile specimen decreases, illus-
trated by the green body in Figure 32. The schematic is simplified at the fixed support, as the
actual deformation in this region would deviate from linear behavior. For a specimen made of
material type “K” with an initial thickness of 650 um, the thickness decreases to 270 um and
190 pum at 300 % and 700 % engineering strain, respectively. The detailed values are listed in
Table 7. The percentage change varies among the different materials due to differences in com-
pounding, which seems to influence the viscoelastic behavior of the specimens.
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Table 7: The thickness d and width w,, values of the specimen in the undeformed state and under uniaxial loading,
for the NR foils of the material types “F” and “K”.

Label F K
Thickness at zero strain, d (um) 290 650
Thickness at 300 % engineering strain (1um) 150 270
Thickness at 700 % engineering strain (1um) 80 180
Width at zero engineering strain, wy (Um) 9000 900
Width at 300 % engineering strain (um) 5000 5500
Width at 700 % engineering strain (um) 4000 4000

Due to the elastic properties of the tensile specimens, measuring the thickness using common
measuring tools such as a caliper is problematic, as the thickness varies depending on the man-
ually applied contact pressure. The thickness of the specimens is measured using a height gauge
(MT60M) and gauge stand (MS 200) from Heidenhain. The device is equipped with a measure-
ment tip that applies a constant force of 1.0 + 0.2 N during measurement and has a diameter of
1 mm. The thickness is averaged over the specimen area of 26.5 x 9 mm? by placing a rigid, flat
spacer with a known height between the specimen or elastomer sheet and the measurement
tip. Elastomers are generally regarded as nearly incompressible materials, meaning that the ini-
tial volume is approximately equal to the volume under load, Vy 2 V.4 [204]. The influence of
SIC on macroscopic volumetric change is neglected. Therefore, the resulting thickness under
load can be approximated by the initial volume divided by the length and resulting width under
load dload =~ lO d Wo (Lload Wload)_l-
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Figure 33: (a) Thickness change as function of the initial thickness for the maximum engineering strain of 0, 300 and
700 % and (b) the corresponding surface-to-volume ratio.

In Figure 33 (a), the thickness under strain is shown as a function of the initial thickness for
engineering strains of 300 % (green dots) and 700 % (red dots). The black line indicates the initial
thickness of the foils tested in this work, ranging from 60 to 900 um. For example, for foils with
an initial thickness of 120 um, the thickness reduces to approximately 55 um and 35 um at
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engineering strains of 300 and 700 %, respectively. Due to shape changes under deformation,
the surface-to-volume ratio also changes. The surface-to-volume ratio can be expressed as
d(e)™L.

In Figure 33 (b), the changes in surface-to-volume ratio are presented as a function of the initial
thickness for engineering strains of 0 % (black dots), 300 % (green dots), and 700 % (red dots).
The surface-to-volume ratio increases with increasing applied engineering strain and decreasing
initial foil thickness. In summary, rapid heat transfer is promoted by the increase in surface-to-
volume ratio in thinner foils and under deformation, which also enlarges the foil surface and,
consequently, the heat transfer contact area.

4.3.5 Engineering Strain Rate and Quasi-Adiabatic Behavior

During mechanical loading and unloading heat transfer within the foil and the surrounding takes
place. To avoid unwanted parasitic heat flow, loading and unloading needs to be fast enough, to
measure the generated and absorbed heat [19]. It is known that SIC occurs within a few milli-
seconds [79]. Therefore, the strain rate can be gradually increased until quasi-adiabatic condi-
tions are reached. In Figure 34, (a) two different time-dependent strain stimuli with an engineer-
ing strain rate of 0.1 and 9.3 s and (b) the corresponding temperature evolution with respect
to room temperature are given for a foil type “K”. The maximum applied engineering strain is
700 % and the hold time t;,,4 for temperature equalization back to room temperature after
loading and unloading is 120 s. For the low engineering strain rate of 0.1 s corresponding to a
loading and unloading time t;,,4 of around 70 s the temperature change AT}, is 1.3 Kand AT, is
-3.1 K. While for an engineering strain rate of 9.3 s, equal to t;,qq = 0.78 s, AT}, results in 7.4 K
and AT, is -10.3 K. The difference in the temperature change leads to the assumption that for
the lower engineering strain rate no quasi-adiabatic conditions can be reached. In the following
a detailed analysis of different engineering strain rates is given.
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Figure 34: (a) The time-dependent applied engineering strain and (b) the corresponding temperature difference
relative to room temperature over time, for the foil type “K” with a thickness of 290 um. The engineering strain
rateis 0.1 and 9.3 s,
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The influence of the engineering strain rate on the elastocaloric temperature difference is inves-
tigated for NR specimens composed of material types “F” and “K” with foil thicknesses of 290
and 650 pum. In Figure 35, the temperature differences upon loading AT}, (red dots) and unload-
ing AT, (blue dots) as a function of the engineering strain is given. Green dots are used to rep-
resent the difference in cooling and heating. To guide the eye and distinguish between material
types, line connections are applied between the discrete measured temperature values. A solid
line represents material type “K” with a foil thickness of 650 um and a dotted line corresponds
to type “K” with a foil thickness of 290 um. A dashed line indicates type “F” with a foil thickness
of 290 um.

The engineering strain rate is varied between 0.1 and 14.0 s’.. For an engineering strain rate of
14.0 s, a temperature difference upon unloading of -10.3 K is reached for specimen’s type “K”,
whereas a lower value of -8.3 K is observed for type “F”. Across all the curves, the steepest slope
and thus the greatest change in the measured temperature difference is observed in the range
between 0.1 and 1.0 s%. For instance, for the specimen with material type “K”, 88 % of the max-
imum AT, value (achieved at 14.0 s*) is already reached at 1.0 s™*. For engineering strain rates
> 1.0 s}, a saturation behavior is observed. Among all specimens, the values of AT, for material
type “F” consistently show the lowest values in terms of magnitude. To reach the maximum
value of AT, within a change of a 2.5 % deviation, different engineering strain rates £,4 are
needed. For the foils with a thickness of 290 um an engineering strain rate of 9.3 s'is needed,
while for the foils with a thickness of 650 um, 4.7 stis sufficient [19]. The values represented by
the green dots are always negative, indicating that, in terms of magnitude, the temperature
difference during unloading is greater than during loading |AT,.| > |ATy|. As an exception, the
condition |AT,.| = |AT}| applies to specimen type “K” with the highest foil thickness of 650 um
at the maximum strain rate.

This indicates that the needed engineering strain rate to create quasi adiabatic conditions £,4
for loading and unloading is thickness dependent. Moreover, there is an observed difference in
loading and unloading for a £,,4. While during unloading &,4 of 9.3 s'is sufficient for a foil with
an initial thickness of 290 um. Quasi-adiabatic conditions cannot be achieved during loading,
even at the maximum strain rate of 14.0 s’. This means a fraction of the generated heat is ab-
sorbed by the surroundings. The effect can even be quantified by comparing the final values of
the specimens type of type “K”. For an engineering strain rate of 14.0 s, it is found that 25 % of
the generated heat is rejected to the surroundings during loading for the foil with a thickness of
290 pum, in comparison to the 650 pum foil.

The origin of this observation can be explained by the SIC formation mechanism, since it is mainly
responsible for the elastocaloric temperature change. The melting of crystallites starts at lower
strains than crystallization. For more details, this is discussed in Chapter 2.4 and illustrated in
Figure 5. In addition, during loading the foil thickness decreases, while unloading the thickness
increases back to the initial thickness. This means crystallites formation and melting takes place
at different foil thicknesses and thinner foils exchange heat more rapidly, leading to a higher
required engineering strain rate to reach quasi adiabatic conditions upon loading [19].
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Figure 35: Engineering strain rate dependent temperature difference for NR specimens. For high engineering strain
rates &,4 no parasitic heat flow to the surrounding takes place and therefore quasi-adiabatic conditions are
reached. For foils with a thickness of 650 um &, is 4.7 s, while for foils with a thickness of 290 pm &,,4 of 9.3 s
is needed. The connection between the measurement points serves as a guide for the eye. Adapted from [19]
licensed under CC BY 4.0.

The stress-strain response at various strain rates for NR foil type “K” with a thickness of 650 um
is presented in Figure 36 (a). The curves, which exhibit typical hysteresis behavior, are free from
the Mullins effect. The maximum engineering stress, occurring at the end of the loading phase,
varies depending on the applied engineering strain rate and reaches values on the order of a
few MPa. Specifically, the maximum engineering stress increases with increasing engineering
strain rate, ranging from 2.3 to 3.6 MPa for engineering strain rates between 0.1 and 14.0 s},
respectively. The increase in stress is accompanied by a corresponding rise in the hysteresis area.
The loading curves are identical up to 100 % engineering strain, after which they begin to di-
verge, as evidenced by different curve slopes, leading to an increase in work input. The work
input ranges from 4.3 to 9.8 Jg'* for the minimum to maximum engineering strain rates. At an
engineering strain rate of £,4 = 4.7 s}, the work input is 7.2 Jg. For temperature equalization
after loading, the maximum strain of 700 % is kept constant for 120 s, during this hold time a
stress relaxation is observed, given by the vertical drop in the stress-strain curve. The drop in-
creases with an increasing engineering strain rate, although all curves converge to a final stress
level of approximately 1.8 MPa. Due to the stress relaxation induced by SIC unloading takes place
at significantly reduced stress levels [205]. Unloading exhibits negligible dependence on the en-
gineering strain rate. The corresponding work input, absorbed heat per cycle, and the resulting
COPy,,4¢ is given in Figure 36 (b). By increasing the needed work input to deform the foil, also
the COP,,,; is affected. An increase in the engineering strain rate from 4.7 to 14.0 s™* results in
a 22 % decrease in the coefficient of performance COP,,,¢, reducing it from an initial value of
2.7.
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Figure 36: (a) Engineering stress-strain curves of a NR foil type “K” with a thickness of 650 um under uniaxial tension
at various engineering strain rates £, ranging from 0.1 up to 14.0 s'. (b) The corresponding work input and specific
absorbed heat and the resulting COP,,,,;. Adapted from [19] licensed under CC BY 4.0.

The increased hysteresis observed with higher engineering strain rates can be assumably ex-
plained by the stress relaxation behavior. For higher strain rates the relaxation mainly takes
place after loading, while for lower engineering strain rates, stress relaxation already takes place
during loading and therefore lowers the stress. Similar stress-strain behavior is observed for foils
type “F”. Moreover, the increased stress attributed to higher strain rates aligns well with findings
in the literature [91,206]. Overall, higher engineering strains and strain rates lead to an increase
in the work input [19]. Subsequently, the COP,,,; is altered, which should be considered when
evaluating the performance.

4.3.6 Pre-Strain Characteristics

In comparison to shape memory alloys, elastomers require a relatively large deformation, with
strains reaching several hundred percent, to generate significant elastocaloric temperature
changes. This drawback limits both the size of a cooling device and its operating frequency due
to the time required for the mechanical displacement. By applying a constant mechanical pre-
strain in tension, the actively required displacement needed to achieve a certain strain can be
reduced. For instance, to achieve a total strain of 700 % by using a pre-strain of 300 %, the dis-
placement is reduced by 42 %. In Figure 37 the initial specimen geometry, equal to 0 % of engi-
neering strain and an initial length L, as well as the geometry under 300 % engineering pre-
strain is visualized. The 300 % engineering pre-strain is maintained statically and forms the start-
ing and ending points of the loading and unloading phases. In addition, the surface of the spec-
imen is increased by 48 %, enabling a larger heat transfer interface facilitating heat absorption
from the source to the refrigerant. The increase in the surface-to-volume ratio is even more
significant, quantified at 240 %. The calculation of the percentage increase in surface area and
surface-to-volume ratio is based on the specimen type “K” with a thickness of 650 um. In the
case of modified compounding and the associated differences in geometric changes under de-
formation, deviations in the percentage change may occur.
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Figure 37: lllustration of the specimen geometry in the initial undeformed state (0 % strain) and after application
of 300 % engineering pre-strain. The corresponding changes in surface area and surface-to-volume ratio are visually
represented.

In the following, it is investigated how the pre-strain influences the AT, 4, work input Aw,, .+ and
resulting coefficient of performance of the material COP,,,;. Applying a pre-strain is beneficial
in two ways: the heat transfer area is increased for cooling, and the required work input is lower
[19]. However, this comes at the cost of a reduced AT,. This is exemplified by an NR foil of type
“K” with a thickness of 650 um. The temperature differences during loading AT}, (red dots) and
unloading AT, (blue dots) as a function of the engineering pre-strain are shown in Figure 38 (a).
With increasing engineering pre-strain AT,;, decreases. At 300 % engineering pre-strain, AT, 4
decreases by 35 % to an absolute value of 12.4 K, compared to the case without applied engi-
neering pre-strain [19]. For an engineering pre-strain of 600 %, AT, result in 3 K.
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Figure 38 (a) The temperature difference during loading AT}, and during unloading AT as a function of the maxi-
mum engineering pre-strain for a NR type “K” with a thickness of 650 um. The engineering strain rate of 4.7 s~1
and a maximum engineering strain of 700 % is applied. (b) The corresponding work input Aw,,,,; the absorbed heat
qap and the resulting COP,,,,;. The solid lines indicate the connections between the points. Adapted from [19]
licensed under CC BY 4.0.

The reduction of AT, corresponds to a decrease in the absorbed heat. The absorbed heat g 3,
the Aw,y,4¢, and the resulting COP,, 4+, as a function of the engineering pre-strain, are shown in
Figure 38 (b). Both q,; and Aw,,,,+ decrease with increasing engineering pre-strain. The resulting
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COPy,q: increases with increasing engineering pre-strain. A local maximum is observed at 300 %
engineering pre-strain, where the COP,,,; reaches a value of 6, which is nearly two and a half
times higher than the initial value [19]. The highest COP,,,; of 7.5 is obtained at 600 % engi-
neering pre-strain.

Therefore, the engineering strain range of 300 to 700 % is identified as the optimum cycling
range for elastocaloric cooling devices based on NR foils, as discussed in the following chapters
[19]. This is justified by the elevated COP,, 4+ of 6 and AT, of 12.4 K, which remains adequate
for effective cooling [19]. In addition, the surface area available for heat transfer increases by
48 %, and the surface-to-volume ratio rises by 240 % compared to the undeformed state.
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5 Single-Stage Elastocaloric Cooling
Device

In this chapter, the implementation and characterization of demonstrator devices for miniature-
scale elastocaloric cooling using natural rubber (NR) foil specimens are presented. The foil spec-
imens feature a lateral size of 26.5 x 9 mm?2, with thicknesses ranging from 60 to 800 um. The
development of the devices is based on the material characterization presented in Chapter 4, in
which the elastocaloric effect is investigated under uniaxial tensile loading conditions for various
types of foil specimens. The following specimens investigated are considered potentially suitable
for foil-based elastocaloric cooling. They range from commercially available NR material (type
“K”) to synthetically fabricated NR provided by cooperation partners of the University of Frei-
burg (type “F”). This also includes a recyclable NR formulation developed using a novel cross-
linking approach (type “Chic”). In addition, NR latex (type “L”), sourced from a commercial sup-
plier, is also included in the study due to its availability in thin foil form with thicknesses down
to 60 um. An overview of the thermal and mechanical properties of the different foil specimens,
along with their corresponding types, is provided in Table 6.

@) (b) (©)

foil
foil
foil
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Figure 39: Devices developed within this work. (a) Monostable single-stage (b) bistable single-stage and (c) cas-
caded device.

A total of three different elastocaloric cooling devices based on natural rubber (NR) foils are
developed within this work. Heat transfer is accomplished by solid-to-solid mechanical contact.
Two single-stage devices utilize one foil refrigerant: one is driven by two actuators, while the
other employs a bistable actuation mechanism characterized by power savings and reduced
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actuation forces. The third device design comprises three cascaded foils thermally connected in
series, which require an enhanced design architecture discussed in detail in Chapter 7.

The implementation includes the design and fabrication of key device components, such as cus-
tom foil holders. The benefits of applying an engineering pre-strain to the foil specimen are dis-
cussed with respect to both the design and heat transfer. The setup used for synchronized data
acquisition and peripheral communication, and control enables the coordination of cyclic me-
chanical excitation and heat transfer timing. This also allows the investigation of different oper-
ating frequencies of the elastocaloric cooling device. The acquired data are used to derive per-
formance metrics such as the device temperature span, cooling power, and coefficient of per-
formance. These metrics serve to compare different foil types and thicknesses, thereby evalu-
ating their influence on the overall device performance.

5.1 Device Implementation

To realize a cooling application, the spatial separation of heat flow must be employed. In a cool-
ing device, the heat source is the region where heat is absorbed from, while the heat sink is the
region where heat is rejected. The separation process and the elastocaloric effect itself are en-
abled by cyclic operation and are realized through external actuators. The device designs pre-
sented herein utilize solid-to-solid heat transfer through alternating foil surfaces, enabling the
foil refrigerant to heat the heat sink and cool the heat source. To keep system complexity low,
fluid-free architectures with a minimal number of external actuators are designed. While one
actuator enables the mechanical loading cycle, a second actuator facilitates heat transfer. To
further reduce the number of actuators, a single-stage bistable device configuration is intro-
duced. Besides minimizing system complexity, the implementation also takes cost efficiency into
account. Since material cost is one of the main arguments for using NR as a refrigerant, a key
requirement is that the cooling device remains cost-efficient, which necessitates avoiding the
use of expensive, large-scale hydraulic or pneumatic equipment that could increase both the
overall cost and footprint. This inevitably requires good thermal contact between the rubber-
based refrigerant and both the heat source and the heat sink. Moreover, as the cooling power
is currently limited and inadequate for air conditioning, the application focuses on the miniature
scale, requiring a compact design. The implementation of a cooling device based on elastocaloric
elastomers requires large strokes due to the strain dependence of the elastocaloric temperature
span, as discussed in Chapter 4.3.3. The active stroke, which arises from the engineering strain
range, and therefore sets a minimum size limit in one dimension of the device. The remaining
dimensions, corresponding to the foil’s width and thickness, are negligible when considering the
minimum achievable size of the device. For a maximum engineering strain of 700 % and a static
engineering pre-strain of 300 %, which define both the initial and final states of the mechanical
loading and unloading phases, the active stroke can be reduced by 43 %. An engineering pre-
strain of 300 percent is selected due to the enhanced performance observed at this operating
point, as identified in Chapter 4.3.6. Additionally, the surface area of the specimen increases by
48 %, thereby enlarging the heat transfer interface and enhancing heat absorption from the heat
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source to the refrigerant. The corresponding increase in the surface-to-volume ratio is even
more pronounced, amounting to 240 %. These values are calculated based on specimen type
“K” with an initial thickness of 650 um. Besides the length change, the contact area is changed
due to the viscoelastic properties of the foil specimen when in contact with the heat sink, in
comparison to contact with the heat source. This is attributed to the cyclic mechanical loading
and the resulting shape change of the specimen in all three dimensions. Details are provided in
Chapter 4.3.4.

Since the engineering strain in the loading direction is defined as a multiple of the initial length
Ly, it should be kept as small as possible. The achievable minimum length depends on the holder
concept. In this case, a length of 26.5 mm is attained. Even shorter lengths are possible, but this
comes with a trade-off in terms of high-cycle stability. High-cycle stability is also ensured by
selecting a design with minimized friction, which helps prevent early device failure caused by
foil specimen breakage due to surface damage. This is achieved by eliminating relative motion
between the foil specimen and the heat sink or source, which are arranged as flat, parallel sur-
faces. Other, more compact designs capable of realizing high engineering strains, such as those
using meander structures guided over deflection rollers, increase friction on the surface of the
foil specimens. In addition, they hinder the realization of heat transfer separation due to the
reduced accessibility of the foil surface. Another compact design can be realized using an in-
verted V-shaped heat sink. However, additional friction is introduced at the top of the cusp, as
deformation is induced by sliding the foil surface over this point. A device based on this concept
has been published by the author [203]. Considering high-cycle stability, the holder design plays
a critical role and is therefore discussed in detail in the following section.

To sum up, applying an engineering pre-strain not only proves beneficial in terms of perfor-
mance, by reducing the required work input per cycle, but also promotes rapid heat transfer and
decreases the active stroke. In addition, elastic specimens require special clamping, particularly
at high strains and under repeated mechanical load cycles, due to their significant lateral defor-
mation. As a result of volume conservation, high strains lead to a substantial reduction in speci-
men thickness and width.

5.1.1 Specimen Holder Design

Different specimen holder designs are tested to evaluate their suitability for ensuring cyclic sta-
bility and their appropriateness for use in an elastocaloric device. In Figure 40 (a)-(d) the sche-
matics and photographs of different specimen holders are shown. The external clamping force
ﬁclamp and the uniaxial tensile loading force ﬁload, oriented perpendicular to the clamping di-
rection, are indicated. In Figure 40 (a) conventional rigid metallic holders with grip jaws featuring
rough surfaces from the company ZwickRoell are given. The normal force ﬁclamp induces friction
through a preset clamping force, thus providing frictional engagement. Failure occurs when
ﬁload exceeds the frictional force generated by the pre-stress, as the clamping force does not
increase accordingly. More importantly, the separation between the grip jaws remains constant
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while the specimen thickness decreases under tensile loading. This mismatch creates a gap be-
tween the stationary jaws and the specimen, ultimately leading to specimen slipping. An adhe-
sively bond specimen holder configuration is shown in Figure 40 (b). Each specimen end is glued
to a T-shaped 3D-printed flat suspension, which provides geometric locking. Failure occurs at
the transition zone due to stress concentration. Both configurations (a) and (b) fail within a sin-
gle load cycle. A line-pressure specimen holder configuration, in which the specimen is clamped
between a flat and a curved block is represented in Figure 40 (c). Failure occurs after a few cycles
in the line-pressure region. By incorporating an elastic intermediate layer, the resulting frictional
force and the gap between the stationary holder and the specimen can adapt to the deformed
specimen. However, the elastic holder configuration presented in Figure 40 (d) fails. The elastic
layer does not fully recover its shape after each cycle, leading to cumulative deformation. A
fraction of the elastic layer is positioned outside the holder. In summary, configuration (b) is
adhesively bonded and geometrically locked by a T-shaped suspension, whereas configurations
(@), (c), and (d) rely on frictional engagement generated by the normal force arising from
fclamp.The configurations (c) and (d) fail after less than five load cycles due to specimen break-
age or slippage from the holder. Consequently, none of the presented holder designs are suita-
ble for repeated cyclic loading in elastocaloric testing.

(a) Rigid holder (b) Adhesive bond (c) Line pressure (d) Elastic layer

: FL‘lump

Figure 40: Schematics and photographs of the tested foil holders, along with the corresponding external clamping
force Fclamp and the uniaxial tensile loading force Fload. The configurations range from conventional rigid holders
(a) with rough surfaces, where the specimen slips under load, to adhesive bonding connection (b) which ultimately
fails at the transition zone under load (see photograph). In the line-pressure configuration (c), the specimen is
clamped between a flat and a curved block, failing after several load cycles at the line-contact region. In the sand-
wich configuration (d), which incorporates an elastic intermediate layer, the specimen begins to slip under load
after several cycles. While configuration (b) is adhesively bonded and geometrically locked by a T-shaped suspen-
sion, configuration (a), (c), and (d) rely on frictional engagement generated by the normal force resulting from

F clamp-

Therefore, the elastocaloric cooling specimen holder must enable three-dimensional shape
change of the foil during loading and complete shape recovery upon unloading. In addition, it
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must accommodate various foil thicknesses, avoid stress concentrations that could lead to
premature failure, and remain compact and cost-effective.

(b)

(a)
y
' X

Figure 41: (a) 3D schematic and photograph of the foil holder shown from the side and rear, highlighting the
threaded holes and the corresponding counter clamping bar (visualized in turquoise) part with through-holes. The
rectangular clamping bar is positioned along the flat rear side of the convex half-roller, pressing the foil against the
holder to ensure fixation. (b) Photograph (rear view) of a foil fixed at one end, with the required clamping force
generated by short M3 screws.

In Figure 41 (a), the three-dimensional schematic of the elastocaloric cooling foil holder design
is shown from side and rear views. The design is based on a half-roller featuring a convex surface
on one side and a flat surface on the other. The half-roller is centered and integrated into cooling
devices by form-fit suspension using cuboidal extensions at each end. Each holder is manufac-
tured with dimensions of 35 x 16 x 11 mm?3. For fixation, the foil is wrapped around the convex
surface and clamped at the flat rear side, as illustrated in the photograph in Figure 41 (b). The
clamping force is applied by two M3 screws, which are inserted through the through-holes of a
rectangular counter clamping bar (visualized in turquoise) and tightened into corresponding
threaded holes in the rear part of the holder. This configuration allows foils with different initial
thicknesses to be securely fixed.
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Figure 42: Schematic of the foil holder, incorporating a half-roller with a flat convex surface profile. Top view with
cross-section of one pair of antagonistic holders, illustrating the applied external clamping force fdamp and the
uniaxial tensile loading force f')load. The foil specimen (shown in beige color) is wrapped around the convex struc-
ture and clamped at its ends via frictional engagement. The time-alternating heat release and absorption of the
foil refrigerant, represented by Q,mt and Qin, occur during mechanical load cycling. The compact and cost-efficient
holder design enables a three-dimensional shape change of the foil, characterized by an increase in length (y-axis)
and a decrease in width (z-axis) and thickness (x-axis).
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In Figure 42, the top view with cross-sectional detail of the concept of a pair of antagonistic foil
holders is presented. The applied external clamping force ﬁclamp and the uniaxial tensile loading

force ﬁload are indicated. During mechanical load cycling, one holder is displaced relative to the
other, which remains stationary. As a result, an increase in foil length (y-direction) and a reduc-
tion in width (z-direction) and thickness (x-direction) are induced, while the foil is guided in a
friction-locked manner across the convex surface. Due to the deformation, the elastocaloric ef-
fect is activated, leading to a temperature increase in the foil. Upon mechanical unloading, full
shape recovery is enabled, and a reverse phase transformation is triggered, resulting in a tem-
perature decrease. The time-alternating heat absorption and release, denoted by Q,,, and
Qoue, are transferred across the foil surface in the y-z plane.

5.1.2 Device Fabrication

The heat sink and heat source include copper plates that serve both as thermal masses and as
heat-conducting elements, facilitating the transfer and temporary storage of thermal energy.
The copper plates, supplied by Goodfellow and featuring a purity of 99.9 %, have a thickness of
0.75 mm. The selected thickness arises from experimental constraints to balance thermal sensi-
tivity and mass effects. Plates with greater thickness exhibit temperature changes that may fall
below the detectable range, particularly during the initial phase of heat transfer and when used
in combination with thin refrigerant foils, because the thermal mass ratio between the heat
source and the refrigerant increases. Similar to thin foils, thin copper plates promote heat trans-
fer. During loading and unloading, undesired parasitic heat flow to the surroundings occurs due
to the copper plate's exposure to air. This reduces the achievable temperature span between
the heat sink and the heat source. Therefore, thinner copper plates are avoided. The selected
copper plate thickness represents a compromise suitable for all tested foil thicknesses ranging
from 60 to 650 um. While adapting the copper plate thickness to match the specific refrigerant
foil thickness may enhance the resulting temperature change, this approach is not suitable for
comparative analysis across different samples. Therefore, to ensure consistent experimental
conditions, a uniform copper plate thickness is maintained.

The required in-plane dimensions of the copper plates are produced by mechanical sawing per-
formed with a table saw. To obtain a mirror-like surface finish on the copper areas intended for
direct mechanical heat transfer, the plates are sanded using abrasive paper with successive grit
sizes of 1200, 1800, 2000, and 2500, with the addition of distilled water to aid the process. The
edges of the plates are also beveled and smoothed by polishing to prevent surface damage and
subsequent refrigerant degradation, which could lead to early device failure. The contact surface
for the temperature sensor, located on the rear side of the copper plates, is also polished to
remove any existing copper oxide layer. For temperature monitoring during device operation,
platinum resistance temperature sensors with dimensions of 2.3x2.1x0.9mm?3
(length x width x height) are used. Pt100 sensors, with tolerance Class A, are employed for this
purpose. The sensors are attached using adhesive. After pressing the sensor onto the bare cop-
per surface, small drops of adhesive are applied to the side edges and adjacent copper areas.

68



This prevents the formation of an undesired intermediate layer, which could distort the meas-
urement results. In the following step, four connection wires are soldered to each sensor to
enable four-wire temperature measurement. The copper plate is then bonded to the PLA struc-
ture using cyanoacrylate adhesive. All bonding surfaces are cleaned with isopropanol prior to
adhesive application. To minimize parasitic heat flow at the rear side, thermal insulation of ara-
mid felt are placed in designated recesses between the heat sink/source support structures and
the copper plates.

The load-bearing structures of the heat sinks/source and the foil holders are manufactured using
3D printers, enabling rapid and cost-efficient production of the desired geometries. The three-
dimensional structures are designed using Autodesk Inventor and exported as STL files. These
are then converted into GCODE files using the 3D printing software Cura and PrusaSlicer. Pol-
ylactide (PLA) filaments are processed with Ultimaker 2+ and Prusa MINI printers each equipped
with a 0.4 mm nozzle. A layer thickness of 0.15 millimeter is used, while the infill density of the
internal structures is adapted to the external mechanical load and varies between 50 and
100 %. An infill density of 100 % provides additional design flexibility, particularly in applications
that require subsequent mechanical processing such as the integration of tapped holes. Post-
processing of holes is particularly necessary for those printed orthogonally to the base plate, as
they tend to become oval during printing. Through-holes and threaded holes can be successfully
created by drilling, provided that sufficient lubrication, such as silicone oil, is used. This prevents
the chips formed during machining from melting and adhering inside the borehole or along its
edges.

5.1.3 Data Acquisition and Peripheral Communication and Control

For synchronized real-time data acquisition and system control, a compact reconfigurable in-
put/output system (cRIO) from National Instruments (NI) is used. The control is implemented
using a program coded in Laboratory Virtual Instrument Engineering Workbench (LabVIEW),
which is directly deployed on the cRIO-9067 with onboard data logging and can be accessed via
a PC.

Peripheral communication is realized using a master-slave architecture based on an EtherCAT
network. In this architecture, a single master act as controller and communicates deterministi-
cally (with low jitter) with multiple slave devices over Ethernet to enable fast, synchronized au-
tomation. In the presented setup, the master is the LabVIEW real-time controller on the cRIO,
which communicates via its Ethernet port with slave devices including actuators and I/O sensor
modules. A single data frame is sent out by the master and passes sequentially through all con-
nected devices. Each device reads and writes its designated bytes on the fly before forwarding
the frame, which ultimately returns to the master, thus forming a daisy-chained bus topology.
For motion control, the data frame contains the target position declared by the cRIO controller
and is transmitted to the alternating current (AC) servo drives. These drives supply the modu-
lated current for the ironless linear actuators manufactured by ESR Pollmeier GmbH. The linear
actuator model ML 1612 features a maximum stroke of 256 mm and a rated force of 116 N.
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Short-term peak forces of up to 400 N can be applied, and velocities of up to 9 ms™? can be
achieved. To close the loop and enable motion control, the servo drive feeds back the actual
position and velocity signal to the master controller. For the monostable single-stage and cas-
caded elastocaloric cooling devices, two actuators positioned orthogonally to each other are
controlled simultaneously to enable load cycling and facilitate heat transfer.

In addition to the control functionality, the master-slave architecture also enables data acquisi-
tion of elapsed time, actuator position and velocity, applied force, and the temperatures of the
heat sink and heat source, recorded every 10 ms. Data acquisition is carried out via sensor-spe-
cific, signal-conditioning input/output modules integrated into the chassis as part of the control-
ler. To measure the applied force, U9C miniature load cells with nominal capacities of 50 N and
100 N from Hottinger Briel & Kjaer (HBK) are used. These strain gauge-based transducers are
characterized by an HBK accuracy class of 0.2. The force signals are acquired using the NI-9237
module, which provides four different analog input channels and can be directly inserted into
the cRIO chassis. In addition to the force measurement module, two resistance temperature
detector (RTD) input modules of type NI-9217 are used. Each module supports four Pt100 tem-
perature sensors via 4-wire RTD measurement.

5.1.4 Modulation of Operation Frequency

Based on the material characterization, rapid mechanical loading and unloading are necessary
to minimize heat exchange with the surrounding air and thereby utilize the full temperature
span induced by the elastocaloric effect. For further details, see Chapter 4.3.5. The mechanical
excitation phase is followed by a heat transfer phase, during which heat is transferred from the
refrigerant to the device and vice versa. Therefore, the operation frequency is determined by
the durations of mechanical loading and unloading t,4,,, and the holding time ¢4 required to
enable heat transfer, as illustrated in Figure 43 (a). Consequently, the mechanical excitation of
the actuator, which is responsible for loading and unloading the foil, follows a sinusoidal signal
with a rise-dwell-fall-dwell pattern. The amplitude of the mechanical excitation is defined by the
maximum engineering strain &,,,,, and it starts and ends at the minimum engineering strain
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Figure 43: (a) The operation frequency is determined by the time durations of mechanical loading and unloading
thota and the holding time t,,,4 required to enable heat transfer via mechanical contact between the foil refriger-
ant and the heat sink or heat source. The frequency is modulated by varying t;,;4, while .4, is maintained con-
stant at 430 ms. (b) Discrete operation frequencies as a function of t;,,;; for monostable and bistable elastocaloric
cooling devices are shown. Adapted from [19] licensed under CC BY 4.0.

To match the mechanical and thermal response times of the device, the operating frequency is
modulated. This modulation is achieved by varying t;,;4, €nabling the identification of optimal
operating conditions. The frequency is defined as the inverse of the period of one cooling cycle,
f= tperiod‘l. Due to experimental constraints arising from the need to actuate two linear ac-
tuators simultaneously within the monostable devices, additional 250 ms are considered. In Fig-
ure 43 (b), the operating frequencies as a function of t;,;4 are shown for both the monostable
and bistable elastocaloric cooling devices. The bistable device can be driven by only one actuator
and can therefore achieve higher frequencies, as given in Equation 5-1.

(2 thota + 2 tramp + texp)”* Monostable device

(2 thota + 2 tramp) ™" Bistable device >1

f (thota) = {

5.2 Monostable Single-Stage Device

A straightforward and intuitive configuration for a single-stage elastomer foil-based device con-
sists of two parallel, planar heat sink and heat source units. These units come into mechanical
contact with the refrigerant following mechanical loading and unloading, respectively. Thereby
establishing this configuration as an initial baseline design for elastocaloric cooling devices. In
Figure 44, the schematic is presented. The thermal energy generated and absorbed within the
elastomer foil due to the elastocaloric effect is selectively transferred to the heat sink and heat
source. This enables spatial separation of the hot and cold heat flow. The geometry and dimen-
sions of the heat sink and heat source are designed to match the rectangular contact area of the
foil specimen. Due to the elastic properties of the material, the length and width of the contact
area change during deformation. Mechanical loading induces deformation in the specimen, re-
sulting in an increase in length and a decrease in width and foil thickness. Therefore, the copper
plate of the heat sink, which absorbs heat, is 4 mm wide in the y-direction and is 2.25 times
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narrower than the copper plate of the heat source. In contrast, its length in the y-direction is
twice that of the source plate.

Figure 44: Three-dimensional schematic of the monostable single-stage elastocaloric cooling device based on NR
foils, at its neutral, initial position. The device comprises a plane-parallel heat sink/source unit. The yellow arrow
along the y-axis indicates the uniaxial tensile loading (strain range: 300 to 700 %) direction of the foil refrigerant.
The black arrows along the x-axis indicate the movement of the heat sink/source unit to establish mechanical con-
tact and enable heat transfer. The heat sink and heat source dimensions are adapted to the strain-dependent heat
transfer area of the foil.

Since the heat sink and heat source alternate contact with the foil, integrating them into a single
unit is advantageous. The combined heat-sink/source unit is mounted on a linear actuator for
translation (indicated by the black arrows) along the x-axis from its neutral position. Translation
in the positive x-direction establishes mechanical contact between the heat sink and the foil,
whereas movement in the negative x-direction engages the heat source.

For load cycling indicated by the yellow arrow, a second actuator oriented perpendicular to the
first displaces one end of the foil, including the specimen holder, along the y-axis, while the heat-
sink/source unit remains in its neutral position as visualized in Figure 44.

5.2.1 Operation Principle

In Figure 45, the operating principle of the elastocaloric monostable single-stage cooling device
with uniaxial tensile load cycling is presented. The NR foil is at room temperature in its initial
state. In step I, quasi-adiabatic mechanical uniaxial loading of the foil, indicated by the black

-

force vector F,, induces a release of latent heat due to entropy elasticity (EE) and strain-induced
crystallization (SIC), resulting in an increase in the foil's temperature. In the subsequent step 11,
the generated heat is transferred to the heat sink through movement in the x-direction, indi-
cated by the force vector ﬁx, enabling a solid-to-solid mechanical contact. As a result, the heat
sink temperature rises while the refrigerant cools back to room temperature. This is followed by
rapid unloading, which initiates the reverse transformation and causes cooling of the foil refrig-
erant, corresponding to step II1. Upon contact with the heat source, latent heat is absorbed,
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which reduces the temperature of the heat source and simultaneously restores the refrigerant
to room temperature, corresponding to the final step IV. Within the four-step cooling cycle, an
engineering strain range of 300 to 700 % is used.

Fy sink
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Figure 45: Schematic of the monostable single-stage elastocaloric cooling cycle. The cooling cycle consists of four
steps, beginning with the mechanical loading of the foil specimen which is fixed between two holders, shown as
green octagons and heating (I) followed by the heat rejection to a heat sink (II) and the unloading and cooling
(I11) and finalized by the heat absorption from a heat source (IV). fy and fx indicated by black arrows denote the
forces responsible for tensile loading/unloading (300-700 % of engineering strain) of the foil and for ensuring me-
chanical contact with the heat sink/source, respectively. Adapted from [19] licensed under CC BY 4.0.

5.2.2 Lumped Element Model Device Simulation

To predict performance metrics of the elastocaloric cooling device, such as cooling power, a
lumped element model (LEM) is employed. The lumped element approach simplifies the analysis
of thermal systems and is therefore utilized in simulations. Thermal interactions at the various
interfaces and the consequent heat flow within the system are captured in the model, which is
implemented using MATLAB Simulink, Simscape. A schematic of the LEM of the single-stage elas-
tocaloric cooling device, comprising key components acting as thermal capacitors, such as the
elastomer foil, copper elements serving as heat sink and heat source, and polymeric support
structures, is presented in Figure 46. The elastocaloric effect in the NR foil is implemented by a
heat pulse applied at the end of each loading and unloading cycle, alternating between heating
and cooling. The resulting adiabatic temperature change is uniformly distributed throughout the
refrigerant foil. The amount of heat is experimentally investigated, see Table 6. The device is
divided into discrete elements, each assumed to be thermally thin and characterized by a uni-
form internal temperature. Thermal coupling between elements is modeled using heat re-
sistances defined as R = h™1A~1, where h is the heat transfer coefficient and A denotes the
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contact area. Multiple modes of heat transfer are considered, including convection to the ambi-
ent air and conduction between adjacent NR segments limited by h.,,,4. Convective heat trans-
fer at the free surfaces of the foil is described using a coefficient of hy,y-
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Figure 46: Schematic of the lumped element model (LEM) of a single-stage elastomer foil-based elastocaloric cool-
ing device. The device is subdivided into elements represented as thermal capacitors, which are connected by heat
resistances allowing bidirectional heat transfer. While convective heat transfer to the air is defined by h,,,,, the
heat transfer between the sink/source and the foil is limited by h. The foil is discretized into thermally thin seg-
ments (Bi < 0.1), which are interconnected by heat conduction h,,,;. The four-step cooling cycle is implemented
through time-dependent switching elements (S}, S;1, Ssink: Ssource and Sec). Legend: s—support; eC—elastoca-
loric. Adapted from [19] licensed under CC BY 4.0.

The time-dependent and location-dependent temperature within the elements is governed by
internal heat transfer and heat exchange at the boundary surfaces. The Biot number (Bi) quan-
tifies the ratio between conductive heat transfer within the body and the heat transfer between
a body and its environment over the boundary surfaces, as given in Equation 5-2. The variable 4
denotes the thermal conductivity of the material, h is the heat transfer coefficient between the
material and its adjacent environment, and L is the characteristic length. In the case of contact
between the foil and the heat sink or source elements, the characteristic length is defined by
the foil thickness d and can be expressedas L = d/2.

hL 52
Bi= —
=2

In the limiting case where the Biot number approaches zero (Bi — 0), the temperature within a
body becomes spatially uniform and varies only with time. Under these conditions, the body is
considered thermally thin and can be represented as a lumped element. Simscape enables the
modeling of physical systems, such as electric motors or cooling devices, within the Simulink
environment. A Biot number below 0.1 is considered as practical approach for obtaining reliable
results and is therefore used for the model implementation [190]. To meet this condition, the
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system must be discretized into multiple segments. Since the thermal conductivity and heat
transfer coefficient are fixed parameters, lumped elements can only be achieved by adjusting
the segment thickness. For the calculation, a thermal conductivity of 1 = 0.15 Wm ™K~ for
NR at room temperature is used [189]. As the heat transfer coefficient is initially unknown, a
high value of h = 1000 Wm™2K ™1, representing two ideal metal bodies pressed together at
ambient pressure, is assumed [190]. A high value is used, as this results in a finer segmentation
and therefore covers smaller values. A maximum segment thickness of 30 um is calculated ac-
cordingly. In order to perform predictions using the LEM simulation for foils with a thickness of,
for example up to 2 mm, 70 segments are required.

SeC
T T
Ssin.k
T T
SSOILT"CQ
T
T T
S
[ T T
i bty U Ly
time (s)

Figure 47: Time-dependent binary switch states used in the lumped element model. The diagram shows the binary
switching states of key components over one full cycle of the four-step elastocaloric cooling process in the single-
stage device. The variables S; and S;; represent the switching functions controlling the thermal pathways to the
surrounding air and between the elements. S, indicates the activation state of the elastocaloric effect. S;,,; and
S source denote the connection states between the foil and the heat sink or heat source, respectively. Each switching
function takes a value of 1 (active heat transfer/closed) or 0 (inactive heat flow/open), with transitions occurring
in accordance with the timing of the cooling cycle steps. The synchronization of these states governs the sequential
heat flow and the activation of the elastocaloric effect, which is triggered by a Dirac impulse.
Legend: t; = tramp, ti = &1 + thota, tin = tu + b, v = tyr + thota = tperiod

Besides the discretization into thermally thin elements, a key aspect of the model is the charac-
terization of thermal contact between the foil and the copper sink/source elements, as well as
the time-dependent bidirectional heat flow within the elements, which is implemented using
event-triggered switching mechanisms. The time-dependent switches and their binary state di-
agram representing the four-step cooling cycle are shown in Figure 47. The binary state 1 corre-
sponds to active heat flow due to a closed switch, while the binary state 0 corresponds to no
heat flow due to an open switch condition. The switch S, enables a heat pulse for cooling and

75



Single-Stage Elastocaloric Cooling Device

heating of the foil segments and thus replicates the elastocaloric effect, which is implemented
as a Dirac impulse. Adiabatic conditions are imposed during the pulse by encapsulating the foil,
thereby eliminating heat transfer to the surrounding. After the elastocaloric effect takes place,
heat transfer by mechanical contact between the heat sink and heat source elements and the
foil is correspondingly enabled by the switches Sqix and Sgource. The heat transfer accom-
plished by mechanical contact is limited by the heat transfer coefficient h. The simulated tem-
perature curves for the heat sink and heat source are. The heat transfer coefficient is determined
by iteratively adjusting its value in the simulation, starting from 10 Wm=2K?, until the simulated
temperature profiles of the heat sink and heat source closely match the experimental data. The
optimal h corresponds to a cooling power deviation below 10 % for the optimum frequency. For
NR foil thicknesses of 650 and 290 um, h is estimated to be approximately 120 Wm2K?! and
80 Wm2K?, respectively [19]. Moreover, the foil is in contact with the heat sink and heat source
elements on only one side, while the opposite side remains exposed to air. The foil and the heat
sink/source are exposed to air during periods without mechanical contact. Heat flow to the air
is implemented by the switches S; and S;;. The parameters used in the LEM simulations are
listed in Table 8.

Table 8: Parameters for LEM simulation of the elastocaloric cooling performance of NR foils of 900, 650 and 290
um thickness. Adapted from [19] licensed under CC BY 4.0.

Label K K L
Thickness at zero strain (um) 900 650 290
Thickness at 300 % strain (um) 450 270 150
Thickness at 700 % strain (um) 290 180 80
Width at zero strain (mm) 9 9 9
Width at 300 % strain (mm) 4.5 5.5 5
Width at 700 % strain (mm) 3.5 4 4
Specific heat capacity (Jg1K™?) 1.88 1.88 1.88
Density (gmm™) 833-10° 833-10° 1026-10®
Mass (mg) 179 129 72
Thermal conductivity (Wm2K?) 0.15 0.15 0.15

Although the elastocaloric effect is maximal under adiabatic conditions, residual heat within the
foil resulting from incomplete heat transfer necessitates the implementation of heat exchange
between the foil and the surrounding air in the model. The back side of the support structure,
acting as thermal insulation, continuously transfers heat to the surroundings by convection. The
model also incorporates strain-dependent variations in the foil geometry, including changes in
thickness, width and length, to accurately capture the evolution of the contact area and heat
transfer duration. Based on the simulated time-dependent temperature profiles in the sink and
source elements, both the cooling power and the coefficient of performance (COP.p;ce) Of the
device are evaluated as functions of operational frequency and foil thickness.
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5.2.3 Performance Results of the Monostable Single-Stage Device

In Figure 48 (a) the time-dependent temperature evolution of the heat sink and heat source for
the monostable single-stage device employing a NR foil type “K” with a thickness of 650 um is
presented. The applied engineering strain ranges from 300 to 700 %, with an operating fre-
quency of 136 mHz and a corresponding hold time t;,,;4 of 3 s. A strain rate of 9.3 s is used for
rapid mechanical tensile loading and unloading, corresponding to a time frame of 430 ms. An
additional tolerance of 250 ms is accounted for due to experimental constraints. The tempera-
ture difference is referenced to the room temperature of 23.0 °C.
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Figure 48: (a) Temperature evolution of the heat sink (red line) and heat source (blue line) of the monostable single-
stage elastocaloric cooling device, relative to ambient conditions of 23.0 °C. A frequency of 136 mHz and a NR foil
with a thickness of 650 um type “K” is used. The applied engineering strain ranges from 300 to 700 % and the
engineering strain rate of 9.3 s result in loading and unloading durations of t,,,,, = 430 ms. (b) The device's
temperature span AT 4., versus frequency for NR foils with 650 and 290 pm and the corresponding type “K”
(black dots) and “F” (red dots). Error bars reflect the uncertainty of the temperature sensors used in the measure-
ments. Adapted from [19] licensed under CC BY 4.0.

At the beginning, each loading cycle induces a progressive increase in the temperature differ-
ence between the heat sink and the heat source. This increase occurs during the heat exchange
phases and corresponds to step I1 and step IV. This corresponds to heat rejection to the heat
sink and heat absorption from the heat source and the foil refrigerant, respectively. Within the
first cycle, the temperature difference at the heat sink (red curve), rises by 0.7 K. Upon unload-
ing, the temperature difference at the heat source (blue curve) decreases by 0.5 K. Approxi-
mately 24 % of the total temperature change is transferred within the first cycle at the heat
source.

The device temperature span is decreased by parasitic heat transfer. During unloading (step I111)
and subsequent heat transfer to the heat source (step IV), the heat sink temperature difference
decreases by 0.1 K. Conversely, during loading (step I) and heat transfer to the heat sink (step
I1), the heat source temperature difference increases by 0.1 K. Consequently, this leads to a
characteristic oscillatory pattern in the temperature response curves, attributed to parasitic
heat transfer to the surrounding.
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Following the initial temperature changes, saturation and thus a stabilized temperature re-
sponse are observed. Saturation is defined as a temperature change that is less than 10 % of the
final temperature. It is reached after approximately 50 seconds at the heat sink and about
100 seconds at the heat source. Under stationary conditions a temperature change AT,y ce Of
-2.1 Kis reached at the heat source. At the heat sink, a temperature change AT;,; of the same
magnitude but opposite sign is observed. Consequently, the sum of the temperature changes is
defined as the temperature span of the device AT .ice, @s given in Equation 5-3. For the opti-
mum operation frequency of 136 mHz, AT ;.pice results in 4.1 K.

ATgevice = ATsink + |1ATsourcel 5-3

The temperature changes AT yrce aNd AT opice, together with the cooling power Q,, serve as
key metrics for assessing the performance of the device. The initial cooling power can be derived
from the initial temperature change Tsoyrce, the mass of the heat source Mg,y ce, and the spe-
cific heat capacity ¢, as given in Equation 5-4. The initial temperature change of the source is
determined by the temperature drop during the first cooling cycle AT2,,,ce. It starts from zero
and is completed within the first period tperioq. Consequently, the initial temperature change
of the heat source is given by Tspyrce = ATS%urcetpemd‘l. The ¢, of copper is 0.381 Jg™ K™ and
Myource 1S 5.3 8. Therefore, the initial cooling power of the device is proportional to the slope of
the linear turquoise line, as illustrated in Figure 48 (a).

QO = Cp msourcelTsourcel 5-4

To further investigate the influence of operating frequency on the device temperature span
AT jevice, the frequency is varied between 88 and 424 mHz, corresponding to hold times t;,;4
ranging from 5.0 to 0.5 s. Figure 48 (b) presents the temperature span AT ;,ice as a function of
operating frequency. The results for NR foil type “K” with a thickness of 650 um are shown as
black dots, while those for NR foil type “F” with a thickness of 290 um are indicated by red dots.
Error bars represent the uncertainty of the Class A Pt100 temperature sensors used in the meas-
urements. The temperature span AT;.,ice €xhibits a pronounced frequency-dependent behav-
ior, reaching a maximum of 3.4 K at 305 mHz for NR foil type “F” with a thickness of 290 um. At
the same frequency, the thicker NR foil type “K” yields a AT j,p;ce thatis 0.4 K lower, as it already
attains its maximum value of 4.2 K at a lower frequency of 107 mHz.

In addition to AT.pice and Qp the device coefficient of performance COP4pice Serves as a final
key parameter for evaluating the overall performance. To determine the COP .pice, the me-
chanical work input per cycle AW, ,yice must be calculated. The work is derived from the rec-
orded force versus displacement response. The required work corresponds to the area enclosed
by the hysteresis loop, obtained via the closed line integral, as given in Equation 5-5. Here, F
represents the applied force, and y denotes the actuator stroke or displacement used to me-
chanically load and unload the foil. Work recovery is assumed without considering the actuator’s
efficiency. For more details, see Chapter 3.3.2.1.
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AWievice = dey 5-5

If the operating frequency is known, the COPg,yice, based on the cooling power Q, can be de-
termined from the ratio of the initial cooling power QO to the mechanical input power W calcu-
lated as the product of the mechanical work per cycle and the operating frequency f, as given
in Equation 5-6.

Q Qo

COP i = V= T
device w fAWdevice

5-6
Since the shape of the engineering stress-strain hysteresis loop depends on the hold time t;;4,
the mechanical work per cycle AW .ice is a function of ty,,;4. In Table 9 the resulting mechanical
power input W, calculated from AW, ice, for different operating frequencies and the corre-
sponding ty,;4 Values are presented. The results are shown for NR foil type “K” with a thickness
of 650 um and type “F” with a thickness of 290 um. While AW,,ice decreases with decreasing
thoiq, due to the narrowing of the hysteresis loop, the resulting I increases with increasing
frequency, which corresponds to decreased tj,,;4. Overall, both AW,,,;c. and thus I are lower
for the thinner foil.

Table 9: The work input AW 4., increases with increasing hold time t,;; due to the enlarged hysteresis, while
the resulting mechanical input power W increases with increasing frequency f and foil thickness d. Determined
for the NR foils type “K” and “F” with the corresponding thickness 650 and 290 um. The experimentally determined
work input corresponds to an engineering strain range of 300 to 700 %. Frequencies correspond to the single-stage
device with linear actuation, the bistable device architecture allows higher frequencies, resulting in higher input
powers.

d =650 um d =290 um
f(mHz) | thoa(s) : :
A['Vdevice (m] ) w (mW) AI'Vdevir:e (m] ) W(mW)

107 4.0 196.7 21.0 105.9 11.3
136 3.0 191.9 26.1 105.2 14.3
171 2.0 176.8 30.2 92.1 15.7
305 1.0 154.8 47.2 88.7 27.1
424 0.5 154.3 65.4 67.8 28.7

In Figure 49 (a) the cooling power Q, as a function of frequency is presented. Experimentally
determined results for the NR foil type “K” with a thickness of 650 um (black dots) and type “F”
with a thickness of 290 um (red dots) are complemented by results from LEM simulations, rep-
resented by solid lines. The simulation model is described in Chapter 5.2.2. In Figure 49 (b) the
corresponding device coefficient of performance COP,;,,ice as a function of frequency is shown.
The cooling power exhibits a pronounced maximum at an optimal operating frequency, which
shifts to higher frequencies as the NR foil thickness decreases. This behavior corresponds to the
frequency-dependent variation of AT .p;ce, given in Figure 48 (b). At 136 mHz, the 650 um NR
foil reaches its maximum cooling power of 123 mW, corresponding to a specific cooling power
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of 954 mWg™ and a COP,,;ce Of 4.7. Therefore, 136 mHz is identified as the optimum frequency
for this foil. For NR foil type “F” with a thickness of 290 um, the maximum cooling power is 78
mW at the optimum frequency of 230 mHz, corresponding to a specific cooling power of 1082
mWg ! and a COP4,pice Of 4.0. The optimum Qg and COP,,;c. are achieved at their respective
frequencies for both foils. The corresponding LEM simulation of the cooling power aligns with
the frequency-dependent maximum. Nevertheless, it exhibits a more gradual decline at higher
frequencies, which is attributed to the assumption of frequency-independent convective heat
transfer to the environment within the LEM model.
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Figure 49: (a) Cooling power as a function of frequency, evaluated through both LEM simulations (solid and dashed
line) and experimental tests (dots) on the monostable single-stage elastocaloric cooling device with linear actua-
tion with a NR foils of 650 and 290 um thickness and the corresponding type “K” (black dots) and “F” (red dots).
Error bars represent the average variation within the measurement series. (b) Device coefficient of performance
COP 4.pice versus frequency. Adapted from [19] licensed under CC BY 4.0.

In Table 10 the experimental results for the monostable single-stage elastocaloric cooling device
using NR foil types “K” and “F” with corresponding thicknesses d of 650 um and 290 um are
summarized, respectively. The results are obtained under an engineering strain range of 300 to
700 % and an engineering strain rate of 9.3 s™.

At frequencies below the optimum, the efficiency decreases due to insufficient heat exchange
between the foil refrigerant and heat sink/source. Conversely, at frequencies exceeding the op-
timum, the contact time for heat transfer by mechanical contact becomes too short, while the
mechanical work input continues to increase. During mechanical loading and unloading, no heat
transfer occurs through mechanical contact between the foil refrigerant and the device. How-
ever, undesired parasitic heat transfer to the surroundings takes place, causing minor oscilla-
tions in the device’s temperature evolution. Therefore, the deformation speed t;.4;;, should be
kept short [19]. Larger loading/unloading rates are avoided, as they impose high demands on
actuator performance and lead to an undesirable increase in work input per cycle. In addition,
high engineering strain rates are required to deform thin foils under quasi-adiabatic conditions.
For further details, see Chapter 4.3.5. The higher optimal frequency observed for thinner foils
indicates faster heat transfer, enabling an increased number of cooling cycles within the same
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time frame. This improvement is associated with the reduced mass of the refrigerant, which
contributes to enhance the specific cooling power ¢,.

Table 10: Overview of experimental data obtained from the monostable single-stage elastocaloric cooling device.
The results correspond to NR foils of type “K” and “F” and the foil thickness d of 650 and 290 um, respectively. The
applied engineering strain ranges from 300 to 700 % and mechanical loading and unloading are performed at an
engineering strain rate of 9.3 s'L. The (specific) cooling power @, (o) and the input power per cycle W depend on
the operation frequency f and determine the coefficient of performance COP ;... The device temperature
change is evaluated by the temperature change of the source AT g,,,;-ce, and the device temperature span AT 4.y ices
each determined under stationary conditions. Adapted from [19] licensed under CC BY 4.0.

d f Qo q 0 W ATsource ATDevice
YPE | (um) | (mHz) | mw) | anwg™) | amw) | “OPeerie |y | )
K 650 88 76 584 18.7 4.0 -2.0 3.8
K 650 107 90 698 21.0 4.3 -2.1 4.2
K 650 136 123 954 26.1 4.7 -2.0 4.1
K 650 171 100 776 30.2 3.3 -1.5 3.2
K 650 229 73 562 38.0 19 -1.2 2.8
K 650 305 41 584 47.2 0.9 -1.2 3.0
K 650 350 30 229 54.6 0.5 -0.8 2.0
K 650 424 18 140 65.4 0.3 -0.6 2.2
F 290 88 28 391 11.3 2.5 -1.2 2.2
F 290 107 31 428 11.3 2.7 -1.1 2.1
F 290 136 41 572 14.3 2.9 -1.3 2.5
F 290 171 52 718 15.7 3.2 -14 2.7
F 290 230 78 1082 194 4.0 -1.7 3.1
F 290 305 65 908 27.1 24 -1.7 3.4
F 290 350 48 665 26.4 1.8 -1.2 2.3
F 290 424 17 734 28.7 0.6 -0.5 1.6

A maximum AT;.pice, Qo and COPyeyice are observed at an optimal frequency, which shifts to-
ward higher frequencies as the NR foil thickness decreases. The maximum cooling power of 123
and 78 mW is reached at 136 and 230 mHz for NR foil thicknesses of 650 and 290 um, respec-
tively [19]. The devices demonstrate a maximum AT,y Value of up to 4.2 Kand a COPyepice
of 4.7, reached for the 650 pum foil type “K” [19]. The g, increases as the foil thickness decreases,
reaching approximately 1.1 Wg™ at a thickness of 290 um and foil type “F”.

The thickness-dependent heat transfer dynamics are further analyzed using LEM simulations. In
Figure 50 (a), the optimal frequency required to achieve the maximum cooling power is pre-
sented as a function of the foil thickness.
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Figure 50: (a) LEM simulations of the optimal operation frequency required to achieve the maximum cooling power
during cycling of the monostable single-stage elastocaloric cooling device as a function of NR foil thickness d, eval-
uated for various heat transfer coefficients h as indicated and the (b) corresponding simulations of the specific
cooling power. Adapted from [19] licensed under CC BY 4.0.

Results are provided for discrete heat transfer coefficients h of 120, 240, and 500 Wm™K™?, with
the assumption that h is independent of thickness. A significant increase in the optimal fre-
quency is observed with decreasing NR foil thickness and increasing heat transfer coefficient. In
the simulation a lower adiabatic temperature change AT, are used for foils with a thickness of
290 um and below, corresponding to type “F”. For thicker foils AT, of type “K” is used. In Figure
50 (b), the corresponding simulated dependence of the specific cooling power on foil thickness
is illustrated. With decreasing foil thickness, the specific cooling power increases. In detail, by
reducing the foil thickness from 290 to 100 um, the specific cooling power is increased to ap-
proximately 3.8 Wg™, under the assumption of a constant heat transfer coefficient of
h =120 Wm™2K™%. Furthermore, the cooling performance is significantly improved with increas-
ing h. For a foil thickness of 290 um, and a moderate increase in h from 120 to 240 Wm™2K™?
results in a specific cooling power of about 3 Wg™. By further increasing h to 500 Wm™2K™* and
reducing the foil thickness to 100 um, it is indicated by the simulation that a specific cooling
power close to 7 Wg™ can be reached by operating the device at approximately 550 mHz. These
results demonstrate that both foil thinning and enhanced heat transfer are effective strategies
to optimize elastocaloric device performance [19]. Substantial potential for performance gains
is highlighted by the simulation trends through improvements in material properties and device
design.

5.2.4 Long-Term Test

To evaluate the potential of NR-based elastocaloric materials for cooling applications, a prelim-
inary long-term cycling test comprising 10* cycles is carried out. This test aims to provide initial
insights into the NR foil’s mechanical stability and elastocaloric performance over extended op-
erational periods, which are critical factors in assessing its viability for practical use in cooling
systems.
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In Figure 51 (a), the evolution of the engineering stress-strain curves from the initial 50 cycles
up to 10* cycles is presented for NR foil type “K” with a thickness of 650 um. The test is per-
formed using the monostable, single-stage elastocaloric cooling device operating at a frequency
of 424 mHz, with a hold time of 0.5 s and an engineering strain rate of 9.3 s’X. During the first 50
cycles, the maximum engineering stress reaches 1.9 MPa. This value decreases progressively
with cycling and reaches 1.6 MPa after 10* cycles, corresponding to a reduction of approximately
18 %. Typical stress relaxation is observed during the holding period and starts at the maximum
engineering strain of 700 %. This relaxation behavior is consistent across all operation cycles and
decreases with increasing cycle number, correlating with the decrease in maximum engineering
stress. The point of load removal remains constant across all cycles and occurs at 1.4 MPa. Up
to approximately 2,500 cycles, the unloading paths remain similar. However, beyond this point,
unloading occurs at higher engineering strains. As a result, the loading and unloading curves
progressively align with increasing number of cycles, leading to a reduction in the area enclosed
by the hysteresis loop, which is proportional to the mechanical work input. In comparison to the
initial 50 cycles, the work input decreases by approximately 57 %, reaching a value of 1.18 Jg!
after 10 cycles.

Following the 10%h cycle, the specimen is fully unloaded to 0 % engineering strain before an
additional test is conducted. The result of this test is represented by the turquoise dash-dot line.
The work input for the 10001st cycle deviates by only 2 % from that of the initial 50 cycles,
despite slight differences in the shape of the hysteresis loop. Specifically, the maximum engi-
neering stress for the 10001st cycle is approximately 12 % lower, reaching 1.7 MPa. Additionally,
the hysteresis loop exhibits a higher engineering stress level at the start of the loading phase
and a more pronounced drop during unloading.

In Figure 51 (b) the corresponding temperature change of the heat source ATg,,;-c. and the de-
vice temperature span AT j.,ice VErsus the amount of operation cycles is shown. The error bars
represent the measurement uncertainty associated with the Pt100 Class A temperature sensors.
Additionally, the 10001st cycle, performed after full mechanical load removal, is indicated by
data points with a turquoise filling. The temperature change remains stable over the tested
number of cycles and does not vary beyond the measurement uncertainty. This also holds true
for the 10001st cycle.
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Figure 51: The cyclic stability of the monostable single-stage elastocaloric cooling device evaluated in a long-term
test of 10? cycles. The engineering strain ranges from 300 to 700 % and the engineering strain rate is 9.3 s,
(a) Engineering stress-strain curve evolution ranging from the first 50 to 10 cycles. A NR foil type “K” of 650 um
thickness and a frequency of 424 mHz (t;,,4 = 0.5 s) is employed. After 10* cycles, the mechanical load is re-
moved, and an additional test is performed (dash-dot line). The work input during cycle 10001, which is propor-
tional to the area enclosed by the hysteresis loop, is equal to that of the initial 50 cycles. (b) The corresponding
temperature change of the heat source (magnitude) AT g,,,-ce and the device temperature span AT j.pice VErsus
the amount of operation cycles. The dot with the turquoise filling corresponds to the result after mechanical load
removal. The error bars are determined by the measurement uncertainty of the Pt100 class A temperature sensors.
Adapted from [19] licensed under CC BY 4.0.

Since the point of load removal remains constant across all cycles, the usable force available for
work recovery upon unloading is unaffected. The 10001st cycle, performed after full load re-
moval, demonstrates that the narrowing of the hysteresis loop is at least partially a reversible
effect. This is supported by the fact that the hysteresis behavior in this cycle closely resembles
that of the initial 50 cycles. However, complete load removal enables complete crystal melting,
which is reflected in the partial return to the original hysteresis shape and nearly identical me-
chanical work input. This suggests that narrowing is not solely due to fatigue or molecular chain
breaking, leading to plastic deformation. The results indicate a likely connection to strain-in-
duced crystallization (SIC), as the operating strain range of 300 to 700 % does not permit com-
plete melting of the crystalline regions. Furthermore, it is assumed that the load cycling over 10*
cycles allows a gradual buildup of crystallinity. The buildup of crystalline regions may enable
deformation with decreased resistance, which in turn reduces the mechanical effort needed for
cyclic operation.

Consequently, the decrease in work input also implies a reduction in the input power required
to operate the elastocaloric cooling device. This leads to improved energy efficiency. The tem-
perature change remains stable throughout 10* cycles and is unaffected by full mechanical load
removal, confirming the thermal reliability of the system under long-term operation [19]. How-
ever, since 10* cycles correspond to only approximately two days of operation, further investi-
gations are required to fully assess the operational lifetime of the device. In addition, to confirm
the proposed mechanism, the degree of crystallinity under comparable loading conditions must
be further investigated.
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6 Bistable Single-Stage Device

For the single-stage device operating in uniaxial tensile mode, two actuators are required to
drive the system, which is not favorable for the realization of cooling applications. By contrast,
the bistable device architecture shown in Figure 52 requires only a single actuator to operate
the cooling device. The device is intended to maintain two stable states. Furthermore, general
requirements common to all elastocaloric cooling devices are considered, namely the need to
load and unload the refrigerant and to spatially separate the hot and cold flows. The design is
inspired by mechanisms similar to those used in garage doors, where a spring maintains the
structure in the open position. In the present device, the foil refrigerant itself functions as the
spring element. The foil is clamped between two holders, H1 and H2. Holder H1 is fixed to the
base plate, while H2 is attached to the lever arm and follows a semicircular trajectory during
actuation. To enable loading and unloading of the foil, the rotating lever arm is employed, which
brings the foil into contact with the heat sink and then the heat source in periodic alteration,
enabling heat transfer. The semicircular trajectory, enabled by the rotation of the lever arm, is
chosen because it allows spatial separation of the foil in the loaded and unloaded states.

Figure 52: Photograph of the single-stage bistable elastocaloric cooling device (top view), comprising a heat sink
and a heat source with flexible, spring-like compliant support structures, two foil holders (H1, H2), and a rotating
lever arm. The design is intended to maintain two stable states and to be operated by a single actuator. The lever
arm facilitates both the loading and unloading of the elastocaloric foil and enables mechanical contact between
the foil and the heat sink/source units for heat transfer. The V-shaped arrangement of the heat source and heat
sink at unequal lengths follows the shape and position of the foil in its loaded and unloaded states. The tempera-
ture evolution during operation is monitored using Pt100 sensors (T1-T6). In the image, the device is shown in its
300 % pre-strained condition, in which the foil (in beige color) is clamped between the two holders and in contact
with the source.
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In these two states, the foil forms a ‘V’ shape with unequal arm lengths. Therefore, in this design,
the heat sink and heat source are no longer arranged parallel to each other. Instead, the system
adopts an asymmetric V-shaped configuration, with the heat sink and source units forming the
arms of the 'V' at unequal lengths. Three Pt100 sensors are embedded in each of the heat source
(T1, T2, T3) and the heat sink (T4, T5, T6) units to measure the temperature evolution during
operation. During heat transfer to the heat sink and heat source, two stable points correspond-
ing to the minimum and maximum deformation of the foil are present. These stable end points
represent energy minima in the system’s potential landscape, where no force is required to
maintain the state, thus enabling significant power savings for the driving motor.

The monolithic heat source and sink supports are flexible, spring-like compliant structures that
increase the contact area between the clamped foil and the heat source and sink by promoting
surface conformity. In addition to the contact pressure, and the thermal conductivity and the
surface roughness of the contact areas, of the materials involved, the actual contact area is a
crucial factor for efficient heat transfer [17,186,190,207]. The structures are 3D printed using
polylactide (PLA) and allow bidirectional bending moments around the 8- and p-axes, as well as
displacement along the @-axis. Despite the inherent stiffness of bulk PLA, the structure exhibits
spring-like behavior due to its geometry, which incorporates flexible features such as thin beams
connected by curved segments. These elements form a compliant mechanism that allows elastic
deformation under load without the need for traditional joints. In Figure 53, a schematic of the
spring-like compliant heat source including the heat transfer element (a cooper plate) is visual-
ized. As a result, the support structure is capable of compensating for misalignments among the
involved components. Thereby also reducing the precision requirements during the fabrication
of the support itself, the holders, and even the foil.

Figure 53: Schematic of the spring-like heat source including the heat transfer element (copper plate). The design
allows bending moments (ﬁg,ﬁp * 0; ﬁq, = 0) and therefore enables improved mechanical contact with the
elastomer foil for enhanced heat transfer. The 8 — ¢ plane forms the plane of symmetry.

The beam dimension of the support structure in the p — ¢ plane is 1 mm, while in the ¢ — 0
plane it is 13 mm, resulting in an aspect ratio of 13. This means that the structure is significantly
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stiffer in the ¢ — @ plane compared to the p — ¢ plane, introducing directional compliance
which is important for its mechanical response under load. The spring constant in compression,
is 3 Nmm™ in the central region and 2.7 Nmm™ in the outer sections near the edges, exhibiting
linear behavior within the tested displacement range of up to 1.5 mm. The stiffness gradient
facilitates the conforming of the stationary heat source to the foil in motion, which follows a
circular trajectory at one end, thereby ensuring mechanical contact during operation. The abso-
lute value of the spring constant is chosen such that the elastically stored energy is sufficient to
tilt the heat source and thereby establish mechanical contact with the foil. The measurement of
the spring constant, which considers both the monolithic PLA support structure and the heat
transfer element (a copper plate), is performed under compression in the negative @-direction.

6.1.1 Operation Principle

During operation of the bistable cooling device, a superimposed deformation of the support of
the heat source is induced. Combining compression on one side and tension on the opposite
side due to a bending moment, and displacement in the negative ¢-direction. A schematic rep-
resentation of the elastocaloric cooling cycle, based on bistable actuation, is shown in Figure 54.
The operation principle involves four steps. In the initial phase step I, the foil is mechanically
loaded under quasi-adiabatic conditions with a strain rate of 9.3 s%, which leads to the release
of latend heat. To mechanically load the foil fixed between the holders (indicated as green dots)
and allow thermal contact with the heat source and sink, a single actuator operating via a rotat-
ing lever arm is employed. Rotation occurs around the 8-axis, originating at the lever arm sup-

port, and is driven by an external torque M.
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Figure 54: Schematic of the elastocaloric cooling cycle based on bistable actuation with a rotating lever arm. The
cycle consists of four distinct steps: (I) mechanical loading, (II) followed by heat rejection to a heat sink, (I11)
unloading accompanied by cooling, and (IV) heat absorption from a heat source. The foil specimen is fixed between
two holders, shown as green octagons, with black arrows indicating the quasi-adiabatic rotational loading and un-
loading directions. Adapted from [178] licensed under CC BY-NC 4.0.

The foil undergoes a nonlinear displacement change AL, which can be described by a sinusoidal
function, as given in Equation 6-1. The input parameter 51° < a < 180°, resulting from the
semicircular trajectory of the lever arm with the radius R, visualized as dashed gray line. The
Radius is defined by the maximum engineering strain of 700 % and therefore results into
R = 4L, where L is the initial length of the foil specimen.

o
AL = 2R sin(E) 6-1

The angle « is defined between the axis of the heat sink and the rotating lever arm. At « = 180°,
the foil is in mechanical contact with the heat sink and attributed to a maximum strain of 700 %,
corresponding to step II of the operation cycle and the first stable point. Within this step heat
is absorbed from the heat sink during the holding time t;,;4 and thereby decreasing the foil's
temperature. Subsequently, quasi-adiabatic unloading occurs, enabling a reverse phase trans-
formation that results in a decrease in the foil temperature, corresponding to step II1. In the
final step IV, corresponding to the second stable point under 300 % pre-strain, heat is absorbed
from the heat source to the foil by mechanical contact. By contacting the heat source with the
foil, a compression of the support structure in negative ¢- direction takes place, as well as a
tilting motion about the 8-axis. This motion is induced by the interaction between the foil, its

holder (H2), and the heat source at the heat source edge, generating a positive torque Mg. The
torque originates from the elastically stored energy in the foil, which is a result of the applied
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300 % pre-strain. The heat source is cooled down during the time t;,;, efficiently by the in-
creased contact area due to the compliant support structure and corresponds to the final to step
V.

6.1.2 Force Evolution

In addition to the perquisite of only a single actuator to drive the system, the bistable device
offers further advantages. Specifically, the lower forces required to operate the system makes
it attractive for parallelization, enabling the simultaneous use of multiple foils to increase the
overall absolute cooling power. The reduction in actuation force is realized through a dedicated
loading and unloading mechanism, wherein the foil is strained via a rotating lever arm. During
actuation, a fraction of the applied load is redirected to the bearing, thereby reducing the effec-
tive force demand on the actuator.

The decomposition of the force vectors, including the device schematic for three steps of oper-
ation, is illustrated in Figure 55. In all three configurations, the tensile force required to uniaxially
stretch the elastic specimen is represented by the blue vector F. This tensile force vector can be
decomposed into two mutually orthogonal components. One is the tangential force vector
ﬁT (green), which represents the force component actively supplied by the motor and is oriented
tangentially to the circular trajectory (dashed line) defined by the rotation of the lever arm. The
normal force vector ﬁN (orange), which is perpendicular to the trajectory and is passively sus-
tained by the bearing of the lever arm. Therefore, the tensile force can be described as the vec-
tor product of the ﬁT and ﬁ'N, as given in Equation 6-2, where t and 7 are unit vectors in the
tangential and normal directions, respectively. The unit vectors t and 7 define a non-inertial
(non-fixed) coordinate system with its origin at the free end of the rotating lever arm (red circle),
positioned at a radius R from the rotation axis (dark blue circle). The coordinate axes move rig-
idly with the lever arm along its trajectory. The angle 8 is defined as f = (180° — a)/2.

N S - /180° —a\ _, 180° —ay
a _, AN
=Fcos(§)t +Fsm(§)n,
a € [51°;,180°]

In Figure 55 (a) the pre-strained condition of the bistable device is shown, corresponding to step
IV in Figure 54. At this point, the elastic foil is held at a pre-strain of 300 %, corresponding to
the first mechanically stable position. The system remains stationary in this configuration with-
out requiring external force input, as the force is absorbed by the support of the heat source. In
this state, the absolute value of the normal force exceeds that of the tangential force, as indi-
cated by the relative vector lengths.
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Figure 55: Schematics of the decomposition of the loading force vector of the bistable single-stage device for dif-
ferent operation steps. (a) Ranging from the unloaded initial stable position corresponding to step IV (equal to 300
% pre-strain) over (b) a in between position attributed to 500 % of strain. (c) The second stable end position equal
to the maximum deformation of 700 % strain corresponding to step I1. The total tensile force needed to uniaxially
stretch the elastic specimen is indicated by the blue vector F . It can be decompositioned into the force vector
provided by the motor to drive the system, which is tangential to the trajectory of the rotating lever arm FT (green)
and the normal force vector f,v with respect to the trajectory (orange) is passively sustained by the bearing of the
lever arm. The angle a € [51°;180°] is defined as the angle between the heat sink and the lever arm.

As the device transitions from the initial stable state to the second stable point, it passes through
an intermediate configuration, depicted in Figure 55 (b). At this point, the tensile strain within
the foil increases to approximately 500 % and |ﬁN| > |17"T| applies, indicating that the majority
of the force required to strain the foil is absorbed by the bearing of the lever arm. This interme-
diate state is mechanically unstable and must be traversed during actuation between the two
stable states. Figure 55 (c) illustrates the final stable position of the system, where the foil
reaches its maximum deformation of 700 % strain, corresponding to Step /1. The mechanical
advantage of this configuration lies in the bearing's ability to absorb the normal component of
the force, thereby reducing the effective actuation force required from the motor. This force
decomposition is critical for understanding the mechanical efficiency of the system and the re-
duced energy demand during operation, as the motor can be turned off at stable points and
remain unpowered.
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Figure 56: Absolute forces as a function of the angle a in the bistable actuation mechanism for NR foil thicknesses
ranging from 290 to 650 um, represented by dashed and solid lines for material types “K”, respectively. The total
tensile force |F| (blue), the motor-provided force |FT| (green), and the normal force relative to the lever arm tra-
jectory |F)N| (orange) are given. The angle @ € [51°;,180°] is defined as the angle between the heat sink and the
lever arm. Black arrows indicate the directions of mechanical loading and unloading. Adapted from [178] licensed
under CC BY-NC 4.0.

In Figure 56, the absolute force evolution as a function of the angle « is presented for two dif-
ferent NR foil thicknesses: 290 um (dashed line) and 650 um (solid line), corresponding to the
material types “K”. The absolute tensile force, shown in blue, exhibits the typical hysteresis be-
havior associated with loading and unloading. A maximum force occurring at the maximum dis-
placement, which corresponds to the maximum angle a. Due to the pre-strained condition, this
angle starts at 51° rather than at zero. The directions of loading and unloading are indicated by
black arrows. During the transition between the two stable states, the normal force is absorbed
by the bearing of the lever arm, its absolute value is indicated in orange. As a consequence, the
maximum required force provided by the motor, indicated in green, is shifted to the transition
region at « = 120°, corresponding to step I. Additionally, this maximum force is reduced by a
factor of 2.5, resulting in a maximum force of 1.1 N for the 290 um thin foil, which corresponds
to a maximum torque of 0.12 Nm [178]. For the NR foil with a thickness of 650 um, the maximum
torque is 0.38 Nm. In contrast, the displacement change AL is 1.6 times larger compared to the
monostable single-stage device loaded in tensile mode by linear actuation, as presented in Chap-
ter 5.2. The calculated start angle for 300 % engineering pre-strain is 60°, but it deviates and
results in @ = 51° due to the alignment of all components in the experimental setup.

6.1.3 Performance Results of the Bistable Single-Stage Device

To systematically evaluate the impact of mechanical actuation and the influence of geometric
parameters on the performance of the bistable elastocaloric device, NR foils with varying thick-
nesses and operation frequencies are investigated. In addition, the effects of different elastoca-
loric temperatures AT, , resulting from variations in material composition, are examined. Influ-
ences arising from fabrication tolerances are also examined.
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For aninitial, detailed comparison, two foil thicknesses and three discrete excitation frequencies
are selected. To ensure direct comparability, the same material type, “K” is used, as it exhibits
an identical AT,4, previously characterized in Table 6. The key device performance parameters,
including the temperature difference AT, ice, cOOling power Qp, and coefficient of perfor-
mance COPgppice, are introduced in Chapter 5.2.3.

In Figure 57, the time-dependent temperature change relative to room temperature (23 °C) at
the heat sink and heat source is illustrated. The bistable elastocaloric cooling device is operated
at frequencies of 90, 200, and 424 mHz. The frequencies are modulated by the hold times t;,,;4
of 5.0, 2.0, and 0.75 s, respectively, during which heat is transferred between the NR foil refrig-
erant and the heat sink or source. The device is equipped with NR foil type “K” in two thick-
nesses: 650 um (a) and 290 um (b). Load cycles are applied within an engineering strain range
of 300 to 700 % at an engineering strain rate of 9.3 s, corresponding to a deformation time of
approximately 430 ms. A progressive increase in the temperature difference between the heat
sink and heat source is observed with each loading cycle. The rise in temperature is induced
during the heat transfer phases between the foil refrigerant and the heat sink (step /1) and heat
source (step IV). Outside these phases, a slight decrease in the temperature difference occurs
due to parasitic effects. After approximately 75 seconds, the temperature difference stabilizes,
and a temperature span, AT jzpice, iS €stablished. A minimum temperature difference of 2.2 K
and 2.6 K is reached at the lowest frequency of 90 mHz for the foil thicknesses of 290 and
650 um, respectively. In contrast, the maximum temperature difference of 4.2 K is achieved with
the 290 um foil at the maximum visualized frequency of 424 mHz. At this frequency, the 650 um
foil yields the second-highest temperature difference among the investigated cases. The oscilla-
tory behavior observed in the temperature curves decreases with increasing frequency. For the
290 um foil and the heat source, the amplitude of temperature oscillations ranges from 0.3 K at
90 mHz to 0.1 K at 424 mHz. For the 650 pum foil, the oscillation amplitude ranges from 0.2 K to
0.1 K over the same frequency range. The cooling power, which is proportional to the initial
slope of the temperature rise (see Chapter 5.2.3 for detailed calculations), is lowest at the min-
imum frequency, reaching approximately 80 mW for both foil thicknesses. At the highest fre-
quency of 424 mHz, the cooling power of the 290 um foil increases to 212 mW, which is 78 mW
higher than that of the thicker foil. This corresponds to a COPg.pice Of 5.5 for the 290 um foil
and 2.9 for the 650 um foil.
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Figure 57: The temperature evolution of the heat sink and source, relative to ambient temperature of 23.0 °C, are
shown for the bistable elastocaloric cooling device. The NR foil type “K” with a thickness of (a) 650 and (b) 290 um
is operated at frequencies ranging from 90 to 424 mHz, with an engineering strain rate of 9.3 sl used for mechanical
tensile loading and unloading. The applied engineering strain ranges from 300 to 700 %. Adapted from [178] li-
censed under CC BY-NC 4.0.

The observed oscillations originate from alternating heat exchange between the foil refrigerant
and the heat sink or heat source, and parasitic heat flow to the surroundings during the mechan-
ical loading phases. This dynamic results in small temperature fluctuations superimposed on the
overall temperature evolution.

At first consideration, it may appear counterintuitive that the thinner foil outperforms the
thicker one, given that a greater volume of material in the thicker foil leads to a larger amount
of absolute heat being generated and absorbed. However, the thinner foil enables faster heat
transfer, due to its reduced thermal mass and shorter diffusion paths. Moreover, it is essential
to rapidly transfer out the heat generated during loading. Otherwise, the usable temperature
difference in the subsequent step I11 is reduced, because the reverse phase transformation, and
therefore the temperature decrease, starts at a higher absolute temperature. This phenomenon
is discussed in detail in Chapter 6.1.4. As a result, a higher cooling power Q, can be achieved, as
indicated by the steeper initial negative slope of the temperature curve measured at the heat
source. In addition, a larger temperature difference AT .y;ce is established during operation at
higher frequencies.

6.1.3.1 Device Temperature Changes

To further investigate the influence of operating frequency on the device temperature span
AT jevice, the frequency is varied between 90 and 737 mHz, corresponding to holding times t;, 14
ranging from 5.0 to 0.25 s. In Figure 58, the temperature change at the heat source ATy, ce
(red dots) and the temperature span across the device AT j.,ice (black dots) are presented as a
function of operating frequency. Since ATg,,ce iS Negative by definition, its absolute value is
displayed to facilitate a more intuitive comparison, such that larger values correspond to im-
proved thermal performance.
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Figure 58: Temperature change of the heat source (magnitude) AT ;... (red dots) and the device temperature
span AT ;.,ice (black dots) versus frequency for the bistable elastocaloric cooling device for the NR foils type (a)
“K”, (b) “K”, (c) “F”, (d) “F” (d) “Chic” and (e) “L”, for the corresponding foil thickness d. The engineering strain
ranges from 300 to 700 % and the engineering strain rate is 9.3 s'.. The error bars are determined by the measure-
ment uncertainty of the temperature sensor. The temperature change is with respect to a room temperature of

23.0 °C. Adapted from [178] licensed under CC BY-NC 4.0.

All measurements are performed with an engineering strain ranging from 300 to 700 %, and

mechanical loading and unloading are conducted at an engineering strain rate of 9.3 s. The

error bars are derived from the measurement uncertainty of the Class A Pt100 temperature

sensors and result in a maximum deviation of less than +0.2 K for the determined temperatures.
The NR foil type “K” is shown in Figure 58 (a) and (b) for foil thicknesses of 290 and 650 pum,
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respectively. To assess the influence of different adiabatic temperature changes AT, resulting
from variations in NR composition, foil type “F” is also studied with a selected thickness of
290 um. The results are shown in Figure 58 (c), allowing for a direct comparison with Figure 58
(a). Additionally, due to the challenges in fabricating sheets with uniform thickness, a foil type
“F” with varying thickness (290 + 50 um) is investigated, as shown in Figure 58 (d). This enables
direct comparison among Figure 58 (a), (c), and (d). Another NR foil labeled as type “Chic,” with
a comparable thickness of 340 um, is studied to evaluate the performance of a recyclable foil
refrigerant. This foil exhibits a similar AT, to type “K” and the results are given in Figure 58 (e).
Finally, to evaluate the performance of ultrathin NR foils, a latex-based specimen labeled as type
“L”, with a thickness of 60 um, is examined, as shown in Figure 58 (f). Among all the studied foils,
the minimum value of AT, rce Of -0.5 K is observed for the NR foil type “L” with a thickness of
60 um, while the highest values of 2.6 and 2.7 K are reached for NR foils type “K” and “Chic”,
with corresponding thicknesses of 290 and 340 um, at frequencies of 350 and 424 mHz, respec-
tively. The minimum value of AT .pice Of 1 K, coincides with the minimum value of AT,y ce
while the maximum also coincides with the maximum AT,,,;.. and reaches 4.6 K at frequencies
of 538 mHz and above for the NR foil type “Chic”, as shown in Figure 58 (e). The second highest
AT 0pice Value, reaching 4.2 K, is obtained for the NR foil type “K” with a thickness of 290 um at
a frequency of 538 mHz. For all other foils (Figure 58 (b), (c), (d) and (f)) ATjepice remains below
3.5 K. When comparing the foils with a thickness of 290 um but differing material properties
(Figure 58 (a), (c), (d)), the NR foil type “K,” which exhibits the highest AT, of -7.6 K, shows the
largest temperature change among the 290 um foils. This results in ATy,rce Of -2.6 K, as shown
in Figure 58 (a). For NR foil type “F”, which has a reduced AT, of -6.5 K, the maximum ATgy,-ce
is -2.0 K, as shown in Figure 58 (c). This indicates that approximately 30 to 34 % of the elastoca-
loric temperature change induced by the foil's material upon unloading is transferred to the heat
source. In the case of an additional thickness variation of £50 um, the AT,,,,-c. decreases further
to 1.7 K, as presented in Figure 58 (d).

For all tested foils, both ATrce and AT z0ice €Xhibit broad maxima, characterized by relatively
flat curvature near the peak, rather than sharply defined local maxima. For example, in the case
of the thickest NR foil (650 um), the broad maximum occurs between 200 and 350 mHz. For the
foils with thicknesses around 300 um (290 and 340 um), even flatter maxima are observed in
the range of approximately 350 to 550 mHz. Only for the thinnest foil (60 um), no pronounced
optimum behavior can be identified, as the maximum is shifted toward the upper end of the
tested frequency range, above 600 mHz. To further investigate the influence of thickness in this
regime, the NR foil type “Lp” with a thickness of 120 um is also tested. However, the results are
not shown here in detail, as they closely resemble those of the 60 um foil, with a deviation in
maximum values of only +0.1 K, occurring at the same frequencies despite the doubled foil thick-
ness. In addition, the foil type “K” is further reduced in thickness by laser ablation, which high-
lights the limitations in achieving a homogeneous thickness, resulting in 160 + 50 um. The meas-
ured values of AT,y ce and AT ;.pice are similar to those presented in Figure 58 (a) for the NR
foil with 290 um, although the maximum values are 0.2 K lower and therefore do not indicate
any improvement.
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The results demonstrate a clear dependence of the device temperature span on both operating
frequency and foil properties. In contrast, the cooling power shows a more pronounced fre-
quency dependence, which will be discussed in the following section.

6.1.3.2 Cooling Power

In Figure 59 (a), the cooling power of the bistable device as a function of frequency is given for
different natural rubber (NR) foil types “K”, “F”, “Chic” and “L”, for foil thicknesses ranging from
60 to 650 um. In Figure 59 (b) the corresponding specific cooling power is presented. The ob-
served frequencies range from 93 to 737 mHz. For all tested NR foils, a nonmonotonic depend-
ence of the cooling power on frequency is observed. The cooling power is observed to increase
from its lowest value at low frequencies, reach a peak at an intermediate frequency, and de-
crease again as the frequency is further increased. For the thickest foil (650 um) of type “K”, the
maximum cooling power of 158 mW is observed at a frequency of 350 mHz. When the thickness
is reduced to 340 and 290 um, the frequency corresponding to the maximum cooling power is
shifted to higher values, near 425 mHz. The maximum cooling power for the NR foil types “K”
(290 um) and “Chic” (340 um) are found to be nearly identical, both reaching approximately
215 mW. For the NR foil type “F” with a thickness of 290 um and 290 + 50 um, lower maximum
cooling powers of approximately 173 mW and 118 mW, respectively, are observed, both occur-
ring at the same optimal frequency of about 424 mHz. The thinnest tested foil (60 um) type “L”
reaches the maximum cooling power at a frequency of approximately 622 mHz, with the lowest
peak value of about 115 mW.
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Figure 59: (a) Cooling power Qo versus frequency for the bistable single-stage elastocaloric cooling device with NR
foils type, “K, F, Chic and L” for different thicknesses d and (b) the corresponding specific cooling ¢,. The engineer-
ing strain ranges from 300 to 700 % and the engineering strain rate is 9.3 s. The dotted lines indicate the connec-
tions between the points. The optimum operation frequency range is determined by the foil thickness and scales
inversely with it, remaining independent of the material's adiabatic temperature change AT ;4. In contrast, the
absolute cooling power is strongly influenced by the frequency, AT .4 and the thickness inhomogeneity due to
manufacturing tolerances, highlighting its critical role in overall performance. Adapted from [178] licensed under
CCBY-NC4.0.

The corresponding specific cooling power, normalized by the foil mass, is presented in Figure 59
(b). Due to normalization, the optimal frequencies coincide with those observed for the absolute
cooling power. The thinnest NR foil type “L” exhibits the highest maximum specific cooling
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power, approximately 6.7 Wg?, while the thickest foil yields the lowest value, around 1.2 Wg™.
The curves are well separated across the entire frequency range, indicating no overlap between
the data sets, except for frequencies below 200 mHz where some partial convergence is ob-
served. This separation demonstrates that the specific cooling power remains consistently
higher for the respective thinner foils. In other words, a general trend is observed where thinner
foils result in superior performance throughout the full frequency range (146 to 737 mHz), apart
from NR foil type “Chic” (340 um), which does not follow this trend. These results emphasize
the importance of tuning the operating frequency to match the thermal and mechanical re-
sponse times of the system. Furthermore, differences in maximum cooling power, resulting tem-
perature spans, and optimal frequencies among the various foil types and thicknesses suggest
that both geometric and material parameters play a critical role in device performance. A direct
comparison between the NR foil types “K” and “F”, both with a thickness of 290 um, reveals the
influence of material-related temperature change due to the elastocaloric effect, as listed in in
Table 6. For the peak-to-peak material temperature change AT,, foil type “F” shows a value
approximately 1.7 K lower than that of type “K”. This results in a temperature difference which
is about 0.6 and 0.9 K lower for AT,,-ce @and AT zopice- The temperature difference AT, is found
to be 1.1 K lower for foil type “F” when comparing absolute values, which directly relates to a
lower cooling power across all frequencies. Specifically, the 1.1 K reduction in temperature dif-
ference results in a decrease of approximately 41 mW in maximum cooling power. If the foil
thickness additionally varies (290 + 50 um), the influence on the cooling power becomes even
more pronounced, resulting in a 45 % reduction to 118 mW, compared to 214 mW for the ho-
mogeneous NR foil type “K”.

Table 11: Comparison of material properties (AT, AT ,4) and the resulting performance of the bistable elastoca-
loric cooling device. The foil thickness is given by d. The temperature change upon unloading AT, and the quasi-
adiabatic peak-to-peak temperature change AT ,,4, are measured under an engineering strain range of 300 to 700
% and an engineering strain rate of 9.3 s1. These mechanical loading parameters are maintained during device
operation, resulting in the optimum cooling power QO and specific cooling power g at the corresponding optimum
frequency f. The device temperature change is evaluated by the temperature change of the source AT g4,;-ce, and
the device temperature span AT j.,ic., €ach determined under stable conditions.

Typ e d ATC ATad f QO iIo_ ATsour(:e ATDevir:e
(pm) (K) (K) | (mHz) | (mw) | Wg™")| (K) (K)
K 160+£50 | -6.6+1 | 11.3+2 425 145 34 24 4.0
K 290 -7.6 13.4 425 214 3.3 -2.6 4.2
K 650 -7.9 13.1 350 158 1.2 -2.0 34
F 290 -6.5 11.7 425 173 24 -2.0 3.3
F 290450 | -5.4+1 | 8.6+2 425 118 1.6 -1.7 3.3
Chic 340 -1.7 13.0 538 216 2.8 -2.6 4.7
Lp 120 -4.3 6.6 538 96 3.8 -1.9 3.1
L 60 -2.1 4.7 622 115 6.7 -1.8 3.0

For comparison, the foil material properties and the resulting performance of the bistable elas-
tocaloric cooling device are summarized in Table 11. The observed frequency dependence
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indicates the existence of an optimal operating range for the bistable elastocaloric device. At
low frequencies, parasitic heat effects dominate and reduce both the cooling power and the
associated temperature changes. At high frequencies, the limited time available for heat ex-
change is likely to constrain the performance. The maximum cooling power is therefore ob-
served at an intermediate frequency, representing a balance between actuation rate and ther-
mal transfer efficiency. The results further indicate that the optimal frequency increases with
decreasing foil thickness, while the maximum achievable cooling power and temperature span
are strongly influenced by the material's elastocaloric temperature change and the thickness
inhomogeneity.

6.1.3.3 Coefficient of Performance

To evaluate the performance of the bistable elastocaloric device, the coefficient of performance
COPepice is calculated based on the mechanical input power per cycle W. In Figure 60, W is
shown for NR foils of type “K” with a thickness of 650 um (blue dots) and 290 um (green dots),
as a function of the operating frequency. The mechanical power W is determined for an engi-
neering strain range from 300 to 700 % and an applied engineering strain rate of 9.3 s> It in-
creases with both frequency and foil thickness. The discrete frequencies correspond to hold
times of t5;4=5,4,3,2,1,0.5s.
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Figure 60: Input power per cycle W as a function of frequency for the bistable elastocaloric cooling device employ-
ing NR foils of type “K” with thicknesses of 290 and 650 pm. Resulting from an applied engineering strain ranging
from 300 to 700 % and an engineering strain rate of 9.3 s'.. The increasing discrete frequencies correspond to hold
times of £;4;,4 =5, 4, 3, 2,1, 0.5 s. Adapted from [178] licensed under CC BY-NC 4.0.

In Figure 61, the coefficient of performance COP ,y;ce is Shown as a function of operating fre-
quency for the bistable elastocaloric cooling device using NR foils type “K” with thicknesses of
290 and 650 um. The definition of the COP,;,yice is introduced in Chapter 5.2.3. The highest
observed COPgpice Of 5.7 is achieved with the NR foil type “K” at a thickness of 290 um, occur-
ring at frequencies of 206 and 259 mHz [178]. In comparison, for the same foil type with an
increased thickness of 650 um, the COP,p;cc reaches only 4.3 at the lowest studied frequency
of 92 mHz. The NR foil type “Chic” exhibits a lower COP ;e due to its higher stiffness, which
requires a higher work input to achieve the necessary deformation. This leads to an increased
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input power per cycle and, consequently, a reduced maximum COP ;.. Of 4.4. In contrast, the
latex-based foil with a thickness of 60 um achieves the second highest COP ;. reaching 5.6.
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Figure 61: Coefficient of performance COP 4.,ic. versus frequency of the bistable elastocaloric cooling device using
NR foil type “K” with thicknesses of 290 and 650 um. Adapted from [178] licensed under CC BY-NC 4.0.

The results show that the COP;,y;ce is strongly influenced by both foil thickness and operating
frequency, with thinner foils generally exhibiting higher performance. The highest COPg.pice Of
5.7 is achieved using the 290 um NR foil type “K”, while thicker and stiffer foils result in reduced
efficiency. Notably, the maximum COP,,,;.. does not coincide with the frequency yielding max-
imum cooling power, due to the increased input work required at higher operating rates. Alt-
hough the optimum COPyeyice for the 650 um foil may lie at lower frequencies not covered
here, such conditions are less practical for cooling applications due to the associated drop in
cooling power.

6.1.4 Heat Transfer Characterization

The performance characteristics of the tested elastocaloric demonstrators exhibit a strong de-
pendence on the frequency of the applied cyclic loading. These findings underline the critical
role of heat transfer processes and emphasize that precise control over thermal dynamics is
essential for enhancing device efficiency. To gain deeper insight into the heat transfer mecha-
nisms, a lumped-element model (LEM) simulations using MATLAB Simscape, presented in sec-
tion 5.2.2 is conducted. These simulations are designed to assess the impact of foil thickness on
the foil’s temperature response during operation. In the model, the NR foil is divided into ther-
mally thin elements connected via thermal resistances. The convective heat exchange at the
exposed surfaces is characterized by a heat transfer coefficient h.pn, = 25 Wm™2K 1. A par-
ticular focus is placed on the thermal interface resistance between the NR and the sink/source,
which is found by iteratively comparing simulated and measured temperature changes to cor-
respond to a heat transfer coefficient of approximately h = 170 Wm~2K ! [178]. The model
also accounts for mechanical deformation, incorporating the strain-induced variations in thick-
ness, length and width of the NR foil to accurately reflect changes in the contact area and the
associated thermal exchange duration. In Figure 62 (a) the simulated temperature evolution of
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the NR foil during one operation cycle for various foil thicknesses over a holding time of 0.75 s
and a resulting frequency of 427 mHz is given. Additional simulation results for a 1.0 s holding
time and a resulting frequency of 350 mHz are provided in Figure 62 (b). For foil thicknesses of
650 and 290 um, the temperature drop during step Il and III remains incomplete within
0.75 s, resulting in residual temperature AT, of 2.1 K and 0.7 K, respectively, starting from an
initial temperature difference of 5.2 K [178]. This incomplete cooling leads to heat accumulation
over successive cycles, adversely affecting thermal performance [178]. The simulation results
suggest that thinner foils can mitigate this issue. For example, at a foil thickness of 100 um, the
residual temperature increase AT. is eliminated within less than 0.75 s. The remaining heat
affects the subsequent temperature change at the heat source during unloading. Specifically,
the initial temperature decrease becomes decreased, and the subsequent temperature rise dur-
ing contact with the heat source also remains incomplete, leading to non-zero values of AT,.
Even with the 100 um foil, a complete return to the original temperature and AT, = 0 is not
achieved within the given holding time.
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Figure 62: (a) Temperature evolution of the refrigerant during device operation for 100, 290 and 650 um foil thick-
ness and a frequency of 424 mHz which refers to a hold time t;,;4 of 0.75 s, due to LEM simulation and (b) the
corresponding results for a frequency of 350 mHz and which refers to t;,;,; = 1.0 s. The temperature difference

AT and AT, correspond to the residual temperture increase after step I1 and step IV. Adapted from [178] li-
censed under CC BY-NC 4.0.

To further investigate the influence of achieving a full temperature drop at contact to the heat
sink (AT, = 0) on cooling performance, an elastocaloric cooling cycle beginning at step 111 is
examined. In this scenario, the pre-strained NR foil of 700 % strain at ambient temperature is
released, and the resulting temperature decrease and associated cooling power are measured.
At 700 % engineering strain, the thickness of the 650 and 290 um foils is reduced to approxi-
mately 180 and 80 um, respectively. Assuming AT, = 0 can be consistently maintained across
cycles, ideal cooling power values are estimated.

100



Table 12: Summary of the results for the bistable device regarding the remaining temperature increase AT ;. The
measured cooling power Qo and specific cooling power g, for NR foils of type “K” with thicknesses d of 290 and
650 um, evaluated at different holding t;,;4. Higher cooling power can be achieved when operating without heat
accumulation AT = 0 in the foil-based refrigerant, due to rapid heat transfer. Adapted from [178] licensed under
CC BY-NC 4.0.

d (pm) thotd (5) AT (K) Qo (mW) qWg™
290 0.75 0.7 213 3.410
290 0.75 0.0 306 4.880
650 1.0 1.6 158 1.213
650 1.0 0.0 331 2.543

A summary of these results is presented in Table 12. For the 650 um foil type “K”, operated at
the optimum frequency of 350 mHz and corresponding holding time of 1.0 s, the cooling power
nearly doubles, from 158 to 331 mW. Similarly, for the 290 um foil type “K” at an optimal fre-
guency of 425 mHz and a holding time of 0.75 s, the cooling power rises from 214 to
306 mW, corresponding to a specific cooling power of 4.8 Wg™. These simulation trends high-
light the substantial potential for performance enhancement, particularly by promoting rapid
heat transfer at the heat sink and therefore avoid heat accumulation and ensuring complete
heat transfer to the source.

6.1.5 Long-Term Test

A preliminary long-term test with 10* cycles is conducted to assess the mechanical stability and
elastocaloric performance of NR-based devices, providing initial insights into their suitability for
cooling applications. In Figure 63 (a), the temperature change of the heat source ATs,ce @and
the device temperature span AT ;.,ice Versus the amount of operation cycles is shown. The error
bars represent the measurement uncertainty associated with the Pt100 Class A temperature
sensors. The test is performed with a NR foil type “K” with a thickness of 650 um. The bistable,
single-stage elastocaloric cooling device operates at a frequency of 737 mHz, with a correspond-
ing hold time of 0.25 s and an engineering strain rate of 9.3 s™%. In Figure 63 (b), the corresponding
mechanical work input to operate the device W versus the amount of performed cycles is given.
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Figure 63: The cyclic stability of the bistable elastocaloric cooling device evaluated in a preliminary long-term test
during 10 cycles. (a) Temperature change of the heat source (magnitude) AT ¢,,,.c. and the device temperature
span and AT j.ice versus the amount of operation cycles for a NR foil type “K” of 650 um thickness and a frequency
of 737 mHz and a strain rate of 9.3 s'1. The applied engineering strain ranges from 300 to 700 %. The error bars are
determined by the measurement uncertainty of the Pt100 class A temperature sensors. (b) The corresponding input
power W versus the amount of operation cycles, which decreases by 54 % over 10 cycles, thereby enhancing the
device’s performance. Adapted from [178] licensed under CC BY-NC 4.0.

The temperature change remains consistent across the tested cycles and stays within the
bounds of measurement uncertainty. In contrast, a significant reduction in input power W is
observed with increasing cycle number. After 5000 cycles, the initial input power of 113 mW has
already decreased by 32 %. Following 10* cycles, only 74 mW are required to perform one cool-
ing cycle, corresponding to a total reduction of approximately 53 % compared to the initial cycle.
This trend aligns with the behavior observed in a preliminary long-term test of the monostable
single-stage device, see Chapter 5.2.4, where both ATy,ce and AT j,pice remain stable over 10*
cycles, while the required work input and consequently W decrease, which significantly en-
hances the device’s efficiency.
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7 Cascaded Elastocaloric Cooling
Device

Besides the single-stage designs employing only one foil refrigerant, the cascaded device archi-
tecture utilizes multiple foils that are thermally coupled. By thermally coupling the foils in series,
the device can overcome the material's intrinsic adiabatic temperature change AT, 4, which sets
the upper limit for single-stage devices [16]. Each foil refrigerant cycles at different tempera-
tures, enabling an increased device temperature span. Further details are provided in Figure 15.
This approach has been exemplified in miniature-scale devices using shape memory alloy (SMA)
film refrigerants, where the effective temperature span exceeds the intrinsic material limit
[16,185,193]. In SMA-driven devices, the units responsible for thermal coupling are typically of
equal length to the heat source and heat sink. When incorporating elastic refrigerant materials
into the device architecture, the variation in foil length during load cycling must be considered.
Additionally, the intermediate elements responsible for transversal heat exchange must func-
tion both as heat sink and heat source. As a result, they must accommodate strain levels ranging
from 300 to 700 %. To provide sufficient space for the holder arrays during operation, the inter-
mediate units are divided into two sections, separated by a gap, as illustrated in Figure 64. The
holder arrays, which include multiple foils, and the heat transfer units, which comprise both heat
sink and heat source elements, form two interlocking comb-like structures. In this work, three
foils are used to investigate the behavior of the cascaded device employing natural rubber (NR)
as the active material.

extension unit base unit
connection

Figure 64: 3D Schematic of the cascaded elastocaloric cooling device, designed to achieve an increased device tem-
perature span by thermally coupling three elastomer foils (1, 2, 3) in series. The device comprises a base unit with
a heat source, two connection units (i1, i2), and a heat sink. A gap is included to provide space for the specimen
holders (H1, H2, H3) during unloading. During loading, the extension unit absorbs heat via three elements (el, e2,
e3). The base and extension units are mechanically connected and, together with the holder array and foils, form
a pair of interlocking comb-like structures.

The cascaded elastocaloric device consists of a specimen holder array (H1, H2, H3), a base unit,
and an extension unit, which are mechanically connected via a frame and separated by a gap.
The base unit comprises a heat source, a heat sink, and two intermediate elements (i1, i2) that
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Cascaded Elastocaloric Cooling Device

are arranged in a comb-like structure. The extension unit includes three elements el, e2, and e3
that absorb heat during the loaded state and thus function as heat sink, also arranged in a comb-
like configuration. The holder array is capable of accommodating three foils, labeled as 1, 2, and
3. It comprises six subunits, visualized as green cuboids, which form three holder pairs. Each pair
can clamp one elastomer foil, which is illustrated as a gray semi-transparent sheet in the sche-
matic. Holder pairs H1, H2, and H3 are associated with foils 1, 2, and 3, respectively. The three
right-side holders are stationary and connected to a load cell (not shown in the schematic),
which measures the mechanical work input during cyclic operation. The three opposing left-side
holder subunits, are fixed to a holder support, as shown in Figure 65 (a), which corresponds to
the pre-strained state. During unloading, the holder support is positioned above the extension
unit. This configuration allows the foils, along with their corresponding left-side holder units, to
be inserted between the extension unit elements el to e3 during loading. The resulting loaded
state is shown in Figure 65 (b). By forming two interlocking comb-like structures, with a gap that
accommodates the holder arrays, this design eliminates the need for three or more separate
actuators to drive the device. Only two actuators are required to operate the device. One actu-
ator loads and unloads the foils by displacing the left-side holder array. The second actuator
brings the base and extension units into contact with the foils in the loaded and pre-strained
states, enabling heat transfer. This movement occurs perpendicular to the load direction.

lextension unit

connection|

Cascaded eZ Cooling

Figure 65: Photographs of the cascaded elastocaloric cooling device under (a) 300 % engineering pre-strain (side
view) and (b) maximum deformation, corresponding to 700 % engineering strain (top view). The pre-strained con-
dition represents the transition between step III and step IV (foil are in neutral position), while condition (b)
corresponds to step I1.

7.1.1 Operation Principle

The cascaded device operates on the same basic principle as the single-stage devices described
in this work, following a sequence of four steps. However, multiple foils are employed which are
thermally connected in series. An additional transverse heat flow occurs in the out-of-plane di-
rection of the foils, across the heat source, i1, i2 and the heat sink. In Figure 66, the operating
principle of the cascaded elastocaloric cooling device utilizing NR foils is illustrated. In step I, the
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three NR foils are uniaxially loaded under quasi-adiabatic conditions by rapidly displacing the

left-sided holder array with a tensile force F, along the y-axis. The temperature of the foils in-
creases as a result of the elastocaloric effect.

Rl

A Th source

sink

o
g
-

source

Figure 66: Schematic (top view) of the cascaded elastocaloric cooling cycle comprising three foil refrigerants, which
consists of four steps: (I) mechanical quasi-adiabatic uniaxial tensile loading, heating and (II) subsequent heat
rejection by mechanical contact to the heat sink and the intermediate elements (i1, i2) and extension units (el, e2,
e3) which also function as heat sink. (I1I) The unloading is associated with cooling, and (IV) heat absorption from
the heat source and the intermediate elements (i1, i2). The yellow arrow indicates the loading and unloading force

Fy, while Fx is represented by the black arrow.

In step 11, heat is rejected through mechanical contact to the elements il, i2 and the heat sink
within the base unit, as well as to elements el, e2 and e3 within the extension unit. Mechanical

contact is enabled by simultaneously displacing the base and extension units using the force ﬁ'x,
which is oriented perpendicular to the loading direction. In step 111, quasi-adiabatic unloading
of the foils takes place, leading to a temperature decrease due to the reverse phase transfor-
mation. In the final step IV, heat is absorbed from the heat source and from the elements el
and e2, which were heated during step I1. Consequently, the intermediate elements function as
both a heat sink and a heat source, enabling heat transfer across their front and back surfaces.
Therefore, these elements must be free-standing and cannot be thermally insulated on the back
side. The thermal coupling in series between the foils is given by heat exchange in the out-of-
plane direction. As a result, the first foil, positioned between the heat source and element i1, is
cooled by mechanical contact with element il. Therefore, the reverse phase transformation is
initiated at a lower temperature compared to single-stage devices. A temperature gradient
builds up, which is discussed in detail in the following chapter.
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Cascaded Elastocaloric Cooling Device

7.1.2 Results on Temperature Span

To systematically investigate the influence of cascading multiple foils, the temperature evolution
over time is first evaluated for a single foil, as shown in Figure 67 (a). All temperature changes
are reported relative to the ambient room temperature of 23.0 °C. The experiment is conducted
using a NR foil of type “K” with a thickness of 650 um. The foil undergoes uniaxial load cycling at
an engineering strain rate of 9.3 s, ranging from 300 to 700 % engineering strain. Given a hold-
ing time ty;4 Of 3 s, a ramp time t,4.,, of 430 ms and an additional tolerance of 250 ms due to
experimental constraints, the optimal operating frequency is 136 mHz.
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Figure 67: Temperature evolution of the monostable cascaded elastocaloric cooling device, relative to ambient
conditions of 23.0 °C, measured at a frequency of 136 mHz (t;,,;4 = 3 s) employing a NR foil with a thickness of
650 pm type “K”. The applied engineering strain ranges from 300 to 700 % and the engineering strain rate of
9.3 s results in loading and unloading durations of t,.4,,, = 430 ms. The device is equipped with (a) one foil, (b)
two foils and (c) three foils. For the operation with two foils, the intermediate unit il is alternately heated by foil
1 and cooled by foil 2. For the three-foil configuration, in addition i2 is heated by foil 2 and cooled by foil 3 resulting
in the temperature changes AT;; and AT ;. An improved device temperature span AT j.,ice, can be achieved by
cascading two foils in series, with the first foil being precooled via the intermediate element il. A temperature
gradient is built up along the device. For the operation of three foils, AT; is increased from -0.9 to -1.3 K, but
AT spurce remains at -2.6 K as for two foils.

In the single-foil setup, the temperatures of element i2 and the heat sink remain at room tem-
perature. Saturation is reached after approximately 120 s, defined as less than 5 % change rela-
tive to the final temperature. Under these conditions, a temperature change at the heat source
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ATgource 0f -2.1 Kis observed, while the temperature difference at elementil, AT;; is 1.6 K. This
results in a total device temperature span AT j.p;ce Of 3.6 K.

For two and three cascaded foils, a temperature gradient is observed along the base unit, span-
ning the heat source, intermediate elements, and the heat sink. In the two-foil configuration,
the first foil, positioned between the heat source and element i1, rejects heat to element i1,
which is cooled from the opposite side by the second foil. Cooling and heating intervals are
phase-shifted by half a period. As a result, the first foil is able to transfer the generated heat
during loading more effectively compared to single-foil operation. Due to the fact that AT;; < 0
applies after the first two cycles, the first foil rejects heat to a cooled intermediate element
rather than to a heated sink. This reduces heat accumulation within the foil and, ideally, allows
it to be cooled below ambient temperature. Consequently, the reverse phase transformation in
the subsequent unloading step can occur at a lower temperature. This behavior leads to an in-
creased device temperature span AT 4.pice, Primarily due to an increasing ATy rce UP t0 -2.6 K.

For the operation with three foils, the temperature of the intermediate element i1, which cools
the first foil by mechanical contact, is further decreased by around -0.3 K, reaching an absolute
value of -1.3 K. This marginal difference appears insufficient to further enhance ATy 1ce- The
limitation arises from the heat transfer coefficient, which governs the efficiency of thermal ex-
change at the mechanical interface between the NR foil and the copper plates. Additionally, the
low intrinsic thermal conductivity of the NR foil (below 0.16 Wm™K™?) influences the heat trans-
fer coefficient and further restricts internal heat transfer, thereby limiting the overall thermal
performance. One option to mitigate limitations caused by internal heat transfer within the foil,
is to decrease foil thickness. In the following thin foils with thicknesses down to 60 um are
tested.

In Figure 68, an overview of the temperature change as a function of the frequency for the cas-
caded elastocaloric cooling device using different NR foil types is presented. Figure 68 (a)-(c)
shows the results obtained using “K” type foils with thicknesses of 800, 650 and 290 um, respec-
tively. In Figure 68 (d), type “L” foils with a thickness of 60 um are used. The resulting tempera-
ture gradients for device operation with one, two, and three foils, indicated by dotted, solid, and
dashed lines, respectively, are shown. When operating with a single foil, the device temperature
change AT epice is the sum of ATg,,-ce and ATjq. In the case of operating with two foils, the
device temperature change AT jopice is the sum of AT, ,,-ce and AT;,. When operating with three
foils, AT jopice is the sum of AT,y ce and ATy -

For all tested foils, the same general trend can be observed. The optimum frequency, corre-
sponding to the minimum of the AT,,,,-ce CUrves, varies with the foil thickness. The foil thickness
and the operating frequency exhibit an inversely proportional relationship, which is consistent
with the behavior observed for the single-stage devices under investigation. For foils with a
thickness of 800 um, the optimum frequency is 88 mHz, whereas for foils with a thickness of 60
um, frequencies above 400 mHz are favorable. Furthermore, at the optimum frequency, the
absolute temperature changes at both the heat source and the heat sink reach their maximum
values. The smallest absolute values of ATg,,,-ce are obtained in single-foil operation, which
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Cascaded Elastocaloric Cooling Device

consequently limits AT4.yice- By Operating the device with two or more foils, ATgepice Can be
increased. However, the improvement from two to three foils is only marginal. The highest
AT jevice Of 5.1 Kis achieved when operating two foils with a thickness of 800 um at a frequency
of 88 mHz. While the highest ATg,,,ce is -3.2 K and observed for the same frequency but with

three foils.
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Figure 68: Temperature change versus frequency of the cascaded elastocaloric cooling device, employing NR foils
type “K” (a-c) for the corresponding foil thickness d. In panel (d) the results for the NR foil type “L” are presented.
The applied engineering strain ranges from 300 to 700 % and the engineering strain rate of
9.3 s results in loading and unloading durations of &,4,,, = 430 ms. The temperature changes are given for one
foil (dotted line), two foils (solid line) and three foils (dashed line). The optimum operating frequency (minimum
AT source) increases with decreasing foil thickness and remains unaffected by the number of foils employed. An
improved device temperature span AT 4.,ce, can be achieved by cascading two foils in series, thereby increasing
the absolute value of AT,,,c.- However, across all investigated foil thicknesses, the incorporation of a third foil
does not result in any further performance enhancement.

When the number of cascaded foils is increased from one to two, a AT;; of -1.0 K'is observed at
the optimum frequency of 88 mHz, as shown in Figure 68 (a). This results in an additional tem-
perature improvement of -0.8 K in ATg,,,ce- By comparing the solid connection line with black
dots (two foils) to the dashed and dotted connection line with black points (three foils), it can
be seen that the internal temperature gradient increases with more foils. Increasing the number
of 800 um foils from two to three further cools the intermediate element i1, improving AT;; by
approximately -0.5 K. However, even though the absolute temperature of the intermediate
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element increases when an additional foil is added, the overall temperature span AT;.p;ce re-
mains almost unaffected. Specifically, improving AT;; by around 60 % to the absolute value of -
1.6 K leads to an additional improvement of -0.2 K of AT, ce- For foils with thicknesses of 290
and 650 um, approximately 50-60% of the intermediate temperature change AT;; can be used
to improve AT, rce bY cascading. The resulting improvement in ATg,,-ce COMpared to a single
foil, ranges between -0.4 and -0.6 K. In the case of cascading 60 um foils, the transfer efficiency
is even lower. It appears that the cascaded device is less suitable for thinner foils, such as the
290 and 60 um ones. This is evident from the direct comparison with the bistable single-stage
device as listed in Table 12. The achieved ATy,,,,-ce for one foil in the cascaded device is less than
that of the bistable device. By comparison, the absolute value of ATg,,,-c. achieved with the
bistable device is approximately 1 K higher. In contrast, the 650 um foils exhibit comparable
temperature differences across all device types.

Table 13: Comparison of the heat source temperature difference AT,,-ce and the device temperature span
AT geyice for the monostable single-stage, bistable single-stage, and cascaded devices using various NR foils. The
foils with a thickness d are operated at their corresponding optimum frequency f.

. . d f AT AT popi
Device Foils | Type source evice
(um) (mHz) (K) (K)
Monostable 1 K 650 136 2.0 4.1
single-stage
Bistable 1 K 650 350 2.0 3.4
single-stage
Cascaded 1 K 650 136 2.1 3.7
Cascaded 2 K 650 136 -2.6 4.5
Cascaded 3 K 650 136 -2.7 4.7
Monostable 1 F | 200450 | 230 1.7 3.1
single-stage
Bistable 1 F | 290450 | 425 1.7 3.3
single-stage
Bistable 1 K 290 425 2.6 4.2
single-stage
Cascaded 1 K 290 297 -1.6 2.8
Cascaded 2 K 290 297 -1.8 3.1
Cascaded 3 K 290 297 -2.0 3.4
Bistable 1 L 60 424 1.4 2.5
single-stage
Cascaded 1 L 60 424 -1.0 1.9
Cascaded 2 L 60 424 -1.3 2.0
Cascaded 3 L 60 424 -1.2 1.9
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The AT .pice and heat transfer dynamics are further analyzed using LEM simulations, for the
operation of three cascading foils with a thickness of 290 um. Figure 69 shows experimental
results (blue dots) and corresponding simulation results (blue solid line) for various heat transfer
coefficients h on the ATj.y;ce as a function of frequency.

The simulation results of the AT;.pice align with the experimental results, exemplified by a neg-
ligible deviation of below 3 %, for the optimum frequency. With increasing h, the AT ;.pice iN-
creases and shifts towards higher optimum operation frequencies. In detail, by increasing h from
120 to 1000 Wm™2K™, ATypice increases from 3.4 to 6.0 K and the corresponding optimum fre-
qguency shifts from 287 to 538 mHz. A negligible increase in AT j.pice, amounting to less than
2 %, is observed when h is further increased to 2000 Wm™2K™.

® exp
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Figure 69: Device temperature span AT 4,,;c. as a function of frequency, evaluated through both LEM simulations
(lines) and experimental tests (blue dots) on the cascaded elastocaloric cooling device. Three NR foils with the
thickness of 290 pm are cascaded. The optimum frequency and AT ;.,c. increase with increasing heat transfer
coefficient h.

The AT jepice €an be further increased by decreasing the mechanical loading and unloading times
tramp and therefore increasing the engineering strain rate €. The t,4p,, is set to 110 ms, corre-
sponding to an engineering strain rate of approximately 36 s, which aligns with the fastest
loading and unloading conditions reported in literature [31]. An overview of the resulting
AT jepice for one and three cascaded foils, due to experiment and simulation is summarized in
Table 14. A ty, ;4 of 0.25 s corresponds to a frequency of around 1.4 Hz. For this frequency and
a h of 1000 Wm™2K™* the simulation indicates an enhanced AT;, of -6 K and AT;, of -2.8 K after
300 s. This results in an increased AT, rce Of -9.3 Kand a AT, of 1.9 K, therefore exceeding
AT, of -7.9 K. The resulting AT .pice Of 11.9 K is close to AT,,;. A similar trend is identified for
one foil, nevertheless the maximum AT ;,,ic. of 6.6 K remains below the AT,;.

The highest reported AT.,;c. for a cascaded device based shape memory alloys (SMAs) and
solid-to-solid heat transfer is 27.3 K, with a corresponding AT;y,rce Of 10.6 K [193]. In detail, the
reported device employs three NiTiFe films with a AT,; of 36 K, in contrast to the AT, of
13.5 K for the NR foil operating between 300 and 700 % engineering strain. This indicates that
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cascaded NR-foil-based cooling devices have the potential to compete with alternative cooling
systems provided that the improvements above are successfully implemented.

Table 14: The device temperature span AT 4., of the cascaded elastocaloric cooling device as a function of the
heat transfer coefficient h and the engineering strain rate corresponding to the optimum frequency f. The results
are determined by LEM simulations and experiments for one and three cascaded NR foils type “K” with a thickness
of 290 um. The AT ;.,ice increases with increasing h, £ and by cascading.

: h £ f ATDevice

Method Foils Wm-1K-1) s~ (mHz) (K)
Experiment 1 120 9.3 297 2.8
Simulation 1 120 9.3 297 2.7
Simulation 1 120 36.0 1400 4.1
Simulation 1 1000 9.3 538 4.1
Simulation 1 1000 36.0 1400 6.6
Experiment 3 120 9.3 297 3.4
Simulation 3 120 9.3 297 3.3
Simulation 3 120 36.0 450 4.8
Simulation 3 1000 9.3 538 6.0
Simulation 3 1000 36.0 1400 11.9

In summary, the cascaded device is capable of enhancing AT rce and AT gepice by thermally
coupling the foils in series. Its performance exhibits a pronounced dependence on both opera-
tion frequency and foil thickness, consistent with the behavior observed in the single-stage de-
vices. The LEM simulation reveals an increasing ATgepice by increasing h and &, for both the
single-stage and the cascaded device. This aligns with the increasing trend of the specific cooling
power qq, with increasing h for the single-stage device. For more details, see Chapter 5.2.3.

7.1.3 Cooling Power under Thermal Load

To determine the cooling power under thermal load, a resistor heated by an electric current is
directly attached to the back side of the heat source. Specifically, a meander-shaped wire made
of constantan is adhered to the copper plate. Care was taken to avoid the use of any intermedi-
ate layer that could hinder heat transfer. By heating the resistor, a homogeneous surface tem-
perature of the heat source is generated, as verified by infrared thermography, while the elec-
trical resistance remains constant within the tested temperature range.
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Figure 70: (b) Temperature evolution of the monostable cascaded elastocaloric cooling device with and without
thermal load, relative to ambient conditions of 23.0 °C. Measured at a frequency of 136 mHz (tp,q = 3 5) em-
ploying three NR foils with a thickness of 650 um type “K”. The applied engineering strain ranges from 300 to
700 % and the engineering strain rate of 9.3 s results in loading and unloading durations of t,,n,, = 430 ms.
After 300 seconds, the back side of the heat source is heated by a load resistor, with the input power increasing
from 80 to 140 mW. (b) The corresponding source temperature change is shown for different applied thermal load
and for configurations using 1, 2, and 3 foils. The resulting cooling power under load Q;,,4 (blue dot) is determined

by linear regression. For comparison, the initial cooling power Q (red dot) under unloaded conditions is also pro-
vided.

In Figure 70 (a), the temperature evolution of the monostable cascaded elastocaloric cooling
device without and with thermal load P,,,,4 is shown. Three NR foils of type “K” operate at a
frequency of 136 mHz, corresponding to a hold time t;,;4 of 3 s and an engineering strain rate
of 9.3 s*. The applied engineering strain ranges from 300 to 700 %. For the first 300 s, the device
operates without thermal load, allowing the full AT;,,ice to develop. At 300 s, the first phase of
thermal loading begins with 80 mW. Subsequently, AT;,,ce decreases, while AT, remains
constant. The thermal load is increased stepwise up to 140 mW. By applying P;,,4 of 80 mW,
ATgpurce is reduced to -1.2 K. The reduction of the ATs,,,ce is proportional to Pj,,4 and even
AT;; and AT, are reduced. By applying 140 mW of thermal load, AT;; and ATj, still remain neg-
ative and correspondingly result in -0.6 and -0.5 K from its initial values of -1.1 and -0.8 K. In
Figure 70 (b), the corresponding ATy, rce Under thermal load is shown for the operation with
one, two, and three foils. The cooling power under load is determined by linear regression of
the measured data points (indicated as black dots) and the intersection with the y-axis
(ATsource = 0). The initial cooling power Q, (red dot) and the cooling power under thermal load
Q10aa (blue dots) can be compared. For employing one foil, Q;pqq is 114 mW and therefore
27 % larger than Q. For two and three foils the difference is even higher. In both cases, Q;qq
is around 57 % larger than Q,. With two foils, Q;,44 results in 135 mW. When comparing abso-
lute values with literature, caution must be taken, as the cooling power depends on how it is
determined. In addition, for Q,, the remaining cooling capacity of the intermediate elements il
andi2is not considered, as only the slope of the heat source is used for the calculation. However,
under thermal load, the temperatures AT;; and AT, are affected and rise, as shown in Figure
70 (a). Consequently, Q;,,4 May overestimate the cooling power, whereas QO provides a con-
servative estimate, representing a lower limit.

112



The maximum cooling power achieved in this work [19] is lower than that reported in the liter-
ature [34] for a similar device with a 600 um NR foil. The higher cooling power reported in the
literature is determined under thermal load. However, the specific cooling power is nearly twice
as high. This suggests that the higher cooling power reported elsewhere is likely achieved using
a larger refrigerant mass. This interpretation is supported by the higher specific cooling power
of 1.1 Wg™ [19] compared to 0.54 Wg™! [34] for the device reported in literature. Furthermore,
the device temperature span in the reference work [34] is more than twice as low as in this work
[19] and is obtained at a lower operating frequency of 136 mHz. These results suggest that the
device developed in this work is particularly well suited for miniature-scale elastocaloric cooling.

To compare the different device types investigated in this work, operated with the 650 um foil,
the bistable single-stage device exhibits the highest QO of 158 mW. The second-highest QO is
obtained for the monostable single-stage device, with approximately 123 mW. Itis not surprising
that the lowest QO is recorded for the cascaded device, as it behaves like a monostable single-
stage device but includes an additional gap at the heat sink. This gap reduces the area available
for heat transfer, which negatively affects the cooling performance (see Chapter 6.1.4). How-
ever, the primary objective of the cascaded device is to enhance the AT ,y;ce, Which is success-
fully demonstrated.
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Conclusions

In modern society, cooling technologies are omnipresent and play an indispensable role in eve-
ryday life. The demand for cooling applications such as air conditioning, food preservation, and
thermal management of batteries is expected to steadily increase. Elastocaloric solid-state cool-
ing, which relies on temperature changes induced by mechanical loading, has emerged as a
promising alternative to conventional vapor-compression technology. By avoiding the use of re-
frigerant gases with high global warming potential (GWP) as well as per- and polyfluoroalkyl
substances (PFAS), this approach offers a more sustainable pathway for cooling applications.
Elastocaloric cooling based on elastomers such as natural rubber (NR) offers environmentally
friendly advantages due to its non-toxic composition and derivation from a renewable resource.
In addition, a low price of around 1.5 €kg™ and existing mass production may further facilitate
commercialization.

The elastocaloric effect and the associated reversible temperature change upon mechanical de-
formation in elastomers are based on strain-induced crystallization (SIC) and entropy elasticity
(EE). The EE describes the alignment of molecular chains induced by a mechanical stimulus.
When subjected to tensile stress, a fraction of the polymer chains in the network straighten and
become ordered. The SIC arises in the rubber material and latent heat is released. Furthermore,
the SIC is associated with the fatigue resistance of NR under dynamic loading. After load re-
moval, the crystallites melt and heat is absorbed. The elastocaloric cooling cycle comprises four
steps. The cycle starts with the mechanical loading of the NR refrigerant, causing a temperature
increase and heat release. Subsequently, unloading occurs, resulting in a temperature decrease
and the absorption of heat for cooling. In order to achieve large adiabatic temperature changes,
high strains of several hundred percent are needed. To enable rapid heat transfer, foil refriger-
ants are of special interest due to their high surface-to-volume ratio. In literature, only a limited
number of studies have concentrated on the development of rubber-based elastocaloric de-
vices. The focus of this work is on understanding the coupled thermal and mechanical properties
of NR foil refrigerants as well as their implementation in a new generation of miniature-scale
elastocaloric cooling devices that operate on the principle of solid-to-solid heat transfer. The
device performance is evaluated to assess their potential for the utilization in practical cooling
applications, and to identify possibilities for further improvement.

In this work, foil refrigerants of 9 x 26.5 mm? lateral size are investigated, which are laser-cut
from NR sheets with thicknesses ranging from 60 to 900 pum. Sheet materials such as commer-
cially available NR, NR latex, and NR produced with different crosslinking methods are em-
ployed. The elastocaloric effect is evaluated under uniaxial tensile loading, while an infrared (IR)
camera captures the emitted radiation, which correlates with the material surface temperature.
Mechanical parameters like the maximum engineering strain, engineering strain rate, and engi-
neering pre-strain are investigated with respect to their influence on the induced elastocaloric
temperature evolution and engineering stress-strain curves. Maximum engineering strains of up
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to 700 % and a sufficiently high engineering strain rate of 9.3 s are required to induce an adia-
batic temperature change AT, of approximately 20.3 K.

This corresponds to a NR foil with a thickness of 290 um and a temperature change of +10.0 K
upon loading and of -10.3 K upon unloading. A maximum engineering stress of 3.5 MPa and a
stress relaxation of 1.6 MPa under constant maximum deformation are observed. Rapid load
cycling must be performed to reduce undesired parasitic heat exchange. The required engineer-
ing strain rate to achieve quasi-adiabatic loading conditions depends on the foil thickness. For
the foils with a thickness of 290 um, an engineering strain rate of 9.3 s is required, while for
the foils with a thickness of 650 um, 4.7 s is sufficient. For all examined foils, the engineering
stress-strain curves exhibit a hysteresis loop, characterized by an unloading curve with lower
stress levels. The hysteresis increases with increasing maximum engineering strain and strain
rate, as stress relaxation during loading occurs. Thus, the work input required for a single cooling
cycle increases due to the enlarged area enclosed by the hysteresis loop. In contrast, stress re-
laxation decreases with shorter hold times, which has a positive effect on operation at higher
frequencies. For increasing strain, the foil thickness decreases while the surface area enlarges.
Thereby, the surface-to-volume ratio increases and heat transfer is enhanced.

Operating with pre-strain is beneficial not only for enhancing heat transfer but also for reducing
the required work input and active displacement. However, this advantage comes at the cost of
a reduced adiabatic temperature change AT,;. An engineering pre-strain of 300 % is identified
as optimum due to its increased material coefficient of performance COP,,,; of around 6 and
remaining AT, of 12.4 K. This corresponds to a NR foil with a thickness of 650 um and an engi-
neering strain rate of 4.7 s%. In addition, the surface area available for heat transfer increases
by 48 %, and the surface-to-volume ratio rises by 240 % compared to the undeformed state. In
addition to conventional sulfur-vulcanized NR sheets, recyclable NR materials are developed at
the University of Freiburg using a novel crosslinking approach. The recyclable NR foils (type
“CHIC”) are identified to have a promising elastocaloric performance. An overview of the inves-
tigated NR foils and their performance metrics is summarized in Table 15.
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Table 15: Overview of elastocaloric material properties of the investigated foils with different initial thicknesses d.
For material details of the NR foils (“K”, “F” and “Chic”) and NR latex foil (“L”), see Table 5. The test condition
parameters are the strain range, which is given by the engineering pre-strain £, the maximum engineering strain
Emax and the corresponding engineering strain rate £. The resulting parameters are the specific work input Aw, the
temperature change upon unloading AT ., the peak-to-peak temperature change AT ,4, the corresponding specific
absorbed heat g, and the coefficient of performance for the material COP,,,,;.

Typ e d Spre ~ Emax f Awr:mt ATC ATad qa_b cop mat
(pm) (%) HlUghH | & K) |Ug™

K 650 0-700 9.3 8.5 -10.3 20.3 19.5 2.3
K 650 300-700 9.3 3.6 -7.9 13.1 14.9 4.1
K 290 0-700 9.3 7.2 -10.0 17.4 18.9 2.6
K 290 300-700 9.3 4.2 -7.6 135 14.3 3.4
F 290 0-700 9.3 6.8 -8.2 13.5 9.7 1.4
F 290 300-700 9.3 2.9 -6.4 10.6 12.0 4.1

Chic 340 0-700 9.3 17.7 -11.4 23.1 21.6 1.2

Chic 340 300-700 9.3 3.5 -1.7 13.0 14.6 4.2
L 60 0-700 9.3 6.8 -7.1 9.5 13.4 1.9
L 60 300-700 9.3 4.0 -2.1 4.7 4.0 1.0

Three different elastocaloric cooling devices are designed and realized based on the compre-
hensive material characterization of the NR foils. One general design goal is to minimize the
number of driving actuators and eliminate expensive, large-scale hydraulic or pneumatic com-
ponents to ensure a cost efficient and leakage free device. Consequently, heat is transferred
between the foil refrigerant and the heat sink and heat source via solid-to-solid mechanical con-
tact. The first device under investigation is a monostable single-stage device, in which one actu-
ator is employed for mechanical load cycling, while another one facilitates heat transfer. The
heat sink and heat source units are oriented in parallel and alternately contact the refrigerant
during mechanical loading and unloading, respectively. This enables spatial separation of the
hot and cold heat flows. The dimensions of the heat sink and heat source are designed to match
the rectangular contact area of the foil, which changes throughout the cooling cycle. The contact
time for heat transfer strongly influences key performance parameters, including the device
temperature span AT,.,ice, the initial cooling power Q, and the device coefficient of perfor-
mance COP,;,p;ce- Hold times, ranging from 0.5 to 5.0 s, are tested and optimized for each foil
thickness. At frequencies above the optimum, the contact time for heat transfer becomes too
short, while the required mechanical work input increases. Conversely, at frequencies below the
optimum, efficiency decreases due to insufficient heat exchange between the foil and the heat
sink or heat source. During mechanical loading and unloading, no heat transfer occurs through
mechanical contact between the foil refrigerant and the device. However, undesired parasitic
heat transfer to the surroundings causes minor oscillations in the device’s temperature evolu-
tion. Therefore, the deformation time should be minimized with respect to the previously iden-
tified threshold for quasi-adiabatic load cycling for each specific foil thickness. Higher strain rates
are avoided, as they impose high demands on the actuator performance and lead to an undesir-
able increase in input power per cycle.

117



Conclusions

Table 16: Key results of the monostable single-stage elastocaloric cooling device. The results are archived with NR
foils of type “K” and “F” and the corresponding foil thickness d of 650 and 290 pm. The engineering strain ranges
from 300 to 700 % and mechanical loading and unloading is performed at an engineering strain rate of 9.3 s'1. The
(specific) cooling power Q, (i) and the input power per cycle W depend on the operation frequency f and deter-
mine the coefficient of performance COP 4,,;... The device temperature change is evaluated by the temperature
change of the source AT ¢,,,,c., and the device temperature span AT ;.,c., €ach determined under stationary con-
ditions. Highlights are marked in bold. Adapted from [19] licensed under CC BY 4.0.

d f Q 0 q 0 ATsource ATD evice
Type COP4,.p;
P (um) | mHz) | mw) | mwg) device | (K) (K)
K 650 136 123 954 4.7 -2.0 4.1
F 290 230 78 1082 4.0 -1.7 3.1

It is shown that the performance exhibits a pronounced dependence on both foil thickness and
operation frequency. A maximum AT .pice Of 4.1 K, @ COP4,yice Of 4.7 and an absolute cooling
power of 123 mW are demonstrated for the single-stage device with a 650 um foil operating
between the engineering strain range of 300-700 %. The key performance metrics are given in
Table 16. Lumped Element Model (LEM) simulations reveal the optimum frequency to maximize
the cooling power. For NR foils with thicknesses of 650 and 290 um, the predicted frequencies
of 136 and 230 mHz, align with the experimental results. Furthermore, LEM simulations indicate
that improving heat transfer properties and further decreasing the foil thickness can lead to
significant enhancements in device performance.

The second device under investigation introduces a bistable actuation mechanism, to further
reduce the number of actuators. The bistable actuation mechanism, utilizing a rotating lever
arm for both mechanical loading and heat transfer. Two stable points corresponding to the min-
imum and maximum deformation of the foil are present. These stable end points represent en-
ergy minima in the system’s potential landscape. No force is required to maintain this state, thus
enabling significant power savings for the driving motor. In addition, at the stable positions heat
is transferred between the foil refrigerant and the heat sink and heat source. In the case of the
290 pum thick NR foil and the optimal frequency of 424 mHz, the overall time without energy
demand during operation reaches 64 % of the total cycling time. The highest AT.yice Of 4.7 K
and AT,,-ce Of -2.6 K is observed for the recyclable NR foil with a thickness of 340 um. In con-
trast to the monostable single-stage device, the loading forces are reduced by factors of 2.8 and
2.5 for foil thicknesses of 650 and 290 um, respectively. For decreasing the foil thickness from
650 to 290 um, the optimum operation frequency increases from 350 to 424 mHz. Consequently,
the absolute cooling power increases from 158 to 214 mW. The COP;,yice reaches values up to
5.7 for foil refrigerants of 290 um thickness. It is demonstrated that foils of reduced thickness
exhibit superior performance compared to those of greater thickness. At first consideration, this
may appear counterintuitive, given that a greater volume of material in the thicker foil leads to
a larger amount of absolute released and absorbed latent heat. However, the thinner foil ena-
bles faster heat transfer, due to its reduced thermal mass and increased surface-to-volume ratio
ration. Moreover, a fast heat transfer to the heat sink is essential to prevent heat accumulation
and consequently enable complete transfer of cold to the heat source. By further decreasing the
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foil thickness to 60 um, the specific cooling power increases to 6.7 Wg*. The corresponding in-
crease in specific cooling power and optimal operation frequency with decreasing foil thickness
are illustrated in Figure 71.

oo
i

-~
]

® 650 um
® 290 um

120 pm
L] 60 pem

-1

9
w A o o
( I I !

Specific cooling power (W
[y%]
]

800

600
400

200
0.6 Frequency (mHz)

0.4

Thickness (mm)

Figure 71: Specific cooling power as a function of the foil thickness and the operation frequency. The results corre-
spond to the bistable single-stage elastocaloric cooling device. The optimum frequencies are highlighted by white
dots.

The optimum operation frequency is determined by the foil thickness and scales inversely with
it, remaining independent of the material’s adiabatic temperature change AT,,;. The perfor-
mance is significantly influenced by the frequency, AT,; and the thickness inhomogeneity due
to manufacturing tolerances, highlighting its critical role. For a decreased AT,; by 1.7 K, the
resulting AT gepice is 0.9 K lower. Furthermore, the maximum observed source temperature
change AT,rce Of 2.6 K decreases to 2.0 K. In addition, the Q, is 41 mW lower for foils with a
thickness of 290 um. If the foil thickness additionally varies by + 50 um, the influence on the
cooling power becomes even more pronounced, resulting in a 45 % reduction to 118 mW, com-
pared to 214 mW for the foil with a homogeneous thickness. The inhomogeneous thickness
leads to an inhomogeneous temperature distribution within the foil and therefore locally re-
duced AT, 4. The key results of the bistable single-stage elastocaloric cooling device are summa-
rized in Table 17.
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Table 17: Key results of the bistable elastocaloric cooling device. The results are archived with (latex) NR foils of
type “K”, “F”, “Chic” and (“L”) and the corresponding foil thickness d. The engineering strain ranges from 300 to
700 % and mechanical loading and unloading is performed at an engineering strain rate of 9.3 s*1. The optimum
cooling power Q, and specific cooling power g, correspond to the optimum frequency f. The device temperature
change is evaluated by the temperature change of the source AT ;,,,,-ce, and the device temperature span AT j.pice,
each determined under stable conditions. Highlights are marked in bold.

d f Qo qO ATsource ATDem'ce
P um) | amHz) | gnw) | gt | OPeeiee | a0 | @
K 650 350 158 1.2 4.3 -2.0 3.4
K 290 425 214 3.3 5.7 -2.6 4.2
F 290150 425 118 1.6 3.6 -1.7 3.3
F 290 425 173 2.4 5.2 -2.0 3.3
Chic 340 538 216 2.8 4.4 -2.6 4.7
L 60 622 115 6.7 5.6 -1.8 3.0

The third device under investigation comprises three cascaded foils that are thermally con-
nected in series to enhance the AT;.yice- An array of foil holders and a heat transfer unit, com-
prising a heat sink and heat source, are arranged in interlocking, comb-like structures. The key
results of the cascaded elastocaloric cooling device are summarized in Table 18. During the op-
eration with two and three foils, a temperature gradient is observed. By increasing the number
of 800 um foils from one to two, the intermediate element results in a temperature change AT},
of -1.0 K. The foil in contact with the heat source is pre-cooled by the intermediate element. This
corresponds to an increased AT,,ce Of -3.0 K in contrast to -2.2 K for the operation with one
foil. Consequently ATj.pce increases to 5.1 K, representing the highest value achieved in this
work. The improvement resulting from two to three foils is marginal, as it leads to a non-signifi-
cant enhancement of AT;; up to -1.5 Kand AT,qrce Of -3.2 K. This emphasizes the crucial need
to address the limitations in both internal and interfacial heat transfer, caused by the intrinsically
low thermal conductivity of NR materials, which falls within the range of thermal insulators. LEM
simulations indicate that improving heat transfer properties lead to significant enhancements in

ATdevice-

In addition to performance optimization through variation of the operation frequency and foil
thickness, as well as enhancement of AT.,,;ce by cascading multiple foils, this work also inves-
tigates the cyclic stability of the device. To demonstrate the potential of NR-based elastocaloric
materials for cooling applications, a preliminary long-term cycling test, comprising 10* cycles, is
successfully carried out with both single-stage devices. The test is realized through the success-
ful implementation of compact, custom-designed foil holders. A decreased input power with an
increasing number of operation cycles is observed, indicating improved energy efficiency of the
elastocaloric cooling device. In addition, the temperature change remains stable throughout 10*
cycles and is unaffected by full mechanical load removal, confirming the thermal reliability of
the system under long-term operation. Overall, these findings are highly promising and under-
line the strong potential of NR-based elastocaloric devices for future sustainable cooling tech-
nologies.
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Table 18: Key results of the cascaded elastocaloric cooling device. The engineering strain ranges from 300 to 700 %
and mechanical loading and unloading is performed at an engineering strain rate of 9.3 s-1. Comparison of the
temperature change of the source AT ,,,,-c. and the device temperature span AT ;.,ic., for the operation with one,
two and three NR foils. Foils with a thickness d are operated at their corresponding optimum frequency f. High-
lights are marked in bold.

R d f ATsource ATDevice
ype O em | mEn | ® )
K 1 800 88 -2.2 3.7
K 2 800 88 -3.0 5.1
K 3 800 88 -3.2 5.0
K 1 650 136 ol 3.7
K 2 650 136 -2.6 4.5
K 3 650 136 -2.7 4.7
K 1 290 297 -1.6 2.8
K 2 290 297 -1.8 3.1
K 3 290 297 -2.0 3.4
L 1 60 424 -1.0 1.9
L 2 60 424 1.3 2.0
L 3 60 424 -1.2 1.9
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Outlook

This work demonstrates the potential of solid-state NR-based elastocaloric devices as promising
candidates for future cooling technologies. However, the preliminary long-term test with 10*
cycles corresponds to approximately two days of operation. Therefore, further investigations
are required to fully assess the operational lifetime of the device and to enable its transition
toward practical implementation and increase the technology readiness level (TRL). In addition,
the degree of crystallinity under comparable loading conditions should be examined to gain a
better understanding of the decreasing input power, which corresponds to the area enclosed by
the stress-strain hysteresis loop.

Besides the lifetime of the foil refrigerant, the operational characteristics of the actuator require
optimization with respect to the applied loading mode. When a linear actuator is employed for
mechanical loading and unloading, a ramp-type displacement profile is typically utilized. This
mode induces high acceleration during the loading phase, followed by abrupt deceleration dur-
ing unloading, which adversely affects the actuator’s lifetime. This could be avoided through the
utilization of a rotary motor that is equipped with a clutching mechanism for mechanical loading.
Conversely, the unloading process is accomplished by permitting the elastic foil to snap back to
its original position, or by constraining it at an intermediate state to maintain pre-strained con-
ditions. The elastic energy stored in one foil refrigerant could also be utilized to load a second
foil. Therefore, the antagonistically operating foils can be employed to enable work recovery
and improve the overall system efficiency.

In addition to work recovery, an important aspect is the thermal isolation of the device. The
surfaces used for heat transfer at the heat sink and heat source are exposed to parasitic heat
flow during mechanical loading and unloading of the foil. This could be mitigated by integrating
an elastic thermal switch that covers the surface and permits heat transfer only upon direct
contact with the foil refrigerant. Alternatively, operating the device under vacuum would sup-
press convection and may allow for higher device temperature spans and cooling power.

As demonstrated, higher adiabatic temperature changes of the material lead to higher cooling
power. Therefore, further work should also focus on material optimization to achieve perfor-
mance improvements. Thermally conductive fillers may further enhance rapid heat transfer. In
addition, they can shift the onset of strain-induced crystallization (SIC) to lower strain levels,
thereby enabling a more compact design. Ideally, the resulting thermal conductivity of the foil
refrigerant should be anisotropic, with a preferred direction out of plane towards the heat sink
and heat source. This may also facilitate an improved heat transfer coefficient, corresponding
to higher cooling power and larger device temperature spans, as indicated by the simulations
conducted in this work. Another approach to enhance the heat transfer coefficient is to increase
the contact pressure. Enhanced contact pressure can be achieved by positioning the foil refrig-
erant between a split heat source, allowing both halves to exert compression forces on the foil.
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Outlook

Depending on the cooling application, it may be necessary to upscale the elastocaloric cooling
device through parallelization to meet the cooling power requirements of specific applications.

With continued advances in materials and device design, elastomer foil-based elastocaloric cool-
ing has the potential to emerge as a sustainable and cost-effective solid-state alternative to con-

ventional cooling technologies.
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engineering strain rate of 9.3 s! and the loading and unloading
direction is indicated by the black arrows. The solid lines indicate the

connections between the points.........cccoeciieeicciie e 52

SIS™  with
a thickness of 600 um for different styrene contents of 14, 17 and 22 %

« »

Figure 31: (a) Engineering stress-strain curves for the copolymer foil type

«

at an engineering strain rate of 4.7 s*. The “SIS” specimen with 14 %
styrene content shows the highest elastocaloric temperature response
among the “SIS” types, although it remains lower than that of the
tested NR specimens. Due to its early mechanical failure, it is considered
unsuitable for elastocaloric cooling. (b) Engineering stress-strain curves
for the NR latex foil type “L” (dashedline)and “Lp” (solid line) with

a corresponding thickness of 60 and 120 um and the engineering strain

b

rate of 9.3 (purple line) and 14.0 s (light blue line) as indicated. The
corresponding temperature response is listed in Table 6.................... 54

Figure 32: Schematic of the shape deformation behavior. The undeformed elastomer
specimen is visualized by dashed lines while the solid green body
denotes the sample under deformation. A uniaxial load is applied
through the force component F along the x-axis. The initial length 10
and the initial thickness d and w0 describe the sample dimensions in x,
y and z-direction, respectively........cccecvveeiecieiiccie e 55

Figure 33: (a) Thickness change as function of the initial thickness for the maximum
engineering strain of 0, 300 and 700 % and (b) the corresponding
SUrface-to-VOIUME Fatio......ccceeeceeiriie et 56

Figure 34: (a) The time-dependent applied engineering strain and (b) the corresponding
temperature difference relative to room temperature over time, for the
foil type “K” with a thickness of 290 um. The engineering strain rate
1S0.1aNd 9.3 S it 57

Figure 35: Engineering strain rate dependent temperature difference for NR specimens.
For high engineering strain rates €ad no parasitic heat flow to the
surrounding takes place and therefore quasi-adiabatic conditions are
reached. For foils with a thickness of 650 um gad is 4.7 s, while for
foils with a thickness of 290 um £ad of 9.3 s is needed. The connection
between the measurement points serves as a guide for the eye.
Adapted from [19] licensed under CCBY 4.0......ccceeeeciveeeecrreeeeeneenn, 59
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Figure 36: (a) Engineering stress-strain curves of a NR foil type “K” with a thickness
of 650 um under uniaxial tension at various engineering strain rates &,
ranging from 0.1 up to 14.0 s. (b) The corresponding work input and
specific absorbed heat and the resulting COPmat. Adapted from [19]

licensed UNder CCBY 4.0. ...uuuue e 60

Figure 37: Illustration of the specimen geometry in the initial undeformed state (0 %
strain) and after application of 300 % engineering pre-strain. The
corresponding changes in surface area and surface-to-volume ratio are
ViSUaIlY represSented. ......coccveee e e 61

Figure 38 (a) The temperature difference during loading AT h and during unloading ATc

as a function of the maximum engineering pre-strain for a NR type “K
” with a thickness of 650 pm. The engineering strain rate of 4.7 s — 1
and a maximum engineering strain of 700 % is applied. (b) The
corresponding work input Awmat the absorbed heat gab and the
resulting COPmat. The solid lines indicate the connections between

the points. Adapted from [19] licensed under CC BY 4.0...................... 61

Figure 39: Devices developed within this work. (a) Monostable single-stage (b) bistable
single-stage and (c) cascaded device.........ccceeeveeeeeciiee e, 63

Figure 40: Schematics and photographs of the tested foil specimen holders, along with
the corresponding external clamping force Fclamp and the uniaxial
tensile loading force Fload. The configurations range from
conventional rigid holders (a) with rough surfaces, where the specimen
slips under load, to adhesive bonding connection (b) which ultimately
fails at the transition zone under load (see photograph). In the line-
pressure configuration (c), the specimen is clamped between a flat and
a curved block, failing after several load cycles at the line-contact
region. In the sandwich configuration (d), which incorporates an elastic
intermediate layer, the specimen begins to slip under load after several
cycles. While configuration (b) is adhesively bonded and geometrically
locked by a T-shaped suspension, configuration (a), (c), and (d) rely on
frictional engagement generated by the normal force resulting from
Felamp. ... 66

Figure 41: (a) 3D schematic and photograph of the foil holder shown from the side and
rear, highlighting the threaded holes and the corresponding counter
clamping bar (visualized in turquoise) part with through-holes. The
rectangular clamping bar is positioned along the flat rear side of the
convex half-roller, pressing the foil against the holder to ensure fixation.
(b) Photograph (rear view) of a foil fixed at one end, with the required
clamping force generated by short M3 screws. ........cccceeevveeeeciieeeennnen. 67

Figure 42: Schematic of the foil holder, incorporating a half-roller with a flat convex
surface profile. Top view with cross-section of one pair of antagonistic
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Figure 43: (a)

holders, illustrating the applied external clamping force Fclamp and
the uniaxial tensile loading force Fload. The foil specimen (shown in
beige color) is wrapped around the convex structure and clamped at its
ends via frictional engagement. The time-alternating heat release and
absorption of the foil refrigerant, represented by Qout and Qin, occur
during mechanical load cycling. The compact and cost-efficient holder
design enables a three-dimensional shape change of the foil,
characterized by an increase in length (y-axis) and a decrease in width
(z-axis) and thickness (X-aXiS). .....cccvererrreerireeiieesieeesreeeee e e eree e 67

The operation frequency is determined by the time durations of
mechanical loading and unloading thold and the holding time thold
required to enable heat transfer via mechanical contact between the
foil refrigerant and the heat sink or heat source. The frequency is
modulated by varying thold, while tramp is maintained constant at
430 ms. (b) Discrete operation frequencies as a function of thold for
monostable and bistable elastocaloric cooling devices are shown.
Adapted from [19] licensed under CCBY 4.0. ......ccevveeeeeecinvrreeeeeeeeeennns 71

Figure 44: Three-dimensional schematic of the monostable single-stage elastocaloric

cooling device based on NR foils, at its neutral, initial position. The
device comprises a plane-parallel heat sink/source unit. The yellow
arrow along the y-axis indicates the uniaxial tensile loading (strain
range: 300 to 700 %) direction of the foil refrigerant. The black arrows
along the x-axis indicate the movement of the heat sink/source unit to
establish mechanical contact and enable heat transfer. The heat sink
and heat source dimensions are adapted to the strain-dependent heat
transfer area of the foil. .....oocvvivieieci e, 72

Figure 45: Schematic of the monostable single-stage elastocaloric cooling cycle. The

cooling cycle consists of four steps, beginning with the mechanical
loading of the foil specimen which is fixed between two holders, shown
as green octagons and heating (I) followed by the heat rejection to a
heat sink (II) and the unloading and cooling (I1I) and finalized by the
heat absorption from a heat source (IV). Fx and Fy indicated by black
arrows denote the forces responsible for tensile loading/unloading
(300-700 % of engineering strain) of the foil and for ensuring mechanical
contact with the heat sink/source, respectively. Adapted from [19]
licensed uNder CCBY 4.0. ...cciiiiiiiiiiieee ettt 73

Figure 46: Schematic of the lumped element model (LEM) of a single-stage elastomer

foil-based elastocaloric cooling device. The device is subdivided into
elements represented as thermal capacitors, which are connected by
heat resistances allowing bidirectional heat transfer. While convective
heat transfer to the air is defined by hconv, the heat transfer between
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the sink/source and the foil is limited by h. The foil is discretized into
thermally thin segments (Bi < 0.1), which are interconnected by heat
conduction hcond. The four-step cooling cycle is implemented through
time-dependent  switching elements (SI,SII,Ssink, Ssource
and SeC). Legend: s—support; eC—elastocaloric. Adapted from [19]
licensed uNder CCBY 4.0. ..cooiciiiiiiiiieeeeiee e criee e esree e sree e 74

Figure 47: Time-dependent binary switch states used in the lumped element model. The
diagram shows the binary switching states of key components over one
full cycle of the four-step elastocaloric cooling process in the single-
stage device. The variables ST and SII represent the switching functions
controlling the thermal pathways to the surrounding air and between
the elements. SeC indicates the activation state of the elastocaloric
effect. Ssink and Ssource denote the connection states between the
foil and the heat sink or heat source, respectively. Each switching
function takes a value of 1 (active heat transfer/closed) or 0 (inactive
heat flow/open), with transitions occurring in accordance with the
timing of the cooling cycle steps. The synchronization of these states
governs the sequential heat flow and the activation of the elastocaloric
effect, which is triggered by a Dirac impulse. Legend: tI =
tramp, tll = tI + thold, tilIl = tII + tI, tIV = tIII + thold =
EPETIOM ... e 75

Figure 48: (a) Temperature evolution of the heat sink (red line) and heat source (blue
line) of the monostable single-stage elastocaloric cooling device,
relative to ambient conditions of 23.0° C. A frequency of 136 mHz and
a NR foil with a thickness of 650 1 m type “K” is used. The applied
engineering strain ranges from 300 to 700 % and the engineering strain
rate of 9.3 s result in loading and unloading durations of tramp =
430 ms. (b) The device's temperature span ATdevice versus
frequency for NR foils with 650 and 290 um and the corresponding type

“K” (black dots) and “F” (red dots). Error bars reflect the
uncertainty of the temperature sensors used in the measurements.
Adapted from [19] licensed under CCBY 4.0. ......ccoevvervrreeeeeeeercnnnnenen. 77

Figure 49: (a) Cooling power as a function of frequency, evaluated through both LEM
simulations (solid and dashed line) and experimental tests (dots) on the
monostable single-stage elastocaloric cooling device with linear
actuation with a NR foils of 650 and 290 um thickness and the
corresponding type “K” (black dots) and “F” (red dots). Error bars
represent the average variation within the measurement series. (b)
Device coefficient of performance COPdevice versus frequency.
Adapted from [19] licensed under CCBY 4.0. ......ccceecvieeeecirieeeeciieeeens 80
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Figure 50: (a) LEM simulations of the optimal operation frequency required to achieve
the maximum cooling power during cycling of the monostable single-
stage elastocaloric cooling device as a function of NR foil thickness d,
evaluated for various heat transfer coefficients h as indicated and the
(b) corresponding simulations of the specific cooling power. Adapted
from [19] licensed under CCBY 4.0......uuevviiiiiiiuriiereeeceeeeciieeeeeee e e 82

Figure 51: The cyclic stability of the monostable single-stage elastocaloric cooling device

evaluated in a long-term test of 10* cycles. The engineering strain

ranges from 300 to 700 % and the engineering strain rate is 9.3 s*. (a)

Engineering stress-strain curve evolution ranging from the first 50 to 10*
cycles. A NR foil type “K” of 650 1 m thickness and a frequency of
424 mHz (thold = 0.5 s) is employed. After 10 cycles, the mechanical
load is removed, and an additional test is performed (dash-dot line). The
work input during cycle 10001, which is proportional to the area
enclosed by the hysteresis loop, is equal to that of the initial 50 cycles.
(b) The corresponding temperature change of the heat source
(magnitude) ATsource and the device temperature span ATdevice
versus the amount of operation cycles. The dot with the turquoise filling
corresponds to the result after mechanical load removal. The error bars
are determined by the measurement uncertainty of the Pt100 class A
temperature sensors. Adapted from [19] licensed under CC BY 4.0...84

Figure 52: Photograph of the single-stage bistable elastocaloric cooling device (top
view), comprising a heat sink and a heat source with flexible, spring-like
compliant support structures, two foil holders (H1, H2), and a rotating
lever arm. The design is intended to maintain two stable states and to
be operated by a single actuator. The lever arm facilitates both the
loading and unloading of the elastocaloric foil and enables mechanical
contact between the foil and the heat sink/source units for heat
transfer. The V-shaped arrangement of the heat source and heat sink at
unequal lengths follows the shape and position of the foil in its loaded
and unloaded states. The temperature evolution during operation is
monitored using Pt100 sensors (T1-T6). In the image, the device is
shown in its 300 % pre-strained condition, in which the foil (in beige
color) is clamped between the two holders and in contact with the
SOUICE. cetieeeeeuieetttee e e e e ettt e e e e e ea bt e eeeeeese s assbetteeeeeesaannsneeeeeeeeesannreneeens 85

Figure 53: Schematic of the spring-like heat source including the heat transfer element
(copper plate). The design allows bending moments (M@, Mp +
0; M@ = 0) and therefore enables improved mechanical contact with
the elastomer foil for enhanced heat transfer. The 8 — ¢ plane forms
the plane of SYMMELrY. ....coocuvii i 86

133



List of Figures

Figure 54: Schematic of the elastocaloric cooling cycle based on bistable actuation with
a rotating lever arm. The cycle consists of four distinct steps: (I)
mechanical loading, (II) followed by heat rejection to a heat sink, (III)
unloading accompanied by cooling, and (IV) heat absorption from a
heat source. The foil specimen is fixed between two holders, shown as
green octagons, with black arrows indicating the quasi-adiabatic
rotational loading and unloading directions. Adapted from [176]
licensed under CCBY-NC 4.0. ...ccooouiirieriiieenieesieeesieesieeesieeesveeesaeeenns 88

Figure 55: Schematics of the decomposition of the loading force vector of the bistable
single-stage device for different operation steps. (a) Ranging from the
unloaded initial stable position corresponding to step IV (equal to 300
% pre-strain) over (b) a in between position attributed to 500 % of
strain. (c) The second stable end position equal to the maximum
deformation of 700 % strain corresponding to step I1. The total tensile
force needed to uniaxially stretch the elastic specimen is indicated by
the blue vector F . It can be decompositioned into the force vector
provided by the motor to drive the system, which is tangential to the
trajectory of the rotating lever arm FT (green) and the normal force
vector FN with respect to the trajectory (orange) is passively sustained
by the bearing of the lever arm. The angle @ € [51° ;180° ] is
defined as the angle between the heat sink and the lever arm........... 90

Figure 56: Absolute forces as a function of the angle « in the bistable actuation
mechanism for NR foil thicknesses ranging from 290 to 650 um,
represented by dashed and solid lines for material types “K” ,
respectively. The total tensile force |F| (blue), the motor-provided
force |FT| (green), and the normal force relative to the lever arm
trajectory |FN| (orange) are given. The angle @ € [51° ;180° ] is
defined as the angle between the heat sink and the lever arm. Black
arrows indicate the directions of mechanical loading and unloading.

Adapted from [176] licensed under CC BY-NC 4.0. .......cccccvvveeercrveeennnns 91

Figure 57: The temperature evolution of the heat sink and source, relative to ambient
temperature of 23.0 ° C, are shown for the bistable elastocaloric
cooling device. The NR foil type “K” with a thickness of (a) 650 and
(b) 290 u m is operated at frequencies ranging from 90 to 424 mHz,
with an engineering strain rate of 9.3 s used for mechanical tensile
loading and unloading. The applied engineering strain ranges from 300

to 700 %. Adapted from [176] licensed under CC BY-NC 4.0. .............. 93

Figure 58: Temperature change of the heat source (magnitude) ATsource (red dots)
and the device temperature span ATdevice (black dots) versus
frequency for the bistable elastocaloric cooling device for the NR foils
type (a) “K” ,(b) “K” ,(c) “F” ,(d) “F” (d) “Chic” and(e) “L

134



Figure 59: (a)

7, for the corresponding foil thickness d. The engineering strain ranges
from 300 to 700 % and the engineering strain rate is 9.3 s™*. The error
bars are determined by the measurement uncertainty of the
temperature sensor. The temperature change is with respect to a room
temperature of 23.0 ° C. Adapted from [176] licensed under CC BY-NC
O TP PPUPPTPPRRN 94

Cooling power QO versus frequency for the bistable single-stage
elastocaloric cooling device with NR foils type, “K, F, Chic and L” for
different thicknesses d and (b) the corresponding specific cooling qO0.
The engineering strain ranges from 300 to 700 % and the engineering
strain rate is 9.3 s™*. The dotted lines indicate the connections between
the points. The optimum operation frequency range is determined by
the foil thickness and scales inversely with it, remaining independent of
the material's adiabatic temperature change ATad. In contrast, the
absolute cooling power is strongly influenced by the frequency, ATad
and the thickness inhomogeneity due to manufacturing tolerances,
highlighting its critical role in overall performance. Adapted from [176]
licensed under CCBY-NC 4.0. .....ccccieriiieerieeenieesieeesreesreesveeesveesnveees 96

Figure 60: Input power per cycle W as a function of frequency for the bistable

elastocaloric cooling device employing NR foils of type “K” with
thicknesses of 290 and 650 pm. Resulting from an applied engineering
strain ranging from 300 to 700 % and an engineering strain rate of 9.3 s
1. The increasing discrete frequencies correspond to hold times of
thold=5,4,3,2,1,0.5s. Adapted from [176] licensed under CC BY-NC
TS 98

Figure 61: Coefficient of performance COPdevice versus frequency of the bistable

Ky

elastocaloric cooling device using NR foil type “K~ with thicknesses of
290 and 650 u m. Adapted from [176] licensed under CC BY-NC 4.0. 99

Figure 62: (a) Temperature evolution of the refrigerant during device operation for 100,

290 and 650 um foil thickness and a frequency of 424 mHz which refers
to a hold time thold of 0.75 s, due to LEM simulation and (b) the
corresponding results for a frequency of 350 mHz and which refers to
thold =1.0s. The temperature difference ATs and ATso
correspond to the residual temperture increase after step II and step
IV. Adapted from [176] licensed under CC BY-NC 4.0....................... 100

Figure 63: The cyclic stability of the bistable elastocaloric cooling device evaluated in a

preliminary long-term test during 10* cycles. (a) Temperature change of
the heat source (magnitude) ATsource and the device temperature
span and ATdevice versus the amount of operation cycles for a NR foil
type “K” of 650 u m thickness and a frequency of 737 mHz and a
strain rate of 9.3 s’X. The applied engineering strain ranges from 300 to
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700 %. The error bars are determined by the measurement uncertainty
of the Pt100 class A temperature sensors. (b) The corresponding input
power W versus the amount of operation cycles, which decreases by 54
% over 10* cycles, thereby enhancing the device’ s performance.
Adapted from [176] licensed under CC BY-NC 4.0. .........ccccvvveeennnnnn. 102

Figure 64: 3D Schematic of the cascaded elastocaloric cooling device, designed to
achieve an increased device temperature span by thermally coupling
three elastomer foils (1, 2, 3) in series. The device comprises a base unit
with a heat source, two connection units (i1, i2), and a heat sink. A gap
is included to provide space for the specimen holders (H1, H2, H3)
during unloading. During loading, the extension unit absorbs heat via
three elements (el, e2, e3). The base and extension units are
mechanically connected and, together with the holder array and foils,
form a pair of interlocking comb-like structures..........ccccvvvveeeeennnnns 103

Figure 65: Photographs of the cascaded elastocaloric cooling device under (a) 300 %
engineering pre-strain (side view) and (b) maximum deformation,
corresponding to 700 % engineering strain (top view). The pre-strained
condition represents the transition between step III and step IV (foil
positions are in neutral position), while condition (b) corresponds to

Figure 66: Schematic (top view) of the cascaded elastocaloric cooling cycle comprising
three foil refrigerants, which consists of four steps: (I) mechanical
quasi-adiabatic uniaxial tensile loading, heating and (II) subsequent
heat rejection by mechanical contact to the heat sink and the
intermediate elements (i1, i2) and extension units (el, e2, e3) which
also function as heat sink. (I1I) The unloading is associated with cooling,
and (IV) heat absorption from the heat source and the intermediate
elements (i1, i2). The yellow arrow indicates the loading and unloading
force Fy, while Fx is represented by the black arrow. ..................... 105

Figure 67: Temperature evolution of the monostable cascaded elastocaloric cooling
device, relative to ambient conditions of 23.0 ° C, measured at a
frequency of 136 mHz (thold = 3 s) employing a NR foil with a
thickness of 650 u mtype “K” .The applied engineering strain ranges
from 300 to 700 % and the engineering strain rate of 9.3 s results in
loading and unloading durations of tramp = 430 ms. The device is
equipped with (a) one foil, (b) two foils and (c) three foils. For the
operation with two foils, the intermediate unit il is alternately heated
by foil 1 and cooled by foil 2. For the three-foil configuration, in addition
i2 is heated by foil 2 and cooled by foil 3 resulting in the temperature
changes ATil and ATi2. An improved device temperature span
ATdevice, can be achieved by cascading two foils in series, with the
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first foil being precooled via the intermediate element il. A
temperature gradient is built up along the device. For the operation of
three foils, ATi1lis increase from -0.9 to -1.3 K, but ATsource remains
at -2.6 Kas for two foils.........cevvciiiiiiiiiie e 106

Figure 68: Temperature change versus frequency of the cascaded elastocaloric cooling

»

device, employing NR foils type “K” (a-c) for the corresponding foil
thickness d. In panel (d) the results for the NR foil type “L” are
presented. The applied engineering strain ranges from 300 to 700 % and
the engineering strain rate of 9.3 s results in loading and unloading
durations of tramp = 430 ms. The temperature changes are given
for one foil (dotted line), two foils (solid line) and three foils (dashed
line). The optimum operating frequency (minimum ATsource)
increases with decreasing foil thickness and remains unaffected by the
number of foils employed. An improved device temperature span
ATdevice, can be achieved by cascading two foils in series, thereby
increasing the absolute value of ATsource. However, across all
investigated foil thicknesses, the incorporation of a third foil does not
result in any further performance enhancement. ..........cccceeeecveeenns 108

Figure 69: Device temperature span ATdevice as a function of frequency, evaluated
through both LEM simulations (lines) and experimental tests (blue dots)
on the cascaded elastocaloric cooling device. Three NR foils with the
thickness of 290 um are cascaded. The optimum frequency and
ATdevice increase with increasing heat transfer coefficient h....... 110

Figure 70: (b) Temperature evolution of the monostable cascaded elastocaloric cooling
device with and without thermal load, relative to ambient conditions of
23.0 ° C. Measured at a frequency of 136 mHz (thold = 3 s)
employing three NR foils with a thickness of 650 u m type “K” . The
applied engineering strain ranges from 300 to 700 % and the
engineering strain rate of 9.3 s? results in loading and unloading
durations of tramp = 430 ms. After 300 seconds, the back side of
the heat source is heated by a load resistor, with the input power
increasing from 80 to 140 mW. (b) The corresponding source
temperature change is shown for different applied thermal load and for
configurations using 1, 2, and 3 foils. The resulting cooling power under
load Qload (blue dot) is determined by linear regression. For
comparison, the initial cooling power QO (red dot) under unloaded
conditions is also provided...........cceeeciieeieciiee e 112

Figure 71: Specific cooling power as a function of the foil thickness and the operation
frequency. The results correspond to the bistable single-stage
elastocaloric cooling device. The optimum frequencies are highlighted
DY WhiIte dOtS. ...vviiiiiiiee e 119
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Table 1: Overview of reported reversible elastocaloric temperature change after
unloading ATc and a peak-to-peak temperature span ATad (from
loading to unloading) for the corresponding maximum strain emax and
room temperature values TRT of different elastomer specimen
materials. *Value obtained from the loading curve. Non-uniaxial
deformation is indicated by ** and ***, which correspond to twisting
and inflation, respectively. Legend: natural rubber (NR), ground tire
rubber (GTR), thermoplastic polyurethane (TPU), liquid crystal
elastomers (LCE), shape memory polymer (SMP), fluoropolymer
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Table 10: Overview of experimental data obtained from the monostable single-stage
elastocaloric cooling device. The results correspond to NR foils of type

“K” and “F” and the foil thickness d of 650 and 290 um,

respectively. The applied engineering strain ranges from 300 to 700 %
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strain rate of 9.3 s™. The (specific) cooling power Q0 (g0) and the input
power per cycle W depend on the operation frequency f and determine
the coefficient of performance COPdevice. The device temperature
change is evaluated by the temperature change of the source
ATsource, and the device temperature span ATdevice, each
determined under stationary conditions. Adapted from [19] licensed
UNAEIr CCBY 4.0, ottt e eecrree e e e e e e e rra e e e e e e e e nraaaees 81

Table 11: Comparison of material properties (ATc,ATad) and the resulting
performance of the bistable elastocaloric cooling device. The foil
thickness is given by d. The temperature change upon unloading ATc,
and the quasi-adiabatic peak-to-peak temperature change ATad, are
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are maintained during device operation, resulting in the optimum
cooling power QO and specific cooling power qO0 at the corresponding
optimum frequency f. The device temperature change is evaluated by
the temperature change of the source ATsource, and the device
temperature span ATdevice, each determined under stable
(oo g To [ 4o o -3 97

Table 12: Summary of the results for the bistable device regarding the remaining
temperature increase ATs. The measured cooling power QO and
specific cooling power g, for NR foils of type  “K”  with thicknesses d of
290 and 650 um, evaluated at different holding thold. Higher cooling
power can be achieved when operating without heat accumulation
ATs = 0 in the foil-based refrigerant, due to rapid heat transfer.
Adapted from [176] licensed under CC BY-NC 4.0. .........ccccccuvveeenneen. 101

Table 13: Comparison of the heat source temperature difference ATsource and the
device temperature span ATdevice for the monostable single-stage,
bistable single-stage, and cascaded devices using various NR foils. The
foils with a thickness d are operated at their corresponding optimum
TrEQUENCY [\ ittt st ens 109

Table 14: The device temperature span AT device of the cascaded elastocaloric cooling
device as a function of the heat transfer coefficient h and the
engineering strain rate corresponding to the optimum frequency f. The
results are determined by LEM simulations and experiments for one and
three cascaded NR foils type “K” with a thickness of 290 um. The
ATdevice increases with increasing h, £ and by cascading............. 111

Table 15: Overview of elastocaloric material properties of the investigated foils with

[{3V2ed

different initial thicknesses d. For material details of the NR foils ( "K

7

“F” and “Chic” ) and NR latex foils ( “L” ), see Table 5. The test
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condition parameters are the strain range, which is given by the
engineering pre-strain gpre, the maximum engineering strain emax
and the corresponding engineering strain rate &€ The resulting
parameters are the specific work input Aw, the temperature change
upon unloading ATc, the peak-to-peak temperature change AT ad, the
corresponding specific absorbed heat qab and the coefficient of
performance for the material COPmMat...................ccccccvevevevveeennnnen. 117

Table 16: Key results of the monostable single-stage elastocaloric cooling device. The

results are archived with NR foils of type “K” and “F” and the
corresponding foil thickness d of 650 and 290 um. The engineering
strain ranges from 300 to 700 % and mechanical loading and unloading
is performed at an engineering strain rate of 9.3 s. The (specific)
cooling power Q0 (q0) and the input power per cycle W depend on the
operation frequency f and determine the coefficient of performance
COPdevice. The device temperature change is evaluated by the
temperature change of the source ATsource, and the device
temperature span ATdevice, each determined under stationary
conditions. Highlights are marked in bold. Adapted from [19] licensed
(Voo [T o O = ) 3 0 SRR 118

Table 17: Key results of the bistable elastocaloric cooling device. The results are archived

» K=

with (latex) NR foils of type  “K” , “F” , “Chic” and( “L” )andthe
corresponding foil thickness d. The engineering strain ranges from 300
to 700 % and mechanical loading and unloading is performed at an
engineering strain rate of 9.3 s'. The optimum cooling power QO and
specific cooling power q0 correspond to the optimum frequency f. The
device temperature change is evaluated by the temperature change of
the source ATsource, and the device temperature span ATdevice,
each determined under stable conditions. Highlights are marked in
oo ] o 1TSS 120

Table 18: Key results of the cascaded elastocaloric cooling device. The engineering strain

142

ranges from 300 to 700 % and mechanical loading and unloading is
performed at an engineering strain rate of 9.3 s’X. Comparison of the
temperature change of the source ATsource and the device
temperature span ATdevice, for the operation with one, two and
three NR foils. Foils with a thickness d are operated at their
corresponding optimum frequency f. Highlights are marked in bold.
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