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Abstract (English)
Worldwide, heating and cooling account for the largest contribution to energy con-
sumption and greenhouse gas emissions [1]. Decarbonizing heating and cooling is
crucial for achieving net-zero carbon dioxide emissions. However, existing technolo-
gies continue to heavily rely on the combustion of natural gas for heating and the
compression of volatile greenhouse gases for cooling. It is thus crucially important
to explore the next generation of green cooling and heating to replace vapour com-
pression.

Elastocaloric cooling has been recommended as the most promising non-vapor
compression technology by the US Department of Energy and EU Commission, uti-
lizing the temperature change of materials in response to uniaxial strain. In this
PhD thesis, low-stress regenerative elastocaloric cooling employing printable soft
elastomers is explored. Soft elastocaloric elastomers exhibit a much lower applied
stress requirement to induce the elastocaloric effect (eCE) compared to alloys. Imple-
menting additive manufacturing (AM) facilitates the fabrication of fully-printed elas-
tocaloric regenerators with customized heat-transfer microchannels. Moreover, AM
allows the design of 3D-printed regenerators in a compact configuration. Prior to
regenerator printing, five commercial thermoplastic filaments were screened as po-
tential elastocaloric elastomers, suggesting thermoplastic polyurethane (TPU). Nin-
jaFlex TPU demonstrates a notable material coefficient of performance (COPmat) of
3.2 and a maximum adiabatic temperature change (∆Tad) of 12 K at 5.7 MPa.

Importantly, operating in an active elastocaloric cooling cycle, these regenerators
display an asymmetric fluid exchange, due to the large required strains and associ-
ated volume change. A finite-element (FE) model is developed to qualitatively pre-
dict regenerator volume changes, and is shown to demonstrate a good agreement
with experimental measurements. Furthermore, the regenerator volume changes
and geometrical information obtained from FE simulations can be supplied to an
improved 1D numerical model for modeling large-deformation elastocaloric regen-
erators. This combination facilitates numerical investigations for the active regenera-
tor performance and parametric optimization. A theoretical maximum temperature
span of 11.9 K is achieved at a Utilization of 0.7 in square-channel regenerators based
on NinjaFlex TPU.

The experimental proof-of-concept was performed on a volume compensation
flow system using three 3D printed regenerators with different microchannels. Due
to the need for watertight regenerators, the regenerator fabrication is compromised
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to employing the FilaFlex TPU with a lower ∆Tad of 2.5 K. The results show a REG3
regenerator with a low porosity ϵ of 19.4%, achieving a maximum temperature span
of 4.7 K and a cooling power of 2.5 W, while a REG2 regenerator (ϵ = 27.2%) attains a
maximum COP of 1.7. The 3D printed regenerator achieves remarkable regeneration
ratio of 1.84 and specific cooling power of 1850 W/kg, comparable to some polymer-
based and NiTi-based prototypes. Overall, such 3D-printed eCE regenerators could
inspire research in low-stress regenerative elastocaloric cooling using cost-efficient
elastomers, paving the way for wide-ranging applications in cooling and heating
systems.



Abstract (Danish)
Globalt udgør opvarmning og køling den største del af energiforbruget og udled-
ningen af drivhusgasser [1]. Dekarbonisering af opvarmning og køling er afgørende
for at opnå netto-nul udledning af kuldioxid. Eksisterende teknologier er dog stadig
baseret på forbrænding af naturgas til opvarmning og komprimering af flygtige
drivhusgasser til køling. Dette understreger vigtigheden af at udforske næste gener-
ation af grøn køling og opvarmning for at erstatte kompressionsteknologien.

Elastokalorisk køling er blevet anbefalet som den mest lovende køleteknologi
uden kompression af det amerikanske energiministerium og EU-kommissionen. Den
udnytter temperaturændringen af materialer som respons på ensrettet belastning.
I denne PhD-afhandling udforskes lavspændings regenerativ elastokalorisk køling
ved hjælp af printbare bløde elastomerer. Bløde elastokaloriske elastomerer kræver
betydeligt mindre påført mekanisk spænding for at inducere den elastokaloriske ef-
fekt (eCE) sammenlignet med legeringer. Anvendelse af additiv fremstilling (AM)
muliggør fremstilling af fuldt printede elastokaloriske regeneratorer med tilpassede
varmeoverføringsmikrokanaler. Desuden tillader AM design af 3D-printede regen-
eratorer i en kompakt konfiguration. Før regeneratorprintning screenes potentielle
elastokaloriske elastomerer i fem kommercielle termoplastiske filamenter, hvilket an-
tyder termoplastisk polyurethan (TPU). NinjaFlex TPU viser en bemærkelsesværdig
materialeydelseskoefficient (COPmat) på 3,2 og en maksimal adiabatisk temperaturæn-
dring (∆Tad) på 12 K ved 5,7 MPa.

Vigtigst af alt viser regeneratorerne, når de opererer i en aktiv elastokalorisk køle-
cyklus, en asymmetrisk fluidudveksling på grund af de store påkrævede tøjninger
og den tilknyttede volumenændring. En finite element (FE) model er udviklet til at
forudsige regeneratorvolumenændringer kvalitativt og viser god overensstemmelse
med eksperimentelle målinger. Desuden kan regeneratorvolumenændringer og ge-
ometrisk information fra FE-simulationer integreres i en forbedret 1D-numerisk model
til at simulere elastokaloriske regeneratorer under store tøjninger. Denne kombi-
nation muliggør numeriske undersøgelser af den aktive regeneratorpræstation og
parametrisk optimering. En teoretisk maksimal temperaturspænding på 11,9 K op-
nås ved en udnyttelse på 0,7 i regeneratorer med firkantede kanaler baseret på Nin-
jaFlex TPU.

De eksperimentelle proof-of-concepts udføres på et volumenkompensationsflowsys-
tem ved hjælp af tre 3D-printede regeneratorer med forskellige mikrokanaler. På
grund af behovet for vandtætte regeneratorer anvendes FilaFlex TPU med en lavere
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∆Tad på 2,5 K. Resultaterne viser, at en REG3-regenerator med en lav porøsitet ϵ på
19,4%, opnår en maksimal temperaturspænding på 4,7 K og en kølingseffekt på 2,5
W, mens en REG2-regenerator (ϵ = 27,2%) opnår en maksimal COP på 1,7. Den 3D-
printede regenerator opnår en bemærkelsesværdig regenerationsforhold på 1,84 og
specifik kølingseffekt på 1850 W/kg, sammenlignelig med polymerbaserede og NiTi-
baserede prototyper. Overordnet set kunne sådanne 3D-printede eCE-regeneratorer
inspirere forskning inden for lavspændingsregenerativ elastocaloric køling ved hjælp
af omkostningseffektive elastomerer og åbne muligheder for omfattende anvendelser
inden for køle- og varmesystemer.
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Nomenclature
Abbreviations

Abbreviations Description
1D One dimensional
3D Three dimensional
AER Active elastocaloric regenerator
AM Additive manufacturing
AMR Active magnetocaloric regenerator
APDL ANSYS Parametric Design Language
AT Air tank
BCE Barocaloric effect
CD Center differential
CHEX Cot heat exchanger
CR Cold reservoir
CV Check valve
DSC Differential scanning calorimetry
eCE Elastocaloric effect
ECM Elastocaloric material
FE Finite-element
FEA Finite element analysis
FFF Fused filament fabrication
GWP Global warming potential
HEX Heat exchanger
HFC Hydrofluorocarbon
HHEX Hot heat exchanger
HR Hot reservoir
IR Infrared radiation
NR Natural rubber
MCE Magnetocaloric effect
MCM Magnetocaloric material
PDE Partial differential equation
PP Parallel plate
PR Poisson’s ratio/Pressure regulator
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Abbreviations Description
REG Regenerator
RMSD Root-mean-square deviation
SEM Scanning electron microscope
SIC Strain-induced crystallization
SMAs Shape memory alloys
SCP Specific cooling power
SV Solenoid valve
TPU Thermoplastic polyurethane
TPPE Thermoplastic polyester
TPEs Thermoplastic elastomers

Variables

Variables Description Unit
A Area [m2]
Ac Cross-section area [m2]
B Left Cauchy-Green deformation tensor [-]
C Right Cauchy-Green deformation tensor [-]
COP Coefficient of performance [-]
cp Specific heat capacity [Jkg−1K−1]
Dh Hydraulic diameter [m]
e Strain tensors [-]
f Frequency [Hz]
fF Friction factor [-]
F Helmholtz free energy [J]
F Deformation gradient [-]
h Convection heat transfer coefficient [Wm−2K−1]
H Crystallization enthalpy [J/g]
i Spatial node number [-]
J Jacobian [-]
i Temporal node number [-]
k Thermal conductivity [Wm−1K−1]
L Length [m]
m Mass [kg]
ṁ Mass flow rate [kgs−1]
Nt The number of time nodes [-]
Nu Nusselt number [-]
Nx The number of spatial nodes [-]
P Pressure [MPa]
Q Cooling/heating work [J]
Q̇ Cooling/heating power [W]
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Variables Description Unit
r Radius [m]
Re Reynolds number [-]
s Specific entropy [Jkg−1K−1]
S Entropy [JK−1]
S Second-order tensor [-]
SR Solidity ratio [-]
SP Piston stroke [mm]
t Time [s]
T Temperature [K]
∆T Temperature change [K]
U Utilization [-]
V Volume [m3]
vp Piston velocity [m/s]
vs Superficial velocity (open velocity) [m/s]
W Work [J]
W Strain energy function [J]
x Axial position/uniaxial tensile coordinate [m]
X x coordinate after stretching [m]

Greek symbols

Greek Description Unit
ε Strain [-]
εijk Levi-Civita symbol [-]
σ Stress [MPa]
ρ Density [kgm−3]
λ Elongation/stretches [-]
∆ Difference
τ Period time [s]
ϕ Porosity [-]
ν Possion’s ratio [-]
φ Deformation factor [-]
µ Dynamic viscosity [sPa]
δ Thickness [mm]
δij Kronecker’s delta [-]
χ Crystalline fraction [-]
ζ Regeneration ratio [-]



xiv Nomenclature

Sub-/Super- scripts

Sub-/superscripts Definition
ad Adiabatic
amb Ambient
c Cooling/Cold-to-hot blow
cyc Cyclic
disp Dispersion
eff Effective
f Fluid
h Heating/Hold-to-cold blow
in Inlet/Inflow
iso Isothermal
loa Loading
m Mass
mat Material
max Maximum
min Minimum
r Regenerator
s Solid/Sample
stat Static
out Outlet/Outflow
unl Unloading
* Undergoing deformation
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CHAPTER1
Introduction

“道虽迩，不行不至；事虽小，不为不成。”
( ”Even the shortest journey can’t be finished without taking the first step; Even
the most trivial task can’t be completed without taking actions.” )

— Xunzi (荀子) (Chinese philosopher, 310−238 BCE)

”Human meditation has no limits. At his own risk and peril, it analyzes and
digs deep into its own bedazzlement.”

— Victor Hugo (French novelist, 1802−1885)

Current cooling and heating in homes and businesses account for 30% of global
final energy consumption and CO2 emissions, and among them heating is respon-
sible for around half [1, 2]. Due to the warming climate, population growth, and
increasing urbanization trends, the global demand for cooling is growing rapidly
and could more than triple by 2050 [3–5]. At present, vapour compression-based
systems are largely dominant in heating and cooling markets. These are based on
a cycle employing gaseous refrigerants alternately compressed and expanded to
achieve cooling or heating. Vapor compression systems have significant environ-
mental impact associated with leakage of their working refrigerant, such as typical
hydro-chloro-fluoro-carbons (HCFCs) and hydrofluorocarbons (HFCs), as well as
system losses that reduce efficiency [6]. These emission gases contribute to thou-
sands times higher global-warming potential (GWP) than that of CO2, and must be
phased out by the year 2047 under carbon-neutrality and environmental concerns
[7, 8]. To achieve deep decarbonization and mitigate climate change, calls are to the
next-generation technologies for green cooling and heating to replace vapour com-
pression. It is expected to employ non-toxic, non-flammable, greenhouse-gas-free,
lower-carbon refrigerants. In addition, it is also essential to develop affordable, scal-
able and higher energy efficiency refrigeration systems for widespread commercial-
ization. Prominent alternative cooling technologies based on a variety of caloric ma-
terials, i.e., solid-state caloric cooling technologies, which exploit the field-induced
temperature changes of solids, are attractive to provide an eco-friendly and efficient
cooling solution. Over the past decades, substantial efforts have been devoted to the
development of various caloric materials and prototype devices, shaping the path-
way towards upcoming commercializing caloric cooling. In this chapter, we provide
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an overview for state-of-the-art caloric materials and caloric cooling technologies,
meanwhile introducing the motivations and significance of this work on developing
3D-printed elastocaloric regenerators.

1.1 Solid-sate caloric cooling
Solid-state cooling (and heating) technologies are based on caloric materials, which
employ so-called caloric effects (magnetocaloric [9–13], electrocaloric [14–16], elas-
tocaloric [17–22], barocaloric [23–26]). It has been emerging as an exciting front-
runner with the potential as environmentally-friendly, sustainable, and high-efficient
alternatives to vapor compression refrigeration. This technology essentially employs
solid materials to achieve heating or refrigeration without the need of harmful refrig-
erants and mechanical components (like compressor, condenser, evaporator, etc.).
Hence, it doesn’t involve the circulation of refrigerants and friction losses associated
with the above-mentioned mechanical components, resulting in reduced energy con-
sumption. Moreover, it also has intrinsically high energy conversion efficiency. Al-
though solid-state cooling technology possesses many advantages, it still confronts
challenges on the way to widespread commercialization, such as high costs, limited
cooling capacity, insufficient material stability and compact system construction. It is
crucial for ongoing research to develop excellent and cost-efficient caloric materials
and high-performance cooling systems to overcome these issues for future commer-
cial applications.

Basically, the research and development of excellent caloric materials are fun-
damental and crucial to the breakthrough of solid-state cooling technologies. The
caloric materials are operated alternately with the application and removal of dif-
ferent external fields. In general, the caloric effects of materials are typically cate-
gorized into distinct types based on the applied fields, such as a magnetic field for
the magnetocaloric effect (MCE), electric field for the electrocaloric (ECE), uniaxial
strain for the elastocaloric effect (eCE), and hydrostatic pressure for the barocaloric
effect (BCE). Following is a brief overview of a variety of typical caloric materials
and the origin of their caloric effects.

1.1.1 Mechanisms of caloric materials
Herein, some typical caloric materials are introduced and summarized in Figure 1.1,
which is reproduced from [27]. For all of them, the caloric effect is manifested by a
temperature change in materials due to the entropy change from field-induced phase
transitions. Figure 1.1 a and b show the phase-transition process from paramagnetic
to ferromagnetic state for Gd5Ge2Si2 when a magnetic field is applied. During this
process, the magnetic moment of atoms evolves from magnetic disorder to magnetic
order accompanying with the magnetic entropy decrease and the lattice entropy in-
crease [9]. In the case of electrocaloric materials, the ECE originates from the align-
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Figure 1.1. Mechanisms of typical caloric materials for solid-state caloric cooling. Repro-
duced from [27].

ment of electric dipoles induced by the application of electric fields, as observed in
a typical electrocaloric material PbSc0.5Ta0.5O3 in Figure 1.1 c, d [28]. In the case of
elastocaloric materials, the application of uniform stress compression/tension to a
typical Ni-Ti alloy leads to the austenite-martensite transformation, as visually rep-
resented in Figure 1.1 e, f [29]. Regarding barocaloric materials, as shown in Figure
1.1 g, h, the hydrostatic pressure can lead to the crystal lattice distortion from cubic to
orthorhomebic structure for the BCE material [30, 31]. Interestingly, the phase transi-
tion temperatures are varied with the composition of materials, and some materials
are capable of tunable transition temperatures by elemental doping or composition
[32–35]. In accordance with their transition temperatures, caloric materials can be
implemented in wide-ranging cooling fields, including room temperature for house-
hold refrigeration, and low temperature for cryogenics like liquefaction of natural
gas and hydrogen [36–39].

Among the implementations for these caloric materials, magnetocaloric cooling
has been most explored both in material and device aspects, and a kilowatt-level
prototype has been demonstrated with a temperature span about 11 K and a system
COP of 6.7 [40, 41]. However, the MC demonstrators are easily subjected to geopo-
litical risks, due to highly relying on permanent magnets (offering magnetic fields,
> 1 T) and magnetic materials, which require the rare earth metals as raw materials
[42, 43]. It remains less competitive for commercialization by multi-considerations
in expenditure and supply security. The research on the electrocaloric effect and
ECE prototypes has been rapidly increasing during the past years, and several ECE
demonstrators have been recently constructed based on regeneration and solid-state
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cascades [44, 45], which shows enhanced temperature spans as high as 10 K. It man-
ifests great potential for small-scale applications[46], such as the electronics cooling
with requirements of localized temperature control.

1.1.2 Typical mechanocaloric effects

The mechanocaloric effect is characterized by the significant intrinsic temperature
changes compared to the MCE and ECE (commonly attaining a few Kelvin temper-
ature change), which is primarily operated in two mechanical-force configurations,
i.e., elastocaloric and barocaloric. For instance, the barocaloric effect triggered by
hydrostatic pressure has been observed with a giant entropy change and adiabatic
temperature change as high as 389 J/kgK and 50 K, respectively, in some superionic
conductors[47], plastic crystals[24] and spin-crossover compounds[25, 48]. Yet, the
barocaloric prototypes are at a nascent stage of development, with less verified re-
sults of experimental proof-of-concepts but some ideas of design [49, 50]. The appli-
cation is probably limited by the challenges such as performing under low applied
pressures as well as designing efficient heat-transfer configurations.

In addition to the barocaloric effect, there is also an existing family of ’devia-
tocaloric’ effects proposed in the literature [27] for the taxonomy of mechanocaloric
effects, as shown in Figure 1.2. Typically, it was categorized by the stress state of a

Figure 1.2. Categorization of state-of-the-art mechanocaloric effects based on various ap-
plied stress. Reproduced from [27].
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point in the solid body: uniaxial stress tensor for elastocaloric; torsional stress ten-
sor for twistocaloric; bending stress tensor for flexocaloric; shear stress tensor for
shearocaloric; plane stress tensor for hollocaloric. Some of them have been demon-
strated with the experimental proof-of-concepts, such as elastocaloric, twistocaloric,
flexocaloric, but the rest remains in concepts. Recently, the twistocaloric has been sys-
tematically studied in the materials ranging from natural rubber fibers to NiTi shape
memory wires, showing the potential for solid-state cooling [51]. The demonstrator
based on thin strips of NiTi in operation with the concept of flexocaloric has been de-
signed using reciprocating bending, capable of low force and compact refrigeration
[52, 53]. Among them, the elastocaloric is the most common mechanocaloric cooling
mode, which was first observed in elastic rubbers and was related to the elastocaloric
effect by Joule in 1859 [54, 55]. To date, it has been intensively investigated in a va-
riety of elastocaloric materials, such as superelastic shape-memory alloys (SMAs)
[17, 20] and rubber-like elastomers [56, 57]. The adiabatic temperature changes in
some elastocaloric alloys, such as Ni–Mn–Ti–B and TiNi, are measured to be 31.5 K
at 900 MPa, and 38.5 K at 900 MPa [20, 58], respectively, by some direct methods
including thermography and thermocouples. Elastocaloric cooling specifically was
selected as the most promising non-vapor compression refrigeration technology by
the US Department of Energy in 2014 [59] as well as by the EU Commission [60]. The
investigation of high-performance elastocaloric materials and regenerators is crucial
to the progress and widespread adoption of elastocaloric cooling technologies.

1.1.3 Elastocaloric materials and low-stress eCE cooling

Elastocaloric materials are attracting increasing attention and have been recommended
as the most promising alternative to non-vapor compression technology. These ma-
terials exhibit an increase in temperature when a uniaxial strain is applied and a
decrease in temperature when the strain is released adiabatically. Devices based on
these materials are usually operated by applying a linear strain either in tension
or compression to the material, and also some other novel driving methods such as
bending and torsion as above-mentioned. In recent years, shape memory alloys with
a austenitic–martensitic phase transformation at room temperature have been inten-
sively explored, among these NiTi-based SMAs [61–63], Cu-based SMAs [64, 65],
and NiMn-based Heusler-type magnetic SMAs [13, 20, 66]. Particularly, the NiTi-
based SMAs are most commonly employed for solid-state cooling/heat-pumping
system demonstration both in numerical simulation and experimental aspects [67–
69]. However, driving the eCE of SMAs requires large tensile stresses as high as
several hundreds of MPa to thousand. The applied stress to trigger eCE of up-to-
date typical SMAs in different shapes, such as films, microwires, ribbons, bulks and
foams, is plotted in Figure 1.3 to provide an overview to understand the magnitude
of required stresses. It is found that the commonly used Ni-Ti alloys when devel-
oped as a cooling device require large stresses as high as 1000 MPa under compres-
sion [70]. Nonetheless, the foam SMAs seemingly achieves a quite lower applied
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stress around 60 MPa, but the high manufacturing cost and limited fatigue life im-
pedes their applications. Overcoming the challenge of high applied stress remains
an ongoing engineering endeavor in elastocaloric refrigeration, hindering the minia-
turization of cooling systems and their potential applications.

Polymer elastomers such as natural rubber (NR) were initially reported to have
elastocaloric properties by Joule in 1859, namely the Gough-Joule effect [55]. In com-
parison to most SMAs, the stress to trigger the eCE in the elastomers is one or two
orders of magnitude less than that of SMAs. Additionally, the advantages of elas-
tomer materials include their softness, low cost, sustainability, and lack of toxic mate-
rials. This has driven increasing research into exploiting various elastomers in recent
years, which opens new avenues for eCE refrigeration [87–90]. The eCE in rubbers
and thermoplastic polyurethane (TPU) elastomers has been increasingly studied and
the softening effect (namely, the Mullins effect) on its caloric cooling application was
elucidated as well [88, 91–94]. TPU elastomers have been observed with consider-
able eCE with a 8 K temperature change at 400% at room temperature, due to strain-
induced crystallization (SIC) associated with a partial crystallization of the elastomer
caused by deformation [95, 96]. The inherent SIC in elastomers enhances their me-
chanical functionality and improves the eCE cooling performance [91, 92, 97]. More
recently, a novel elastocaloric cooler based on SIC using an inflating-deflating rub-
ber membrane was developed with an attractive specific cooling power of 20.9 W/g,
showing that elastomers can absorb a high cooling load per mass [91]. High cooling
power has been demonstrated in vulcanized NR fibers and polyethylene wires by
means of twisting, untwisting, and stretching simultaneously [51]. Thermoplastic

Figure 1.3. The applied stress for some typical SMA-based elastocaloric materials in dimen-
sions of films [61, 71–74], microwires[29, 65, 75, 76], ribbons[77–79], bulks[62–64, 70, 80–83],
and foams[84–86].
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elastomers with uniform molecular chain lengths were synthesized, and the elas-
tocaloric effect was shown to be improved [57]. These achievements in the search
for eCE elastomers and in developing practical cooling prototypes based on them
demonstrate the promise of regenerative elastocaloric cooling/heat-pumping sys-
tems based on elastomers.

1.2 Elastocaloric cooling prototypes
In analogy to the typical cycles utilized in the magnetocaloric cooling, such as Bray-
ton cycle, Ericsson cycle, Carnot cycle, and the cycle based on cascaded configura-
tion[98], the elastocaloric cooling can usually be simplified to a Brayton-based cycle,
as described in the Figure 1.4a for active regeneration with oscillated heat-transfer
fluids. The Figure 1.4b is related to the elastocaloric SMAs in which the tempera-
ture variation in the thermodynamic cycle is resulting from the reversible austenite-
martensite transformation when the stress was applied and removed. The tempera-
ture changes in eCE polymers are associated with the SIC and entropic elasticity in
the molecular chain, indicating by the variation in the molecular chain state between
disordering and SIC in Figure 1.4c. In state-of-the-art constructions for elastocaloric
prototypes, exploiting this thermodynamic cycle, they are classified primarily into
two types by heat exchange modes: direct mechanical contact with heat sink/source
(Figure 1.5a); active regeneration with the heat transfer medium (Figure 1.5b). When
using SMAs in Figure 1.5a, upon stress loading, the temperature increases, with the
warmed material directly touching the heat sink; upon unloading, the temperature
decreases, switching the connection to the heat source. In this scheme, heat transfer
happens mainly on either the front or back sides, which requires a large heat trans-
fer area and a smaller thickness of the material. Therefore, the state-of-the-art proto-
types are implementing the SMAs films with a thickness around 20 µm [99]. In fact,
the heat contact scheme is not common in the other caloric cooling demonstrators be-
cause of their comparably low adiabatic temperature changes for the MCE and ECE.
As the aforementioned reviewing for mechanocaloric effect, which has a large tem-
perature change for the BCE and eCE materials, capable of exceeding 20 K in some
SMAs, plentiful demonstrators based on the mechanical heat contact scheme have
come into being over past years beneficial from their higher temperature changes.

1.2.1 Heat transfer based on mechanical contact
Some SMAs-based typical demonstrators are listed in the Table 1.1, which transfer
their heat implementing mechanical contact. Their performance parameters are also
summarized in the table for comparison.
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Figure 1.4. The caloric Brayton cycle for a common active caloric regenerative cycle in a,
associated with typical eCE SMAs b and polymers c. Images were reproduced from [18, 100,
101].

Figure 1.5. Two typical heat-transfer methods for elastocaloric cooling: a. mechanical con-
tact; b. active regeneration employing heat-transfer fluid periods. The image was repro-
duced from [102].
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Table 1.1. Several typical elastocaloric coolers based on mechanical contact for heat-transfer.
The applied stress (σ), temperature span, COP, cooling power (Q̇), and specific cooling power
(SCP) of the system are given, in which NA means not observed in the literature.

Heat-contact prototypes Performance Description

• σ = 750 MPa

• Tspan = 5.1 K

• COP = 2.1

• Q̇ = NA

• SCP = 0.23 W/g

• Material: Ni-Ti-Cu-V al-
loy

• Single-stage prototype

• Reported from Saarland
2016 [77]

• σ = ∼410 MPa

• Tspan = 2 K

• COP = 3.1

• Q̇ = 23.1 mW

• SCP = NA

• Material: TiNi and
TiNiCuCo films

• Bridge-based eCE cooler
(single-stage)

• Reported from KIT 2016
[99]

• σ = ∼390 MPa

• Tspan = 7.6–15 K

• COP = 1.9–5.7

• Q̇ = 0.025–0.14 W

• SCP = 17 W/g

• Material: Ti-Ni-Cu-Co
films

• Cascaded SMA-film
cooler (multi-stage)

• Reported from KIT 2019
[103]

• σ = 980 MPa

• Tspan = 9.2 K

• COP = 1.38

• Q̇ = 3.1 W

• SCP = 0.34 W/g

• Material: NiTi wires

• A compact elastocaloric
refrigerator (paralleled)

• Reported from XJTU,
NIMTE 2022 [104]
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Table 1.2. Several typical elastocaloric demonstrators based on active regeneration. The ap-
plied stress (σ), temperature span, COP, cooling/heating power (Q̇), and specific cooling
power (SCP) of the system are given, in which the NA means not observed in the literature.

Regenerative prototypes Performance Description

• σ = ∼400 MPa

• Tspan = 15.3 K

• COP = 3.5–7.0

• Q̇ = 4.53 W (heat-
ing)

• SCP = 0.8 W/g

• Material: NiTi sheets

• Regenerative eCE heat
pump (single stage,
stretching)

• Reported from DTU 2016
[67]

• σ = ∼500 MPa

• Tspan = 28.3 K

• COP = 0.4–6.0

• Q̇ = 0.23 W

• SCP = 0.042 W/g

• Material: NiTi wires

• Multistage elastocaloric
cooler/heater (multi-
stage, stretching)

• Reported from Cornell
2019 [105]

• σ = 775–825 MPa

• Tspan = 31.3 K

• COP = 1.9–5.7

• Q̇ = 60 W

• SCP = 4.4 W/g

• Material: NiTi tubes

• Fatigue-resistant cool-
er/heater (paralleled,
compression)

• Reported from Ljubljana
2022 [21]

• σ = 900 MPa

• Tspan = 50.6 K

• COP = 7.1

• Q̇ = 203 W

• SCP = 1.75 W/g

• Material: Spiral NiTi
tubes

• Tubular NiTi elas-
tocaloric refrigerator
(multi-stage, compres-
sion)

• Reported from HKUST
2023 [106]

• σ = ∼1000 MPa

• Tspan = 22.5 K

• COP = 1.03–6.85

• Q̇ = 260 W

• SCP = NA

• Material: NiTi tubes

• Multimode elastocaloric
cooler (multi-stage,
multi-mode, compres-
sion)

• Reported from XJTU,
Maryland 2023 [22]
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1.2.2 Active regeneration
From the listed heat-contact prototypes in Table 1.1, it can be observed that it re-
mains challenging to obtain a high cooling power. In general, the enhanced cooling
power requires the adequate thermal mass for the caloric material. For instance, a
kilowatt-level prototype for magnetocaloric cooling utilized a total LaFeSiH mass of
1.52 kg [40]. Hence, the heat-contact prototype was limited in the micro-scale cooling
and remains challenging to macro-scale. Although a large-size prototype, employed
the bundle of NiTi wires from the XJTU in Table 1.1, was constructed [104], the max-
imum cooling only have 3.1 W, and cannot meet the requirement of the household
refrigeration. Fortunately, the active regeneration scheme as Figure 1.5b, involving
alternate heat-transfer fluid periods provided by a displacer or pump, allows the
prototype design ranging from small to large scale with the enhanced cooling/heat-
ing power. Moreover, it can highly extend system temperature span, especially for
the caloric materials with the insufficient temperature change, and has been most
utilized for the MCE demonstrations. Recently, active regeneration is increasing im-
plemented to the elastocaloric cooling and heating.

Some typical SMAs-based regenerative prototypes are listed in Table 1.2, which
contain various constructions differing from loading modes (stretching, compres-
sion), connection methods (single-/multi-stage, paralleled). Their performance pa-
rameters are also summarized in the table for comparison. Notably, over multiple
generation updates and optimization in heat transfer, loading methods, fluidic con-
figurations, and operation modes, active elastocaloric cooling has a significant im-
provement both in temperature span and cooling power. However, the applied
stress in these systems remains remarkably high, often reaching the range of hun-
dreds to thousands of MPa, emphasizing the necessity for mechanically robust sys-
tems.

1.2.3 State-of-the-art soft elastocaloric coolers/heat pumps
based on elastomers

Recently, soft elastomers, such as natural rubbers, thermoplastic polyurethane, and
synthetic polymers, provide a solution for lower-stress elastocaloric cooling at room
temperature. It fulfills a comparably high performance in some recent demonstra-
tors based on soft eC elastomers, only driven by several MPa. There are some state-
of-the-art soft elastocaloric coolers based on elastomers summarized in Table 1.3. A
balloon-like cooler is demonstrated to operate under high-frequency inflation and
deflation, in which the natural rubber membrane is subjected to a biaxial tension.
It has achieved a remarkably high specific cooling power (SCP) of 20.9 Wg−1 and a
temperature range of 7.9 K [91].
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Table 1.3. State-of-the-art soft elastocaloric coolers and heat pumps based on elastomers. The
applied stress (σ), temperature span, COP, cooling/heating power (Q̇), and specific cooling
power (SCP) of the system are given, in which NA means not observed in the literature.

Elastomer-based prototypes Performance Description

• σ = ∼4.9 MPa

• Tspan = 7.9 K

• COP = 4.7

• Q̇ = 4.53 W

• SCP = 20.9 W/g

• Rubber membrane

• Inflation-deflation

• Heat-contact

• Balloon-like eCE cooler

• Reported from Linz 2021
[91]

• σ = 9–24 MPa

• Tspan = 1.1-5.2 K

• COP = 9.3

• Q̇ = ∼10 W

• SCP = 1.9 W/g

• SEBS thermoplastic elas-
tomers

• Rotary motion

• Partial active regeneration

• Reported from WHUT,
THU 2022 [57]

• σ = 1.5–2.0 MPa

• Tspan = 8 K

• COP = 6.0

• Q̇ = 1.5-3.1 W

• SCP = 0.23 W/g

• Natural rubber tubes

• Uniaxial tension

• Active regeneration (paral-
leled rubber tubes)

• Reported from Lyon 2023
[107]
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Interestingly, a roller-based prototype by wrapping elastomeric strips has been
developed to realize high strains [57], and a maximum of SCP of 1.9 Wg−1 and
temperature span of 5.2 K are obtained. Among them, the maximum ∆Tad of eCE
materials reaches to 15-23 K at 600% strain, yet temperature span of those coolers is
relatively low, implying additional space to exert their eC heat towards an improved
temperature span.

By comparing the listed SMAs-based eCE coolers, we found that the active re-
generation has been successfully implemented to extend the temperature span. Al-
though the roller-based prototype includes some fluids for heat transfer, actually,
when the reel stretches the elastomer strip, only part of the elastomer on the bottom
is in contact with heat-transfer fluids. And much of elastocaloric effect is absorbed
by the roller being as a heat sink. It could be supposed to be a partially regenera-
tive prototype. More recently, a polymer-based elastocaloric cooler using a bundle
of rubber tubes is presented in [107], which shows an improved temperature span
>8 K. But the assemble of numerous parallel rubber tubes raises complexity of de-
vices, owing to requiring identical length in case nonuniform stretches and compact
structure to prevent heat losses.

1.3 Elastocaloric regenerator geometries

Active caloric regenerator acted as a combination of refrigerant and heat exchangers
could be a solution for more compact and efficient elastocaloric cooling based on
the regenerative scheme. It has been widely implemented in numerous active mag-
netic regenerators (AMRs), in which magnetocaloric materials were fabricated into
various porous structures, typical in spherical or irregular packed beds [108, 109], as
well as in parallel-plate, cylindrical, rectangular, honeycomb, triangular, and lamel-
lar micro-channel metrics [110–115]. To maximum exert the caloric materials per-
formance, the regenerator is expected to have a large surface area, thermal mass,
and high thermal conductance, meanwhile being less axial conductance to prevent
heat exchange between the heat sink and source and lower pressure drops to reduce
viscous dissipation [116]. The packed beds mechanically constrained by caloric ma-
terial particles have high surface area and thermal mass to boost the heat transfer
and system cooling power, which has been widely adopted in most large-power
AMR demonstrations. But it is difficult to be performed in active elastocaloric regen-
erators (AER), due to the requirement for uniaxial compression/stretching, which
usually applies to an integral structure with continuous axial fluid channels. The
structure is also required to have excellent mechanical integrity for long-term oper-
ation. The packed beds subjected to cyclic mechanical loading-unloading are prone
to cracking and functional failure, as well as increased flow resistance which reduces
system efficiency.

Hence, the AER commonly existing in an installation with a bundle of elastocaloric
plates, tubes or wires has been constructed and achieved satisfactory performance in
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Figure 1.6. Active NiTi regenerators with different fluid microchannels. Images was repro-
duced from [106].

the aforementioned prototypes. Noteworthily, the high compact demonstration em-
ploying cascade-unit AERs has achieved a remarkable elastocaloric cooling perfor-
mance over 1 million compressive cycles (see Table 1.2), in which the NiTi-based mi-
crochannel AERs in various geometries were introduced, as illustrated in Figure 1.6.
It allows more efficient heat exchanging due to a high surface area with the optimiza-
tion of microchannel geometries, especially for the spiral-type channel achieving a
good combination of large thermal mass, large surface area, and buckling resistance.

In the fabrication for microchannel regenerators, additive manufacturing (AM)
can be an attractive option compared to the traditional machining methods, such
as hot/cold pressing, electrical discharge machining, embossing-tape stacking, and
extrusion [106, 112, 114, 117, 118]. It is especially adept at fabricating complex 3D
structures, capable of increasing freedom of the structural design, and has been in-
creasing to implement to the elastocaloric regenerator fabrication. It shows great
potential to construct the full-printed soft active elastocaloric regenerator in high
compact configurations integrated the regenerator microchannels and fluid mani-
folds inside, with distinct low-driven stress and optimized heat-transfer properties.
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1.4 Additive manufacturing for caloric regenerators

The implementation of additive manufacturing in engineering applications can add
freedom to produce complex geometries, which has been used to produce novel
regenerator structures to achieve efficient heat transfer and enhanced functional sta-
bility for solid-state cooling [119–122]. For instance, Hou et al. made a remarkable
advancement in enhancing material fatigue resistance (over one million cycles) for
the typical eCM NiTi using laser melting deposition methods as shown in Figure
1.7a. Nevertheless, commonly employed AM techniques such as laser melting de-
position and selective beam sintering encounter challenges in producing smooth,
intricate regenerator structures and in controlling microstructural changes during
printing. Furthermore, there are limitations in the alloy composition and the intri-
cate preparation of raw metallic powders [123, 124].

Using AM for flexible elastomers like fused filament fabrication (FFF) is more
cost-effective, versatile, and precise than 3D printing metals, and also more afford-
able, with a wider range of accessible 3D printers [127–129]. Thermoplastic Elas-
tomers (TPEs) such as TPU which has been observed to have a comparable elas-
tocaloric effect with a 8 K adiabatic temperature change under a 500% strain [93],
have been utilized to fabricate flexible 3D components by means of AM technologies
[130, 131], often implementing FFF. Manufacturing using FFF consists of depositing
successive layers on a build plate by extruding a thermoplastic filament to obtain 3D
structures. A fabrication process of FFF is illustrated in Figure 1.7b. Material feeding
is controlled by the gear rollers going through a heated nozzle and fabricated into

Figure 1.7. Additive manufacturing for caloric materials: a, Laser melting deposition for
NiTi alloys. b, Fused filament fabrication for thermoplastic polymers. Images were repro-
duced from [125, 126].



18 1 Introduction

various complex 3D structures. AM of polymer TPEs is easier to implement, and pre-
cise flow channels with improved heat-transfer and flow properties are achievable
using more accessible 3D printing devices.

1.5 Motivation and objectives
In this dissertation, we plan to employ soft elastomers to construct a low-stress
driven elastocaloric prototype and to study its performance numerically and exper-
imentally. The idea is to implement the FFF method to 3D print the full-scale elas-
tocaloric regenerator using elastocaloric thermoplastic elastomers. The regenerator
is expected to be designed in different structures, and the fluid connection ports and
clamped ends are directly integrated with the regenerator body by 3D printing. In
general, the elastomeric regenerator requires a quite large applied strain to trigger
their elastocaloric effect, consequently, leading to a significant fluid channel volume
change inside the regenerator associated with the geometry large deformation. A
tailored active elastocaloric experimental system has been built to study the regen-
erator cooling performance and optimize the operation parameters. Moreover, a 1D
numerical model involving the large deformation of regenerator length is also devel-
oped to numerically investigate the performance of the elastomeric regenerator and
the temperature gradients along the regenerator tensile direction, which helps us to
seek the optimal operating configuration for the practical application. The motiva-
tion and main objectives of this investigation are listed in the form of a questionnaire
(see Table 1.4).

Table 1.4. Main motivations and objectives of the dissertation

Motivation 1: How to construct a low-stress induced elastocaloric cooling prototype in
a compact scheme?

Objective

Look for the low-stress driven elastocaloric materials (ECMs) and effec-
tive fabrication methods, in which the eCE elastomers can be fabricated
into a full-scale active AER by means of additive manufacturing, provid-
ing a promising solution.

State-of-the-art Bending scheme using NiTi plates, several elastomer-based coolers
Article(s) Article I

Motivation 2: Which elastocaloric materials could be a candidate for the 3D printed
AER?

Objective
Seek the promising eCE materials potential for 3D printing a full-scale
regenerator, basically selected from some commercial thermoplastic elas-
tomers.

State-of-the-art Potential eCE elastomers — Natural rubbers, TPU, SEBS
Article(s) Article I

Motivation 3: When subjecting to the required large-strains, there are fluid-channel
volume changes observed inside regenerator, and how to account it?
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Objective
Capture the mechanical behavior of elastomers and conduct to the ex-
plicit FE simulations to calculate the volume changes; the validation ex-
periments should be performed.

State-of-the-art Has been observed in an active rubber-tube eCE cooler
Article(s) Article II

Motivation 4: How to construct an active operation system capable of implementing
large-deformation soft eCE regenerators effectively?

Objective

Design a fluidic compensation system which can compensate and expel
the increased/decreased volumes during the regenerator loading and
unloading; optimize the operation parameters to achieve a satisfactory
cooling performance.

State-of-the-art Haven’t been specifically studied with passive volume compensations.
Article(s) Article III (in preparation)

Motivation 5: How to numerically investigate and evaluate the cooling performance
of a large-deformation soft eCE regenerator?

Objective

Develop a 1D numerical model for the active elastocaloric regenerator
when undergoing a large deformation. Combine the FE simulation re-
sults for the volume changes to evaluate the its impact on the system
performance.

State-of-the-art Some existing 1D AER models not involving deformed regenerator
length and volume changes.

Article(s) Article IV (in preparation)
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1.6 Outline of the dissertation
To fulfill the aforementioned objectives, the specific implementation routes are per-
formed according to the procedures shown in Figure 1.8. The dissertation is pre-
sented as follows:

• Chapter 2: The relevant theoretical background, simulation tools, and experi-
ential methods employed in this dissertation are presented.

• Chapter 3: The elastocaloric performance of five commercial thermoplastic fila-
ments are studied to screen the most promising eCE elastomers for 3D printing
regenerators. The 3D-printed elastomers properties, including their eCE per-
formance, functional stability, microstructures, are systematically investigated.

• Chapter 4: The large-strain induced volume changes of regenerator fluid chan-
nels are studied in different microchannels and loading rates experimentally
and numerically.

• Chapter 5: A 1D numerical model is developed to study and optimize the
large-deformation elastocaloric regenerator.

• Chapter 6: Experimental investigations are performed for the 3D-printed elas-
tocaloric regenerator, and the impact of volume changes and other typical op-
erating parameters on the regenerator performance is studied.

• Chapter 7: A conclusion related to the corresponding research results and an
outlook of future work and ongoing challenges are presented.
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Figure 1.8. Technical procedures for the 3D-printed large-deformation active elastocaloric
regenerator investigation, including four steps:
(1) Materials selection; (2) Study regenerator volume change; (3) Develop 1D numerical model for
large deformation regenerators; (4) Experimental proof-of-concept.
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CHAPTER2
Theory and methods

”The objective world is, it does not happen. Only to the gaze of my con-
sciousness, crawling along the lifeline of my body, does a section of this world
come to life as a fleeting image in space which continuously changes in time.”

— Hermann Weyl (German mathematician, 1885−1955)

”Experiment is the only means of knowledge at our disposal. Everything
else is poetry, imagination.”

— Max Planck (German physicist, 1858−1947)

2.1 Theory
In this part, the basic equations and common concepts implemented in the disserta-
tion are presented. It primarily contains the basic theoretical framework of the fol-
lowing three mostly used parts in the investigations: mechanics for the elastomers
(basically implemented in the elastomer mechanical FE simulations); thermodynam-
ics of the eCE elastomers (origin of the elastocaloric effect in elastomers); and energy
equations for the active eCE cooling modeling (describing the heat transfer features
of the active eCE cooling process and evaluating eCE performance).

2.1.1 Continuum mechanics of elastomers
1. Basic mechanics parameters

a) Engineering strain and stress
Engineering or nominal strain and stress expressions:

εE =
l − l0

l0
=

∆l
l0

(2.1)

σE =
F

A0
(2.2)
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where l0 and l represent the initial and current length of a sample, respec-
tively, as illustrated in a extended 3D beam in Figure 2.1. A0 is the initial
cross section area of a beam.

Figure 2.1. Extension diagram of a beam, reproduced from [132].

b) Elongation or stretches

Another parameter for describing the deformation is elongation:

λ =
l
l0

=
l0 + ∆l

l0
= 1 + εE (2.3)

c) True strain and stress
For large strains, the strain measure can be obtained using the incremental
approximation:

εT =
∫

d(εE) =
∫ l

L

dl
l
= ln

l
L
= ln(1 + εE) (2.4)

, which leads to the definition of the true or logarithmic strain εL, also
called Hencky strain.
The true stress is the stress in real time, which can be defined as:

σT =
F
A

=
F

A0

A0

A
=

F
A0

L0

L
= σE(1 + εE) (2.5)

d) Poisson’s ratio
Poisson’s ratio (PR) is an important mechanical parameter that associates
with the materials geometrical variation when strained elastically. PR
shows how the deformation of the cross-section of a body relates to levels
of axial deformation. If the lateral contraction is measured, Poisson’s ra-
tio can be obtained (for small strains, engineering strain exhibits a good
approximation):

ν = −−εt

ε l
(2.6)

where εt is the transverse strain and ε l is the axial strain.
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2. Continuum mechanics framework

Continuum mechanics studies the behavior of a continuous three-dimensional
material body, such as the Newtonian fluids or the Hookean solids, which are
usually used to establish the constitutive theory of the rubber-like elastomers
undergoing a large strain. We introduce some basic concepts of the contin-
uum mechanics herein, which are associated with the derivation of hyperelas-
tic models for the large-deformation elastomers.

a) Invariants of second-order tensor
The three invariants of a second-order tensor S = Sijei ⊗ ej can be ob-
tained by the expansion of the eigen-equation of S. The eigenequation
can be expressed as:

det(S − λI) =

∣∣∣∣∣∣
S11 − λ S12 S13
S21 S22 − λ S23
S31 S32 S33 − λ

∣∣∣∣∣∣ = 0 (2.7)

, in which λ is the eigenvalues of S, and I = δijei ⊗ ej is the second-order
identity tensor. It can be expanded into following equation:

λ3 − I1λ2 + I2λ − I3 = 0. (2.8)

The three invariants I1, I2, and I3 can be obtained from the equation.

I1 = trS = Sii

I2 =
1
2
(SiiSjj − SijSji) =

1
2
[(trS)2 − trS2]

I3 = detS = εijkS1iS2jS3k = J2

(2.9)

J is the Jacobian, which is 0 for incompressible materials and non-zero for
compressible materials. If the eigenvalues of S are λ1, λ2, λ3, the S can
expressed as S = ∑3

i=1 λiei ⊗ ei. The invariants can also be expressed by
the eigenvalues:

I1 = trS = λ2
1 + λ2

2 + λ2
3

I2 =
1
2
[(trS)2 − trS2]

= λ2
1λ2

2 + λ2
2λ2

3 + λ2
3λ2

1

I3 = detS = λ2
1λ2

2λ2
3 = J2

(2.10)

See more details in the book [133].
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b) Strain measure and stress measure
The general strain measure in tensor form can be summarized by combin-
ing both Lagrangian (C) and Eulerian (B) strain tensors [134]:

en =


Cn/2−I

n if n > 0,
ln C1/2 if n = 0,
Bn/2−I

n if n < 0.

(2.11)

Specifically, the Lagrangian (C) type represents the right Cauchy-Green
tensor and the Eulerian (B) type represents the left Cauchy-Green tensor.
There are some commonly used strain tensors, for instance, the n = 0 for
the Hencky (true or logarithmic) strain tensor; the n = 1 for the Biot strain
tensor; the n = 2 for the Green strain tensor; the n = −2 for the Almansi
strain tensor.

Figure 2.2. Comparison of different strains and Possion’s functions (reproduced from [134]):
(a) finite axial strains en(a) as a function of stretches λ; (b) nonlinear Poisson’s ratios of different
strains for incompressible materials.

The first Piola-Kirchhoff (PK1) stress tensor P, representing the force per
unit area under the reference configuration：

P = JσF−T =
∂W
∂F

− pF−T (2.12)

in which F is deformation gradient, and F−T is the inverse of FT. T repre-
sents the transpose. J = 1 indicates incompressible materials, and p = 0
indicates compressible materials.
The second Piola-Kirchhoff (PK2) stress tensor S is constructed under the
symmetric configuration:

S = F−1P = JF−1σF−T = 2
∂W
∂C

− pC−1 (2.13)
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where the right Cauchy-Green tensor C = F−TF.

c) Poisson’s function
For the rubbers and rubber-like elastomers, it is capable of undergoing
a large strain. During the large-deformation process, the materials Pois-
son’s ratio is strain-dependent, which can be described by different Pois-
son’s functions vn(a), defined by different strains as shown in Figure 2.2.

vn(a) = −en(λ(a))
en(a)

(2.14)

where the general strain en in tensor form is used, and a is the current
length along axial direction of a hyperelastic body.

Table 2.1. Selected isotropic hyperelastic constitutive models, in which if the J equals to
1, the material is incompressible, otherwise is compressible.

Material models Strain energy density function W(λ1, λ2, λ3)

neo-Hookean [135]
c1
2 (λ

2
1 + λ2

2 + λ2
3 − 3)

c1 independent of deformation

Mooney-Rivlin [136] ∑N
i,j=0 Cij ( Ī1 − 3)i

( Ī2 − 3)j + ∑N
i=1

1
di
(J − 1)2i

Ci,j, d independent of deformation

Ogden [137] ∑N
i=1

µi
α2

i

(
λ̄

αi
1 + λ̄

αi
2 + λ̄

αi
3 − 3

)
+ ∑N

i=1
1
di
(J − 1)2i

µ, α, d independent of deformation

Gent [138] − µJm
2 ln

(
1 − I1−3

Jm

)
+ 1

d

(
J2−1

2 − ln J
)

Jm, µ, d independent of deformation

Arrunda-Boyce [139]
µ

[
1
2 ( Ī1 − 3) + 1

20λ2
L

(
Ī2
1 − 9

)
+ 11

1050λ4
L

(
Ī3
1 − 27

)
+

19
7050λ6

L

(
Ī4
1 − 81

)
+ 519

673750λ8
L

(
Ī5
1 − 243

)
+ 1

d

(
J2−1

2 − lnJ
)

µ, λL, d independent of deformation

Yeoh [140] ∑N
i=1 ci0 ( Ī1 − 3)i + ∑N

k=1
1
dk
(J − 1)2k

Ci0, N, d independent of deformation
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3. Hyperelastic constitutive models

Hyperelasticity refers to the large-range elasticity of materials, that can un-
dergo significant deformations and revert to their original shape after unload-
ing. The hyperelastic constitutive models can be implemented to various rubber-
like elastomers and biological tissues. The hyperelastic model is developed by
different strain potential functions with nonlinear elastic behavior. The consti-
tutive relationship, based on the theory of continuum mechanics, can be de-
scribed by the strain energy density function W as follows:

W = W (I1, I2, I3) = W (λ1, λ2, λ3) , (2.15)

in which I1, I2, I3 are the three invariants of the right Cauchy-Green deforma-
tion tensor C. These invariants can be obtained from expansion of the eigen-
equation of deformation tensor, and expressed by the eigenvalues (i.e. stretch
ratios, λ1, λ2, λ3) of C. We list several typical hyperelastic models in Table 2.1,
developed to capture the phenomenological behavior of hyperelastic materi-
als.

In the table, some of the strain energy density functions are expressed by
the principle stretches noted by an overline on the top, which is based on
the deviatoric-volumetric multiplicative split for compressible material mod-
els [141]. For compressible materials, the so-called deviatoric strain invariants
are introduced. The strain energy density function consists of the compressible
and the hydrostatic terms [141, 142]:

W = Wc (I1, I2, J) + Wh(J), (2.16)

and the deviatoric strain invariants and stretches are defined as:

λ̄p = J−1/3λp (p = 1, 2, 3)

Īp = J−2p/3 Ip
(2.17)

The strain energy density function yields:

W = W ( Ī1, Ī2, J) = W
(
λ̄1, λ̄2, λ̄3, J

)
(2.18)

2.1.2 Thermodynamics of elastocaloric elastomers
In this section, we present the thermodynamics of elastocaloric elastomers and in-
troduce the origin of their elastocaloric effect, mainly associated with the entropic
elasticity and strain-induced crystallization (SIC) in the molecular chain. Basically,
in thermodynamics, the Helmholtz free energy F of the system can be expressed as:

F = U − TS, (2.19)
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in which the U, T and S are the internal energy, temperature, and entropy, respec-
tively. The differential form of this equation yields:

dF = dU − TdS − SdT (2.20)

According the first law of thermodynamics, the variation of internal energy is:

dU = dQ + dW, (2.21)

where the dQ refers to the energy from heat transfer and the dW refers to the work
done by the system. It can be written as:{

dQ = TdS
dW = F⃗ · d⃗l = Vσdε

(2.22)

where V is the material volume. By combining equations 2.20 and 2.22, dF yields:

dF = V0σdε − SdT =

(
∂F
∂ε

)
T

dε −
(

∂F
∂T

)
ε

dT (2.23)

Considering the Maxwell relation between cross derivatives, we can obtain:

β =

(
∂σ

∂T

)
ε

=
∂

∂T

(
∂F
∂ε

)
T
=

∂

∂ε

(
∂F
∂T

)
ε

= −ρ

(
∂S
∂ε

)
T

(2.24)

where ρ is the density, and the constant β =
(

∂σ
∂T

)
ε

is defined as the Clausius-
Clapeyron factor. Accordingly, the isothermal entropy and adiabatic temperature
changes can be calculated as follows:

∆Siso = −1
ρ

∫ ε

0

(
∂σ

∂T

)
ε

dε (2.25)

∆Tad =
T0

ρcp,ε=0

∫ ε

0

(
∂σ

∂T

)
ε

dε = − T0

ρcp,ε=0
∆Siso (2.26)

It is possible to calculate the adiabatic temperature changes at a constant specific
heat cp at T0. In practical implementations, the adiabatic temperature changes are
usually evaluated from a total entropy-temperature (S − T) diagram at different ap-
plied stresses, which requires the temperature-dependent stress-strain profiles. The
total entropy can be evaluated from a zero-field cp baseline by integration, where a
less temperature-dependent cp should be achieved at the chosen start temperature
Ti, specifically as follows:

Stot = Stot,σ=0 + ∆siso (2.27)

Stot,ε=0 =
∫ T2

Ti

cp

T
dT. (2.28)
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It has been demonstrated an effective estimation of temperature-dependent adia-
batic temperature changes, for typical SMAs. However, for elastocaloric elastomers
[97], this estimation of ∆Tad appears significant uncertainties, probably due to the
contribution of strain-induced crystallization (SIC) [143]. There are some improved
methods to evaluate the temperature changes, based on statistical mechanics of poly-
mer networks as well as some experimental findings [144–146].

Taking account into the presence of SIC, the Helmholtz free energy density of an
incompressible elastomer by introducing the variable crystalline fraction χ can be
expressed as [91, 147]:

F = cpT − χUac − T
[
−χ

Uac

Tc,0
+ Sch(λ, χ) + cp ln

T
TS

]
, (2.29)

where cp refers to the specific volumetric heat capacity, and the term cpT − χUac
represents the internal energy U. Specifically, the term −χUac refers to lower energy
at the crystalline state. The Uac is the latent heat of crystallization (per unit volume),
calculated by the product of density and the crystallization enthalpy ∆H, as follows
Uac = ρ∆H. In the bracket, the term is the non-equilibrium total entropy, consisting
of three parts: the thermal entropy (cp ln T

TS
); the configurational entropy for the

individual structural units (−χSac = −χ Uac
Tc,0

); partial crystallization of molecular
chains (Sch(λ, χ)), induced by stretching. Thus the total entropy can be written as:

S = Sconfig (λ) + Sthermal (T)

= −χ
Uac

Tc,0
+ Sch(λ, χ) + c ln

T
TS

(2.30)

Due to the minimize free energy for the system equilibrium, the derivative of Helmholtz
free energy equation with respect to χ is zero (i.e. ∂F(T,λ,χ)

∂χ |χeq = 0), and we can ob-
tain:

Uac

(
1

Tc,0
− 1

T

)
=

∂Sch (λ, χ)

∂χ
|χeq = Sch,χ

(
λ, χeq

)
, (2.31)

in which the χeq(T, λ) is the crystalline fraction at equilibrium. Herein, for the adi-
abatic process dS = 0, the full differential of the total entropy at equilibrium, based
on equation 2.30 substituted with the equilibrium crystallization expression in Eq.
2.31, can be obtained as follows:

cp
dT
T

=

[
Uac

Tc,0
− Sch,χ(λ, χ)

]
dχ − Sch,λ(λ, χ)dλ

eq
=

Uac

T
dχ − Sch,λ(λ, χeq)dλ

(2.32)
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Looking into the above equation, the partial derivative of the total configura-
tional entropy with respect to the crystallinity χ yields:

∂Sconfig (λ, χ)

∂χ
= Sconfig,χ(λ, χ)

= −Uac

Tc,0
+ Sch,χ (λ, χ)

eq
= −Uac

T

(2.33)

At a constant λ, it observed that the total configurational entropy Sconfig decreases
with the crystallinity χ and increases with temperature. The last term in Eq 2.32,
during the uniaxial tension, is associated with the stress and stretches. As afore-
mentioned the full differential for free energy F, the stress σ can be expressed as
σdλ = dF. In the present of SIC, from the derivation of F, the stress can be obtained:

σ =
∂F(λ, T)

∂λ

= −Uac
∂χ

∂λ
− T

[
−Uac

Tc,0

∂χ

∂λ
+

∂

∂λ
Sch(λ, χ)

]
eq
= −Uac

∂χeq(T, λ)

∂λ
− T

[
−Uac

Tc,0

∂χeq(T, λ)

∂λ
+

∂

∂λ
Sch(λ, χeq(T, λ))

] (2.34)

in which the partial derivative of the chain entropy can be deduced by:

∂

∂λ
Sch(λ, χeq(T, λ)) =

∂Sch(λ, χeq(T, λ))

∂λ
+

∂Sch(λ, χeq(T, λ))

∂χ

∂χeq(T, λ)

∂λ
(2.35)

Thus the stress at equilibrium in Eq. 2.34 yields:

σ
eq
= −Uac

∂χeq(T, λ)

∂λ
+ T

Uac

Tc,0

∂χeq(T, λ)

∂λ

− T
[

∂Sch(λ, χeq(T, λ))

∂λ
+

∂Sch(λ, χeq(T, λ))

∂χ

∂χeq(T, λ)

∂λ
]

]
=

[
Uac

(
T

Tc,0
− 1

)
− T

∂Sch(λ, χeq(T, λ))

∂χ

]
∂χeq(T, λ)

∂λ

− T
∂Sch(λ, χeq(T, λ))

∂χ

= −T
∂Sch(λ, χeq(T, λ))

∂χ

= −TSch,λ
[
λ, χeq(T, λ)

]

(2.36)

The equilibrium stress σ is dependent on the variables temperature T, stretches λ,
and crystalline fraction χ, and can be expressed as σ

[
T, λ, χeq(T, λ)

]
. Accordingly,
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the Eq 2.32, replacing the term Sch,λ(λ, χeq) and using the equilibrium stress, can be
rewritten as:

dT =
Uac

cp
dχ +

1
cp

σ
[
T, λ, χeq(T, λ)

]
dλ (2.37)

Consequently, the adiabatic temperature changes, including the SIC process, can be
calculated by:

∆Tad =
Uacχ

cp
+

1
Vcp

∫
σdλ (2.38)

in which the Uac can be obtained from the crystallization enthalpy ∆H. The χ is
both temperature-dependent and strain-dependent, and the isothermal mechanical
behavior for the elastomers is also required to evaluate the temperature-dependent
∆Tad.

2.1.3 1D numerical models for active elastocaloric regenerators
In an active caloric regenerator or heat pump, due to the presence of reciprocating
heat-transfer fluids, the heat transfer and heat conversion phenomena are relatively
complicated to model. The numerical modelling enables mapping out the theoretical
performance of an active caloric regenerator. For instance, the cooling power versus
the temperature span, coefficient of performance (COP), and the temperature gradi-
ents during an active cycle all can be predicted. The one-dimensional (1D) numerical
model has been intensively implemented to predict the AMR performance, which
considers several typical thermal connections among the six most important thermal
components (see Figure 2.3a) in an active regenerator system, and solves the spatial

Figure 2.3. a, The 15 possible thermal connections in an active regeneration device, consid-
ering the six most significant thermal components regenerator, fluid, cold HEX (CHEX), hot
HEX (HHEX), housing and ambient. b, The spatial temperature gradients of the regenera-
tor over the time evolution. Images were reproduced from [148].
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temperature gradients (see Figure 2.3b) for the solid and fluid in active cycles. In this
dissertation, a one-dimensional (1D) transient model, based on a 1D AMR model by
introducing the strain-dependent variables, is developed for the large-deformation
active elastocaloric regenerator.

2.1.3.1 Basic governing equations for AER model

A typical active elastocaloric regenerator model based on Ni-Ti alloys has been de-
veloped to study the AER performance [18], and has achieved a good prediction for
the AER, similar to the 1D AMR models developed by [109, 149, 150]. Here, we ex-
pect to develop a typical AER 1D model based on two governing equations for fluids
and solids (MCE materials), which can be expressed as:

Acϵρ f c f
∂Tf

∂t︸ ︷︷ ︸
Heat storage

=
Nuk f

Dh
aAc

(
Ts − Tf

)
︸ ︷︷ ︸

Heat convection

+
∂

∂x

(
kdisp Ac

∂Tf

∂x

)
︸ ︷︷ ︸

Heat conduction

− ṁ f c f
∂Tf

∂x︸ ︷︷ ︸
Heat advection

+

∣∣∣∣∣ ∂P
∂x

ṁ f

ρ f

∣∣∣∣∣︸ ︷︷ ︸
Viscous dissipation

(2.39)

Ac(1 − ϵ)ρscs
∂Ts

∂t︸ ︷︷ ︸
Heat storage

= − Ac(1 − ϵ)ρsTs

(
∂ss

∂H

)
Ts

∂H
∂t︸ ︷︷ ︸

Magnetocaloric heat

+
Nuk f

Dh
aAc

(
Tf − Ts

)
︸ ︷︷ ︸

Heat convection

+
∂

∂x

(
kstat Ac

∂Ts

∂x

)
︸ ︷︷ ︸

Heat conduction

(2.40)
Actually, the significant difference between the AER and AMR is the applied ex-

ternal field, manifesting itself in the magnetocaloric term in the Eq. 2.40. We can
change the magnetocaloric term to the elastocaloric term to obtain an AER model.
Practically, when the AER setup is operated for caloric cooling or heat pump, the
strain is the controllable parameter. Therefore, the strain was considered as the ex-
ternal field for driving elastocaloric devices. The basic governing equations for the
soft AER model can be expressed as:

Acϵρ f c f
∂Tf

∂t︸ ︷︷ ︸
Heat storage

=
Nuk f

Dh
as Ac

(
Ts − Tf

)
︸ ︷︷ ︸

Heat convection

+
∂

∂x

(
kdisp Ac

∂Tf

∂x

)
︸ ︷︷ ︸

Heat conduction

− ṁ f c f
∂Tf

∂x︸ ︷︷ ︸
Heat advection

+

∣∣∣∣∣ ∂P
∂x

ṁ f

ρ f

∣∣∣∣∣︸ ︷︷ ︸
Viscous dissipation

(2.41)

∂Ts

∂t︸︷︷︸
Heat storage

= − Ts

cs,ε

(
∂s
∂ε

)
T

∂ε

∂t︸ ︷︷ ︸
Elastocaloric heat

+
Nuk f as

Dhρscs,ε(1 − ϵ)

(
Tf − Ts

)
︸ ︷︷ ︸

Heat convection

+
1

ρscs,ε(1 − ϵ)

∂

∂x

(
kstat

∂Ts

∂x

)
︸ ︷︷ ︸

Heat conduction
(2.42)

, in which the Ts, Tf , x, ϵ, Ac, kdisp, kstat, ṁ f , and as are the solid temperature, fluid
temperature, axial coordinate (along the regenerator length), porosity, cross-section
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area, thermal conductivity of fluid dispersion, static thermal conductivity, mass flow
rate of fluids and specific surface area of the regenerator. The subscripts s and f
represent the solid matrix (regenerator materials) and the heat-transfer fluids, re-
spectively. The temperature profiles (Ts, Tf ) of heat-transfer fluids and regenerator
solids can be obtained by solving the energy equations numerically.

However, the soft elastocaloric regenerators require large applied strains, and
thus the geometry of regenerators is subjected to a large deformation, which cannot
be neglected in the model. A comprehensive explanation of the model improve-
ments for large-deformation regenerators is provided in Chapter 5.

2.1.3.2 Performance parameters of active elastocaloric regenerators

The performance of an active elastocaloric regenerator can be influenced by multiple
operation parameters, primarily including operating frequency (f ), applied strains
(ε), working temperature (TH), mass flow rate ṁ (or Utilization, U), and geometrical
parameters of the regenerator (porosity, ϵ, channel shapes, etc.). Herein, we first
introduce these typical operation parameters and their definitions, and then present
several main parameters for evaluating an AER performance.

The definition of typical operating parameters:

• Frequency, f
The frequency f is determined by an elastocaloric cycle time τ, which is the
sum of the field loading/unloading time and the hot/cold blows time in one
cycle.

• Applied strains, ε
In the soft AER operation, the applied strains include not only the strain mag-
nitude but also the operating strain range, because of the existing significant
plastic deformation resulting in buckling of the regenerator. It is suggested to
operate with a pre-strain to prevent buckling.

• Mass flow rate, ṁ
The mass flow rate is associated with the amount of heat transfer fluids dis-
placed by a piston or pump per unit time. In our case, a movable piston is
utilized. The ṁ can be determined by the piston stroke SP:

ṁ =
πSPR2

piston

tpiston
(2.43)

• Utilization, U
Utilization is the thermal mass ratio of the displaced heat exchange medium
per blow and the regenerator solid, which is defined as:

U =

∫ τ/2
0 ṁ f c f dt

mscs
=

Vpumpρ f c f

mscs
=

Vpumpρ f c f

(1 − ϵ)VRρscs
(2.44)
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• Geometrical parameters
The geometrical parameters are associated with the regenerator structures,
which determine how much caloric energy can be extracted from the regen-
erator to the hot/cold reservoirs by active heat-transfer fluids. In general, AER
geometries can be characterized by the following parameters:

1. Porosity ϵ

2. Specific surface area as

3. Hydraulic diameter Dh

With respect to a homogeneous AER structure, these basic geometrical param-
eters meet a relation:

as =
4ϵ

Dh
(2.45)

We list some most utilized regenerator geometries in state-of-the-art regenera-
tors and the calculation of their corresponding geometrical parameters in Table
2.2.

Table 2.2. Geometrical parameters for different microchannel regenerators

Geometry Equations of geometrical
parameters Description

Parallel-plate channel

• ϵ =
δ f

δs+δ f

• Dh = 2δ f

• as =
4ε
Dh

= 2
δs+δ f

Channel thickness (δs)
and plate thickness
(δ f )

Rectangular microchannels
• Dh = 2Hr1 Hr2

Hr1+Hr2

• aS = 4ε
Dh

= 2ε(Hr1+Hr2)
Hr1 Hr2

Channel width (Hr1)
and height (Hr2)

Circular microchannels

• Dh = Dc

• as =
4ε
Dh

= 4ε
Dc

Channel diameter (Dc)
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Geometry Equations of geometrical
parameters Description

Triangular microchannels

• Dh = L sin θ
1+sin θ

2

• aS = 4ε
Dh

=
4+4 sin θ

2
L sin θ

Triangle length (L)
and angle (θ)

There are some important performance parameters for the AERs, subjected to
the oscillatory fluids and periodic applied strains in an elastocaloric cycle, includ-
ing the temperature span, cooling power, specific cooling power, and coefficient of
performance. Specifically, they are defined as follows:

• Temperature span between cold and hot reservoirs, Tspan

Tspan = Th − Tc (2.46)

• Cooling power for elastocaloric cooling, Q̇c

Q̇c = f
∫ τ

0
ṁ f c f

(
Tf ,c, out − Tf ,c, in

)
dt. (2.47)

• Heating power for elastocaloric heat pumps, Q̇h

Q̇h = f
∫ τ

0
ṁ f c f

(
Tf ,h, out − Tf ,h, in

)
dt. (2.48)

• Specific cooling power, SCP

SCP =
f

ms

∫ τ

0
ṁ f c f

(
Tf ,c, out − Tf ,c, in

)
dt. (2.49)

• Coefficient of performance of system, COP

In this dissertation, we need to point out that there are different COPs pre-
sented here to distinguish, specifically for eCE materials (COPmat), COP calcu-
lated for numerical modeling regenerators, and COP for experimental systems.

The COP for elastocaloric elastomers can usually be calculated by:

COPmat =
Q/m

∆W/m
=

∫ T2
T1 cpdT
1

ρl0

∮
σdε

=
∆Tadcp
1
m
∮

Fdl
(2.50)

The COP for the experimental system can be calculated by:

COP =
Qc

Wmech + Wpump
(2.51)
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2.2 Methods

2.2.1 FE Simulation
In this dissertation, finite-element (FE) simulations are mainly conducted for the
regenerator volume change predication using Ansys Mechanical APDL scripts. The
SOLID-187 tetrahedral element type is employed for meshing. Explicit FE methods
are implemented in the simulation by inputting the information of a hyperelastic
model fitted to the mechanical behavior. There is a related APDL script regarding
the FE simulation of a parallel-plate channel regenerator, attached in Appendix B.
The script is mainly associated with the simulation in Chapter 4 for investigation of
volume compensation of the large deformation eCE regenerator. The APDL scripts
are submitted to an ANSYS® mechanical solver for the calculation using a MATLAB
script, and the data post-processing for the volume change calculation is carried out
in MATLAB®.

2.2.2 1D AER numerical models
The 1D numerical model for the AER is based on the energy equations, given in Eq.
2.41 and 2.42. Central-difference methods and implicit time schemes are employed
to discretize energy equations in both space and time in the simulation, with 500 spa-
tial nodes (Nx) and 2000 temporal nodes (Nt). The difference equations are solved
using a sparse matrix decomposition algorithm in MATLAB®. The model provides
performance parameters once it achieves the thermal steady state within a specified
tolerance of 10−5. This model is initially developed by Kurt Engelbrecht [151], and
calculated in MATLAB®, implementing for an active magnetocaloric device. More
detailed information on solving these energy equations can be found in [151–153].

2.2.3 Fabrication
1. 3D printing elastocaloric elastomers

In Chapter 3, five commercial 3D-printing filaments were employed to screen
promising elastocaloric elastomers, namely NinjaFlex, KungFu72A, KungFu98A,
Z-Flex and Ultimaker 95A filaments. Most of them are made of thermoplastic
polyurethane (TPU), in addition to the Z-Flex filament made of thermoplas-
tic polyester (TPPE). A Zmorph printer with a 0.3 mm nozzle is used to print
the NinjaFlex, KungFu98A and Z-Flex elastomers, and the Ultimaker 95A elas-
tomer is printed on an Ultimaker S5 Pro Bundle printer. The G-codes (print-
ing instructions) are generated by Voxelizer2 software and Cura 4.12 for the
Zmorph and Ultimaker printers, respectively. More details on materials and
printed samples will be presented in Chapter 3.
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2. Regenerator fabrication

The printing quality is important to the regenerator fabrication, which is as-
sociated with the material fatigue life, undiminished elastocaloric effect, wa-
ter tightness, and air tightness of a printed regenerator. Although 3D-printed
parts manufactured using the two mentioned 3D printers (Zmorph, Ultimaker
S5 Pro) can achieve a satisfactory elastocaloric effect and fatigue life, it is diffi-
cult to ensure water tightness for 3D-printed regenerators. When we construct
a full-scale 3D-printed AER using NinjaFlex TPU, the regenerator is required
to allow the heat-transfer fluids flowing throughout them without leakage,
and thus a good water-tightness is essential to the practical implementation.
We have tried several methods to make the 3D-printed regenerator watertight,
such as gluing, remelting, and chemical treatment. Maintaining effective wa-
ter tightness remains a challenge when the regenerator undergoes large strains
over numerous cycles, as this makes the adhesive on the AER surface prone to
peeling off, see some examples of leakage in Appendix C.

Figure 2.4. A customized Felix Tec 4.1 3D-printer.

To fabricate high-quality active regenerators, enabling water and air tightness,
we employed a Felix Tec 4.1 printer as depicted in Figure 2.4, which is located
in the research institute AMOLF. This printer has been specially customized
with upgrades that include a filament dryer and a pneumatic cooling system.
To prevent moisture, the filaments were stored in a ventilation box. The extrud-
ing nozzle was surrounded by four air nozzles with an airflow of 3 L/min, al-
lowing for adjustable melts cooling speed to improve deposition quality. The
printing G-code was also generated by Cura 5.2. On this printer, another Fi-
laFlex 82A TPU is implemented for the printing. During the printing, the melt-
ing material flow can be precisely controlled by a high accurate extruder, and
can be fast cooling down with the assistance of a cooling system (see Figure
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2.4). Conversely, our Zmorph printer in DTU remains challenging to achieve
the precise melt flows and adhesive deposition, for the soft TPU filament. The
water tightness of 3D printed regenerators, based on the FilaFlex TPU, are ex-
amined in Appendix C.

2.2.4 Characterization
1. Mechanical tests

Mechanical tests are mainly performed on three different mechanical testers.
The mechanical behaviors of the elastomers used in Chapter 3 and Chapter 6
are measured on a Zwick/Roell EZ030 mechanical tester, which is equipped
with an Xforce K load cell allowing a maximum load of 30 kN with an uncer-
tainty of 1%. The mechanical behavior implemented in Chapter 4 is tested on a
Instron 5965 mechanical tester, equipped with a 5kN load cell with an accuracy
of ±0.5%, which is located in the research institute AMOLF.

Figure 2.5. A special mechanical tester with a temperature chamber.

In particular, the isothermal mechanical behavior used in Chapter 5 for cap-
turing the eCE material properties was measured on a Testrometric Micro 350
tester as shown in Figure 2.5, which has a temperature chamber capable of
varying test temperatures. The temperature for this apparatus can only in-
crease from room temperature. Here, we put a bag of ice to lower down
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the chamber temperature to measure the mechanical behavior at low temper-
atures. There are also some thermocouples placed in the chamber to monitor
inside temperatures and estimate temperature stability during test.

2. Elastocaloric measurements

The direct measuring method based on the thermophotography was used for
elastocaloric measurement. Temperature changes were recorded using an in-
frared (IR) thermographic camera (InfraTec 9400). The spatial resolution and
temperature resolution of the IR camera can achieve 0.01 mm/pixel and 0.02
K, respectively.

3. SEM characterization

A Zeiss EVO MA10 Scanning Electron Microscope (SEM) was implemented
for the morphological investigation of the 3D printed parts and regenerators
as shown in Figure 2.6, which is equipped with energy dispersive X-ray spec-
troscopic (EDS) spectrophotometry. Our tests were performed at 5kV with a
high-sensitive secondary electron detector (SED). The elastomeric sample is
required to coat the carbon on the surface to improve the conductivity.

Figure 2.6. Zeiss EVO MA10 SEM with energy dispersive X-ray spectrscopy (EDS).

4. Thermal analysis

Specific heat capacity (cp) was measured on a custom-built, high-resolution,
Peltier element based Differential Scanning Calorimetry (DSC) [154]. The tests
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were carried out with heating and cooling rates of 1 K/min in a vacuum of
5 × 10−6 mbar.

Figure 2.7. Photographs of the fluidic circuit for the volume change test of large-deformation
regenerators.

2.2.5 Experimental setups

2.2.5.1 Fluidic circuit for volume-change measurements

The experimental measurements of fluid channel volume changes were performed
on a pneumatic fluidic system. It enables to measure the time-dependent pressure
difference between the regenerator inside and a reference air tank. This system con-
sists primarily of two air tanks, two pressure sensors, and a pressure regulator, and
is controlled by a customized software on the PC as shown in Figure 2.7.

The pressure of the regenerator and the reference pressure were monitored by
two pressure sensors: MPX5100DP (±2.5%) and SSCDRRN005PDAA5 (±0.25%), re-
spectively. The MPX5100DP pressure sensor was employed for the air tank 2 pres-
sure measurement, in which one port was connected with the air tank and another
one was connected to atmosphere. For the second differential pressure, the two ports
were connected with the air tank and regenerator to measure the pressure difference.
A pressure regulator (Festo, VEAB-L 8067677, 1 bar) with an accuracy of ±0.4% set
an initial pressure of 0.5 bar on the regenerator and the reference air tank.

This setup is referred to the context in Chapter 4.
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Figure 2.8. Regenerative elastocaloric flow system which is switchable to cooling and heat-
ing implementations.
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2.2.5.2 Regenerative elastocaloric setup

In this dissertation, a customized active elastocaloric flow system is used in the ex-
perimental proof-of-concepts as shown in Figure 2.8. The regenerator was mounted
on the Zwick mechanical tester, aside connected with a fluidic flow system. The flow
system is consisted of a heat exchanger, two pistons with a linear actuator to control
its movement, hot/cold reservoirs, and four solenoid valves. In addition, there is a
linear position sensor which indicates the flow system work by the voltage change.
The heat-transfer flow paths, including the compensation blow and hot/cold blows,
are controlled by the solenoid valves, see a valve indication chart for specific work-
ing states in Appendix C.

The 3D-printed soft regenerators have four connecting ports, i.e., cold inlet, cold
outlet, hot inlet, hot outlet, which are directly connected to the flow system using
the 4mm polyurethane pipes. At the each port, the temperatures are recorded by
the calibrated E-type thermocouples with a measuring error of ±0.5 K. The data
acquiring and operation parameters for the hardware are controlled by a program
based on LabView®.
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CHAPTER3
Elastocaloric effect of
3D-printed elastomers

In this chapter, we start with some commercial thermoplastic filaments to study the
eCE performance for 3D-printing eCE elastomers. Five filaments of thermoplastic
elastomers were chosen to explore their elastocaloric cooling performance. These
rubber-like elastomers all exhibit some degree of eCE associated with strain-induced
crystallization (SIC), and some of them are shown to be promising for construction
of a polymer full-scale active elastocaloric regenerator via additive manufacturing
(AM). We screened the promising thermoplastic elastomers in filament form, and
fabricated them into printed parts using fused filament fabrication (FFF). The main
printing parameters for selected elastomeric materials and their influence on the
elastocaloric cooling performance were investigated. As a printed part, NinjaFlex
achieved a high material coefficient of performance (COPmat) of 3.2 with 1.74 J/g
input work at ∼0.1 Hz, driven by a stress of 5.7 MPa. Implementing AM elas-
tocaloric elastomers opens opportunities for full-scale, low-activation-stress regener-
ative cooling components with optimized flow structures and enhanced heat-transfer
performance.

This chapter is mainly based on article I in Appendix A.

3.1 3D printing elastomers and eCE characterization

3.1.1 Elastomer 3D printing
Commercial 3D-printing filaments were purchased, and the materials are summa-
rized in Table 3.1. Most of them were made of thermoplastic polyurethane, except
the Z-Flex filament, which was made of Thermoplastic Polyester (TPPE). The printed
3D parts (NinjaFlex, KungFu98A and Z-Flex) were printed by a Zmorph VX Printer,
except the Ultimaker 95A part, which was printed by an Ultimaker S5 Pro Bundle
printer. The Zmorph printer used a single extruder with a 0.3 mm nozzle and the
Ultimaker S5 Pro used a 0.4 mm nozzle. These FFF based printers deposit a 3D part
layer by layer, as shown in the illustration in Figure 3.1(a). The 3D-printed parts for
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mechanical tests and elastocaloric measurements are fabricated in dogbone shapes
with the same gauge length L0 of 15 mm and a width of 15 mm. The dogbone 3D
geometry is shown in Figure 3.1(a). The thicknesses of the printed dogbones are
1, 2, or 5 mm. Three bead orientations with respect to the x-axis (strain direction)
are used to print the dogbones and marked as 0◦, 45◦ and 90◦, as shown in Figure
3.1(b). The samples were printed with varying temperatures both for the extruder
and build plate and travelling speeds depending on the material. The basic printing
parameters for each filament, including printing temperature, bed temperature, and
printing speed, are listed in Table 3.1. The infill type used in FFF is line infill (or
rectilinear) for all prints. Due to the hygroscopic nature of TPU polymers [155], the
filaments will absorb atmospheric moisture and during the printing the wet filament
will be melted with the vapor turning to steam which leads to voids in the part and
reduces mechanical properties [156]. In order to avoid moisture, they were stored in
a filament dryer at 80 ◦C during and between printing.

3.1.2 Mechanical tests and eCE characterization
Mechanical testing and the experimental characterization of the elastocaloric effect
were performed on a Zwick/Roell EZ030 electro-mechanical tester. More detailed in-
formation regarding the mechanical tester can be obtained from the literature [157].
The printed parts and filament wires were tightly clamped by T-fatigue grips on the
crosshead of the tester. Some rubber protective material was placed between the
gripped area of the printed samples and the mechanical grips to protect the sample
during the stretching process, which can be seen in Figure 3.1(c). The gauge length of
20 mm and strain rate of 5 s−1 are used for the filament elastocaloric measurements,
where the large strain rate is implemented to achieve a quasi-adiabatic state which is
comparable to the rate reported in the TPU test [93]. This fast-loading strain rate was
also implemented for the quasi-adiabatic temperature change measurements in the
eCE comparison of different bead orientations (the temperature change as a function
of strains). The different samples were employed for different elastocaloric perfor-
mance tests. Specifically, the thickness of dogbones used for the eCE comparison of
different orientations was 5 mm. Dogbones applied for the stability evaluation were
printed in 2 mm and the related cyclic mechanical tests were run at a strain rate of

Table 3.1. Information of experimental filaments and the corresponding 3D printing parame-
ters

Filaments Material Diameter Shore Nozzle temp- Bed temper- Print speed
(mm) hardness erature (◦C) ature (◦C) (mm/s)

1. NinjaFlex TPU 2.85 85A 228 40 15
2. Ultimaker95A TPU 2.85 95A 230 70 20
3. KungFu72D TPU 1.75 72D 225 45 15
4. KungFu98A TPU 1.75 98A 225 45 15
5. Z-Flex TPPE 1.75 83A 220 50 15
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Figure 3.1. FFF printing of elastomeric filaments:
(a) Schematic of FFF 3D printing with cross-stacked layers and geometry of the dogbone part; (b) Three
printing orientation for dogbone parts; (c) Physical images for the elastomeric filament and dogbone
mechanical tests.

0.33 s−1 and operated in a strain range of 150-500%. Dogbones employed for cyclic
tests of the material COP calculation were printed with a thickness of 1 mm and
the strain rate was 0.67 s−1. The elastocaloric temperature change was measured by
the infrared (IR) thermography. In addition, due to the buckling of filaments and
printed dogbones during cyclic tests and due to the large applied strains, the mid-
dle point of the sample moved during loading. Different middle zones at different
states in an elastocaloric cycle were chosen from the sample to obtain the average
infrared temperatures, finally combining temperature variation curves of each state
into the temperature variation profile of a full cycle. For the cycling tests, a fixed
selective zone for infrared temperatures was used to evaluate the adiabatic temper-
ature change, see comments on the cyclic tests in Scenario 1.
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Scenario 1 Notes on cyclic tests

As observed in filaments as well as the printed dogbone, the elastocaloric effect in
elastomers is usually accompanied by a large deformation which leads to buckling
during the releasing process. To avoid the buckling in the rubber-like elastomers,
some technical tricks can be imposed such as performing pre-elongation of the sam-
ple and controlling by going back to zero force instead of zero strain [92, 93]. The
cyclic tests performed in the mechanical stability test are controlled by releasing until
a strain in the range of when the stress in the material reaches zero in the NinjaFlex
filament cyclic test (see, Figure 3.2, which is about 50% − 150%). The pre-strain
(strain returns to 150%) approach also applies to the cycled printed samples which
are implemented for the SEM analysis, cyclic elastocaloric characterization, and the
COP calculations.

3.1.3 SEM and DSC measurements for specific heat capacity
The uncycled printed and cycled specimens, cut at the middle of the active region us-
ing a snap-off utility knife (BAHCO KB09-01), were employed for SEM characteriza-
tion of microstructures. The specimens (about 0.5 mg), cut from the virgin filaments,
uncycled printed dogbones and 100 times cycled dogbones, were employed for the
specific heat capacity characterization. The tests were performed with heating and
cooling rates of 1 K/min in a vacuum of 5 × 10−6 mbar.

The specific heat capacity (cp) for the materials, including the virgin filaments, un-
cycled printed samples and cycled printed samples, were investigated and used for
materials COP calculations. Due to the weak elastocaloric performance for Kungfu98A,
it was not printed for the following studies so its cp measurement was only mea-

Figure 3.2. Stress-strain curves of the NinjaFlex filament undergoing ten cyclic tests.
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Table 3.2. The specific heat capacity values for studied materials in different forms are mea-
sured by DSC

Materials cp of filament
(J/gK)

cp of uncycled printed
specimen
(J/gK)

cp of cycled specimen
(J/gK)

1. NinjaFlex 1.707 1.619 1.659
2. Ultimaker95A 1.625 1.560 1.657
3. KungFu72D 1.455 – –
4. KungFu98A 1.595 1.587 1.618
5. Z-Flex 1.670 1.706 1.686
–: did not measure due to for the sample not being printed.

sured in the filament form. The specific heat capacity of materials, at temperatures
within the temperature range of 275-315 K, fully covered the temperature range of
operation, is measured. The cycled printed samples are cycled 100 times before
the DSC measurements. Eliminating the uncertain values near the test temperature
edges, the results of cp, listed in the Table 3.2, are obtained by averaging cp within
a temperature range of 290 − 310 K. Here, the values are nearly constant with the
temperature increase, and no latent heat is observed in the temperature range. It is
noted that the heat capacity of the uncycled printed material has a slight decrease
compared to the original filament. Maybe, the reason is that the melting and solidifi-
cation during the fused filament fabrication process changes its thermal properties,
due to the hard segment contents variation [158, 159]. After cyclic tests, the heat ca-
pacity of the materials increases, which also happens in natural rubbers, when sub-
jected to a larger uniaxial deformation [160]. The cp values from the cycled material
are closer to the real situation, in which materials are employed for the elastocaloric
cooling. Thus these are used for the materials COP calculations.

3.2 Elastocaloric properties in elastomeric filaments
Elastomeric filaments of each material were first characterized for their eCE prop-
erties and eCE cooling potential. In Figure 3.3(a), a piece of NinjaFlex filament is
mounted in the mechanical tester with two protective rubber gaskets surrounding
both gripped ends. The temperature change and filament geometric evolution are
recorded by the IR camera. Infrared thermographs present the surface temperature
increase and decrease during the stretching and releasing processes (states: ii and iv,
respectively), as well as the temperature equilibrium with ambient temperature Tamb
= 296 K prior to loading and unloading (states: i and iii, respectively). In addition
to the observed temperature changes, buckling occurs in state iv due to the plastic
deformation produced by the large deformation. The time-dependent temperature
evolution diagram, with the four states, is shown in Figure 3.3(b), which is obtained
from the average surface temperature in a selected zone from filament IR images.
Notice one interesting phenomenon that the temperature increase during the load-
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ing process is higher than the decrease during the unloading process. This may
be caused by some intrinsic hysteresis in the loading-unloading process (observed
in the cyclic stress-strain curves in Figure 3.3). The asymmetry for temperature in-
creases and decreases has also been observed in other rubbers and rubber-like elas-
tomers due to the large variation of the thermal time constant and the crystallization
kinetics [92, 161, 162]. Indeed, the elastic entropy and the SIC both contribute to the
elastocaloric effect for natural rubbers. When the applied strain reaches 500-600%
for natural rubbers, the crystallization can occur in a few tens of milliseconds upon
stretching and the rubber heats up rapidly both from elastic entropy variation and
the SIC process [19, 163]. Upon releasing, a fraction of the crystallization will be re-
laxed due to the holding time in contact with the ambient temperature, and there is
a lower contribution for the eCE from the SIC process.

An elastocaloric cooling cycle is illustrated with a temperature-entropy (T − S)
diagram in Figure 3.3(c) to elucidate the elastomer eCE cooling operating princi-
ple, which represents a reversed Brayton thermodynamic cycle. Active elastomers
are subject to the four processes in the thermodynamic cycle: adiabatic stretching
(i → ii), fluid flow from cold to hot where heat is rejected from the hot reservoir
(ii → iii), adiabatic releasing (iii → iv), fluid flow from hot to cold where a cooling
load is absorbed in the cold reservoir (iv → i). While the elastomer undergoes the
adiabatic uniaxial stretching, the applied stress leads to a partial phase transition for
the elastomer molecular chains from the crimped state to the extended state. Some
molecular chains crystallize into ordered phases accompanying with the latent heat
and entropy increase [164]. The crystallization of elastomer molecular chains is in-

Figure 3.3. Surface temperature variation for the NinjaFlex filament in an eCE cooling cycle:
(a) IR images in each state of the first cycle; (b) Temperature change of the elastocaloric material during
an eCE cycle; (c) Schematic temperature-entropy diagram for an eCE cooling cycle, where (+) and (-)
represent temperature increase and decrease, respectively; Qh and Qc represent the heating and cooling
energy, respectively; The inset diagram represents the molecular chain state variation between the
disordering and strain-induced crystallization (black blocks) during adiabatic stretching and releasing
and the corresponding heating (red) and cooling (blue) of the sample.
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duced by rapidly stretching, i.e., so-called strain-induced crystallization (SIC), which
contributes to the elastocaloric effect in elastomers [96, 147]. The consequence is that
the surface temperature increases for most of rubbers and soft elastomers. Under-
going an adiabatic releasing process, the recovery to the disordered coil-like state of
molecular chains leads to the absorption of heat, and thus a temperature decrease.

Elastocaloric measurements for the five elastomeric filaments were performed
under different strains. Figure 3.4(a) shows the stress-strain behavior of the Nin-
jaFlex filament. The measurement was performed using one filament with a sequen-
tial strain increase from 0 to 500%. The temperature changes were measured during
each loading and unloading process. The system was allowed to equilibrate with
ambient after each change in strain, as illustrated in the elastocaloric cycle in Fig-
ure 3.3(b). Results of different filaments, for adiabatic temperature increases and
decreases, are shown in Figure 3.4(b-c). Regarding the exothermic process, the pos-
itive ∆Tad gradually increases as the strain increases to 300%. Subsequently, a ∆Tad
plateau was observed for some samples (Ultimaker95A, KungFu98A, Z-Flex) where
the adiabatic change increases very little from a strain of 300% to 500%. This indi-
cates that strains above 300% for these materials are less responses for elastocaloric
cooling. The adiabatic temperature change of the NinjaFlex filament continues to
increase at strains above 300%, and the largest ∆Tad value reaches 12 K at the strain
of 500%. The endothermic process, accompanying a negative ∆Tad upon strain re-
leasing, plays a significant role in evaluating the capacity for elastocaloric cooling
devices. Since the KungFu72D filament failed mechanically due to its elongation
between 300% to 400%, data at 400% is not available and the result for 300% may
include significant plastic deformation of the sample. Furthermore, only a negligi-
ble elastocaloric effect was observed during the unloading process, which indicates
that it is not an attractive material for elastocaloric cooling. During the endothermic
process, the remaining four candidates exhibit large elastocaloric effects. The nega-
tive ∆Tad of the NinjaFlex filament increases with the strain, and a maximum ∆Tad
value as large as 5.55 K at 500% is achieved. The −∆Tad values for Ultimaker95A
and KungFu98A filaments are similar below 500%, where the adiabatic tempera-
ture changes of both are ∼2 K. However, within the strains from 400% to 500% in
Figure 3.4(c), there is a difference in trend for the Ultimaker95A and KungFu98A
filaments. This phenomenon is similar to the behavior for the KungFu72D filament
during stretching.

In addition, during stretching, a slight decrease in ∆Tad for KungFu98A is ob-
served in Figure 3.4(b). When the strain increases from 400% to 500%, the stress
improvement (8.25%) from 2.91 MPa to 3.15 MPa is less than that (11.31%) of the
Ultimaker filament from 6.01 MPa to 6.69 MPa, which results in a −∆Tad drop for
KungFu98A in Figure 3.4(c). Although the temperature change of the Z-Flex fila-
ment was highest among these materials during the adiabatic stretching process, its
−∆Tad was not as large as the value during the stretching process. A −∆Tad value of
1.58 K for the Z-Flex filament was obtained at 500% strain, yet a temperature change
of 1.44 K was measured at 300%. Hence, the −∆Tad increases slightly as the strain
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increases to 500%.

3.3 Softening behavior and reversible elastocaloric
effect

When eCE elastomeric filaments undergo several loading-unloading cycles, the stress-
strain curve shows significant compliance after the first cycle, and then tends to-
wards a stabilized cycle shown in Figure 3.2. This softening behavior is commonly
observed in rubbery materials, the so-called Mullins effect, which contributes to
the elastocaloric effect decrease in natural rubbers and elastocaloric elastomers [94,
131]. The eCE performance evolution associated with the softening behavior of elas-
tomeric filaments is investigated by comparing the ∆Tad ratio between the initial
cycle and after a small number of cycles (∼10). This relative variation of the adi-
abatic temperature is shown in Figures 3.5(a) and (b) for strains of 500% and 10
cycles. The tests for each sample were conducted in three procedures: one adiabatic
stretching-releasing cycle, with a pause to equilibrate with room temperature in be-
tween (initial cycle); cyclical stretching and releasing eight times (cyclic process);
and one adiabatic stretching-releasing cycle with pauses for temperature equilibra-
tion (10th cycle). After the cyclic process, the values of ∆Tad exhibit a significant
decrease between the 1st and 10th cycles for the samples due to the irreversible plas-
tic deformation produced during cycling [92]. However, the degradation of ∆Tad is
smaller, and for some samples (Ultimaker, KungFu98A, and Z-Flex) the ∆Tad even
increases after the cyclic process. Since the lower value of elongation at the break-
ing point for the KungFu72D sample, the mechanical fatigue presents after the first
stretching. The highest ∆Tad is produced in KungFu72D during the stretching but
there is no temperature change observed during the releasing process. The lowest
temperature relative variation is observed in the NinjaFlex sample both during the
loading and unloading process, manifesting its reversible elastocaloric effect among
these elastomeric filaments. Especially, seldom degradation in temperature change
appears for NinjaFlex filament during the unloading process.

3.4 Printing orientation and its impacts on
elastocaloric properties

To exploit full-scale elastocaloric regenerators printed by these potential elastomeric
materials, the manufacturing parameters should be carefully examined to ensure de-
cent elastocaloric and mechanical properties after the printing. Printing parameters
such as temperatures and printing patterns can be easily controlled and are directly
connected to the mechanical integrity and lifetime of the elastocaloric regenerator.
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Figure 3.4. Elastocaloric effect comparison for different elastomeric filaments:
(a) Stress-strain profiles for the NinjaFlex filament; (b) Temperature change as a function of strain for
different filaments during the filament stretching; (c) Temperature change as a function of strain for
different filaments during the filament releasing.

Figure 3.5. Adiabatic temperature change comparison for different samples undergoing the
initial cycle and 10th cycle during the stretching (a) and releasing (b) processes, and the corre-
sponding temperature variation ratio.
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Figure 3.6. Elastocaloric properties of different oriented parts:
(a) IR images of printed NinjaFlex dogbone part at different states in an elastocaloric cycle; (b) Stress-
strain profiles of printed NinjaFlex dogbones with different orientations; (c) Temperature change as a
function of strain for different printing orientations during stretching; (d) Temperature change as a
function of strain for different printing orientations during releasing.

For FFF, the 3D part is deposited layer by layer. Extruded beads within each layer
could be aligned in different directions. The orientation of extruded beads and lay-
ers is essential to the mechanical properties of printed parts. Another parameter,
solidity ratio (SR), given by the distance between beads, and thus representing the
printed density, is also crucial for printing mechanical properties [165]. The highest
infilled-pattern quality (95%) is applied for each printing to obtain samples with as
high a density as possible. Therefore, the effect of the spacing between beads is not
considered here. Printed parts employed for eCE cooling are subjected to uniaxial
stretching, which means that stacked layers inside of the sample should be able to en-
dure the large cyclical uniaxial stress. Three printing profiles for the dogbone-shape
parts with different orientations were chosen, as illustrated in Figure 3.1(b). In the
0◦ orientation the layers are stacked with the same printing pattern as the diagram
shown. The dogbones with 45◦ and 90◦ orientations are printed with a cross-hatched
structure in the stacked layers.

Elastocaloric effect measurements for each orientation were conducted with sam-
ples printed from the NinjaFlex filament as this was found to have the most promis-
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ing properties. The surface temperature variation of the 0◦ dogbone undergoing the
four states of an elastocaloric cycle measured by IR thermography is shown in Fig-
ure 3.6(a). The temperature distribution is uniform in the middle rectangular area
of the dogbone, but some higher temperatures are observed at the two ends of the
active area owing to the uneven stress distribution. The measured adiabatic tem-
perature changes during loading and unloading as a function of strain are obtained
from the average temperature in the middle of the active area of each dogbone. Me-
chanical tests return to zero strain (the original length) at the end of every cycle.
Buckling occurs due to the large deformation that occurs in stage iv of the dogbone
test. The stress-strain behavior for the different printing orientations is compared in
Figure 3.6(b). The tensile modulus of differently oriented dogbones is 7.9±0.6 MPa
for 0◦, 7.4±0.8 MPa for 45◦, and 6.8±0.7 MPa for 90◦. These are evaluated in an
elastic strain range of 0-10%. The value of stress and tensile modulus decrease with
an increase in orientation angle, during the loading process. This is in agreement
with the results observed in various studies for FFF parts, where beads oriented par-
allel to the load direction (0◦ orientation) are always stronger than beads oriented
perpendicular to the load direction [165, 166].

For the 0◦ orientation dogbone the larger tensile modulus indicates a higher stiff-
ness and tighter bead attachment, and thus a denser part as well as good mechanical
properties are expected. Adiabatic temperature changes during loading and unload-
ing are shown in Figures 3.6(c) and Elastocaloric effect measurements for each ori-
entation were conducted with samples printed from the NinjaFlex filament as this
was found to have the most promising properties. The surface temperature varia-
tion of the 0◦ dogbone undergoing the four states of an elastocaloric cycle measured
by IR thermography is shown in Figure 3.6(a). The temperature distribution is uni-
form in the middle rectangular area of the dogbone, but some higher temperatures
are observed at the two ends of the active area owing to the uneven stress distribu-
tion. The measured adiabatic temperature changes during loading and unloading
as a function of strain are obtained from the average temperature in the middle of
the active area of each dogbone. Mechanical tests return to zero strain (the origi-
nal length) at the end of every cycle. Buckling occurs due to the large deformation
that occurs in stage iv of the dogbone test. The stress-strain behavior for the different
printing orientations is compared in Figure 3.6(b). The tensile modulus of differently
oriented dogbones is 7.9±0.6 MPa for 0◦, 7.4±0.8 MPa for 45◦, and 6.8±0.7 MPa for
90◦. These are evaluated in an elastic strain range of 0-10%. The value of stress and
tensile modulus decrease with an increase in orientation angle, during the loading
process. This is in agreement with the results observed in various studies for FFF
parts, where beads oriented parallel to the load direction (0◦ orientation) are always
stronger than beads oriented perpendicular to the load direction [165, 166]. For the
0◦ orientation dogbone the larger tensile modulus indicates a higher stiffness and
tighter bead attachment, and thus a denser part as well as good mechanical proper-
ties are expected.

Adiabatic temperature changes during loading and unloading are shown in Fig-
ures 3.6(c) and 5(d), respectively. The results of ∆Tad for different dogbone orienta-
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tions confirm that the 0◦ orientation dogbone maintains a significant elastocaloric
effect in 3D printed parts. From the perspective 3D printing elastocaloric regener-
ators, the orientation of beads and stacked layers should be aligned parallel to the
loading direction to realize the largest lifetime and eCE.(d), respectively. The results
of ∆Tad for different dogbone orientations confirm that the 0◦ orientation dogbone
maintains a significant elastocaloric effect in 3D printed parts. From the perspective
3D printing elastocaloric regenerators, the orientation of beads and stacked layers
should be aligned parallel to the loading direction to realize the largest lifetime and
eCE.

Scenario 2 Solidify ratio evaluation for printed samples

For the fused filament fabrication (FFF) printed part, the sample density is associ-
ated with the solidity ratio (SR) which can be calculated theoretically via the area of
the ellipsoid bead divided by the potential maximum area between the beads (the
rectangle area with the nozzle diameter and layer height) [165], written as the fol-
lowing equation:

SR =
Sellipsoid

SRectangle
=

abπ

hD
(3.1)

where the a, b, h and D are the semi-major, semi-minor axes of the ellipsoid bead
and the layer height and the nozzle diameter. The SR is a normalized density for the
printed part. The layer height is 0.0943 mm, obtained from the printed part height
divided by the layer number generated in the printing G-code, and D is 0.3 mm for
the printing. The parameters a and b are obtained from the measurement on the
SEM images.

3.5 Microstructures of printed parts
The microstructures of the printed parts with different bead orientations were stud-
ied in uncycled and cycled 3D-printed parts. Figures 3.7(a) and (b) show profile and
cross-section views of the 0◦ dogbone. Good attachment between the ellipsoid beads
stacked along the z-direction is achieved by the FFF printing. Interbead voids be-
tween the extruded beads are produced during the deposition process. The printed
0◦ dogbone was subjected to 100 cyclic tests to study the microstructural evolution
after plastic deformation. From the cross-section view in Figure 3.7(c), it can be ob-
served that the plastic deformation leads to a reduced mean width of the ellipsoid
beads from 248±13 µm to 189±8 µm measured from the SEM images. Figures 3.7(d-
e) show the cross-section view from the 90◦ dogbone before stretching and after pe-
riodic stretching and releasing. The net-like connection between the extruded beads
in the 90◦ dogbone differs from the bonding connection in the 0◦ dogbone, which
is a parallel-stacked architecture. The size of the interbead void in the 90◦ uncycled
dogbone is larger than that of the 0◦ one and the bead width decreases to 221±14



3.5 Microstructures of printed parts 59

Figure 3.7. Microstructures of printed parts:
(a) and (b) are SEM images of the profile and cross-section views for a printed dogbone with the 0◦

printing orientation, respectively; (c) is a cross-section view after cycling. (d) and (e) are SEM images
of profile and cross-section views for a 90◦ printed dogbone before and after training, respectively; (f)
magnified SEM image from the red rectangular zone in (e).
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µm. After deformation, the ellipsoid bead width further diminishes to 177±10 µm.
From Figure 3.7(e), it can be observed that the beads parallel to the stretching di-
rection are plastically deformed and constrained by the beads perpendicular to the
stretching direction. Because the transverse beads are not subjected to the stretching,
they experience no plastic deformation, which causes dimensional mismatches with
the longitudinal beads that are deformed. This mismatch causes cracks on the trans-
verse bead due to the alternating mechanical interaction between the longitudinal
and transverse beads.

One of the representative areas is magnified and shown in Figure 3.7(f) to accen-
tuate the crack. It can be deduced that the mechanical interaction will also produce
cracks on the longitudinal bead, thereby reducing the mechanical properties of the
part. To evaluate the density of a printed FFF part quantitatively, the SR can be cal-
culated by the area of the bead divided by the potential maximum area between the
beads, indicated by a box around each bead [165]. The maximum area is determined
by the layer height and the width of the bead, which is typically the nozzle diameter.
A SR value of 0.79 is obtained for the printing at different orientations (see Scenario
2). The actual normalized density is evaluated by calculating the area ratio between
the solid and pore regimes from cross-section SEM images. The values for the un-
cycled and cycled parts in 0◦ orientation are 0.97 and 0.95, respectively. For the 90◦

orientation one, the results are 0.93 and 0.89, respectively. All these values are higher
than the theoretical value because the real bead shape is not a perfect ellipsoid and
it changes during the melting and depositing process. The quantitative result for the
printing density also indicates that the 0◦ dogbone is denser than the 90◦ dogbone,
both before and after undergoing the cyclic loading and unloading. This is further
substantiated by the higher tensile modulus obtained in the 0◦ dogbone. The voids
caused by the 90◦ printing will be enlarged in the longitudinal and transverse di-
rection during the stretching. When this part is employed in an active elastocaloric
regenerator, these voids inside the regenerator can absorb the liquid heat-transfer
fluid during the loading and unloading processes, resulting in parasitic heat losses.
However, the voids in the 0◦ dogbone are disconnected, smaller, and maintain their
shape under cycling. Additionally, the connection between the extruded beads in
the 0◦ dogbone remains tight after cyclic tests. Therefore, the 0◦ orientation seems
best for fabricating a full-scale elastocaloric regenerator, due to advantages both in
elastocaloric properties and density stability.

3.6 Mechanical and elastocaloric stability

The stability of the mechanical properties and eCE of elastocaloric materials is an
essential characteristic for evaluating the potential for caloric cooling applications,
as it determines the lifetime of the device employing the given eCE materials. Fig-
ure 3.8(a) shows 100 loading-unloading cycles for the parts printed with different
orientations. Similar to the foregoing discussed on the printing orientation impacts
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Figure 3.8. (a) Stress-strain profiles of printed NinjaFlex dogbones for 100 loading-
unloading cycles; (b) Evolution of the maximum stress achieved in each cycle as a function
of the cycle number
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on the eCE, the tensile modulus and the maximum stress also decreased with the
printing orientation, increasing to 90◦ during the cyclic tests. As shown in Figure
3.8(b), when increasing the cycle number, the stabilized stress can reach to 5.31 MPa
for the 0◦ dogbone, and 3.45 MPa for the 90◦ dogbone. This can be explained by
the higher alignment along the tensile direction for the 0◦ dogbone, as observed in
the microstructural distribution for the extruded beads. The printed layers of the 0◦

dogbone maintain a good mechanical stability and therefore favor a higher uniaxial
stress.

A 0◦ dogbone with a thickness of 2 mm is subjected to over 1000 cycles to ex-
amine the stability of the eCE and its mechanical properties. To avoid any buckling
caused by the plastic deformation, the strain is set back to 150% instead of 0% dur-
ing the releasing process. A slow strain rate of 0.33 s−1 is applied throughout the
test. The stress-strain profiles of some cycles are selected and shown in Figure 3.9(a).
It was observed that the maximum loading stress decreases as the cycle number in-
creases. The temperature evolution profile of the first 85 cycles is recorded by the
IR camera as shown in Figure 3.9(b). After the first several cycles, the temperature
variation tends to stabilize, and the detailed temperature variation for cycles 50-56
is given in Figure 3.9(c). The average cyclic temperature for the 0◦ dogbone reaches
3.92 K. Later, the temperature profiles for cycles 955-1015 were captured, as show in
Figure 3.9(d). The average cyclic temperature change from cycles 1000-1006 is 3.09 K,
which indicates a good functional stability for the eCE of the 3D-printed NinjaFlex.

3.7 Elastocaloric cooling performance of the printed
elastomers

The material coefficient of performance (COPmat) is defined for evaluating and com-
paring potential caloric materials to be employed in caloric cooling [167], calculated
by the cooling energy per unit mass divided by the input work per unit mass as
shown in Eq. 3.2. In a Brayton-based cycle, the cooling energy can be expressed
as an integral of the specific heat capacity cp from T1 to Tamb, where the T1 is the
cold temperature obtained during the loading process and the Tamb is the ambient
temperature. The input work is obtained from the area of the stress-strain curve.

The measurements of cp for the elastomeric materials show a weak temperature
dependence and can be considered to be constant. The average cp values near room
temperature are listed in Table 3.2. Thus, the COPmat calculation is simplified to the
measured values of ∆Tad, cp divided by the input work per unit mass:

COPmat =
Q/m

∆W/m
=

∫ Tamb
T1 cpdT
1

ρl0

∮
σdε

(3.2)

Figure 3.10(a) shows the cyclic temperature variation in a stable loading-unloading
state. The adiabatic temperature change for the cyclic mode is defined as the dis-
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Figure 3.9. Functional stability for the 2 mm printed parts over 1000 loading/unloading
cycles:
(a) Stress-strain behavior for the selected cycles; (b) Cyclic temperature changes for the first 85 cycles at
a strain rate of 0.33 s−1; (c) Stabilized temperature change evolution in cycle numbers 50 to 56 selected
from (b); (d) Cyclic temperature changes for cycles 955-1015 at a strain rate of 0.33 s−1; (e) Stabilized
temperature change evolution in cycle numbers 1000 to 1006 selected from (d).

tance between the top and bottom peaks during loading and unloading. When the
loading-unloading process reaches equilibrium, the adiabatic temperature change
will be stable and remains constant for the following cycles, reflecting its prominent
and stabilized cycling performance. The ∆Tcyc for different materials during cycles
60-100 are shown in Figure 3.10(b). The 0◦ NinjaFlex dogbone produces the largest
average ∆Tcyc value of 3.24 K during these 40 cycles. However, we noticed that
the ∆Tcyc for the 1 mm dogbone is less than the ∆Tcyc of 3.92 K obtained for the 2
mm NinjaFlex dogbone in Section 3.5. That is because the cyclic test in the stability
evaluation is operated at a much lower strain rate, which would favor a higher tem-
perature change as the results shown in Figure 3.10(b). The temperature change for
the Z-Flex sample is also able to reach a considerable value of 2.84 K. COPmat and the
input work (∆W) as a function of the cycle number for the NinjaFlex Ultimaker95A,
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Figure 3.10. Cyclic temperature characteristics and material COPmat for different elas-
tomers:
(a) Time-dependent surface temperature for cyclic tests and the detailed temperature oscillation of a
NinjaFlex 0o dogbone stretched at 500% strain and 0.67 s−1 strain rate; (b) Stabilized temperature
change evolution in cycle numbers 60 to100 for different materials; (c) COPmat and input work evolu-
tion as a function of the number of cycles for NinjaFlex dogbone; (d) Average COPmat and input work
per unit mass during cycles 80-100 for different materials as printed parts in 0o orientation.

KungFu98A, Z-Flex materials rapidly increase during the first ten cycles and tend
to stabilize in the following cycles, see Figure 3.10(c) for NinjaFlex. The tempera-
ture changes and the input work per unit mass in each cycle for different materials
are also obtained from temperature profiles listed in Table 3.3, which exhibit a rapid
decrease over the first several cycles, ending in a stable state. The average COPmat
and input work per unit mass during the stabilized cycles (80th − 100th) for differ-
ent materials are compared in Figure 3.10(d). The highest COPmat of 3.14 with 1.74
J/g input work is observed in the NinjaFlex part at an operating frequency of ∼0.1
Hz. From the stress-strain behavior of the Z-Flex printed part, it can be noticed that
the input work is significantly reduced as the number of cycles is increased (among
proposed materials the lowest input work of 1.63 J/g is required). Therefore, a con-
siderable COPmat of 3.04 with an input work of 1.63 J/g for Z-Flex is obtained when
cycling 100 times despite its small temperature change.

The comparison of the COPmat for some common elastocaloric SMAs and poly-
mers is summarized in the Table1. Compared to the commonly used SMAs mate-
rials, the studied 3D printed NinjaFlex and Z-Flex polymer elastomers are superior
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in considerably lower driving stress (∼6 MPa, 500%) and provide a desirable elas-
tocaloric performance. It can be observed that the cyclic temperature change for the
NinjaFlex reaches 3.92 K which is lower than several Ni-Ti alloys but comparable to
the ∆Tcyc of 4.6 K for Cu68.3Al27.1Ni4.6 SMA. There is some variation in the material
COP calculation presented in literature. For the shape memory alloys, the COPmat
are obtained with a correction for the irreversibility of the phase transformation pro-
cess [171, 172]. For rubber-like materials due to less hysteresis, equation 3.2 was
used for the COPmat calculation [57, 93]. Here, the NinjaFlex, Ultimaker 95A, and
Kungfu 98A filaments both consist of the thermoplastic polyurethane, but there are
differences in the elastocaloric effect and COPmat when comparing to the reported
elastocaloric TPU [93]. That results from different types of TPU being used and a
maximum temperature change employed for the COPmat calculations in literature.

3.8 Prospects for an operation system for large
deformation eCE regenerators

In comparison to the experimental system for elastocaloric cooling/heat pumping
using SMAs, soft elastomeric eCE regenerators require much larger deformations
(300-500%) to achieve a considerable eCE. At present, some related elastocaloric cool-
ers based on the elastomers have been designed by inflation/deflation devices or by
rolling onto a rotational wheel to trigger the eCE of polymer elastomers subjected to
a large deformation [91, 97]. These designs give inspiration to apply the elastomeric
eCE polymers in the solid-state cooling/heat pumping field. However, when consid-
ering the construction of an experimental active elastocaloric cooling/heat-pumping
system for polymer elastomers, the large deformation raises several issues, includ-
ing buckling, and fluid channels volume change. It can be predicted that the fluid-
channel volume inside the 3D-printed regenerator changes when the regenerator
undergoes a larger deformation due to the Poisson’s ratio and strain-induced ma-
terial volume change [173–175]. The fluid channel volume is expected to increase
during the stretching process and decrease during the releasing process, which will
lead to asymmetric fluid-flow volumes between the hot/cold blows. Therefore, op-
erating a large deformation regenerator in a flow system, the empty volume from
the stretching process needs to be compensated by the flow system. On the other
hand, the compensated fluid from the stretching process should be expelled back to
the flow system during the releasing process, otherwise, the extra fluid can increase
the pressure and may cause leakage. Future work could include a tailored fluid net-
work configuration and operation strategy capable of handling the change of fluid
channel volume in an elastomeric regenerator.
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3.9 Summary
We explored the elastocaloric cooling performance of five thermoplastic elastomers
and demonstrated the potential for fabricating the soft elastomers directly into full-
scale elastocaloric regenerators via additive manufacturing technologies. The elas-
tocaloric effect in the five elastomeric filaments were initially investigated before
manufacturing the filaments into 3D parts using FFF. Except for KungFu72D, the
studied filaments show a satisfactory reversible elastocaloric effect. We found that
the 3D-printed parts with the extruded beads aligned in parallel to the uniaxial strain
direction can achieve an elastocaloric effect similar to the raw filament with stable
mechanical behavior. NinjaFlex and Z-Flex dogbones exhibited a COPmat of 3.14
and 3.04, respectively, at a low required stress of ∼6 MPa, which makes them po-
tentially attractive for elastocaloric devices. Combining AM technologies with print-
able elastocaloric elastomer can result in full-scale elastocaloric regenerator that can
be printed directly and actuated at significantly lower forces than comparable SMA
systems. Several challenges need to be overcome for AM elastocaloric regenerator
systems to achieve high performance. Since the heat-transfer fluid will flow through
internal channels inside the regenerator, the AM parameters should be optimized to
achieve fine regenerator geometries as well as being watertight. These would im-
prove the fluid channel quality that could lower the flow pressure drop and enhance
the heat-transfer performance. Another challenge is the large elongation required to
achieve a high eCE for elastomeric regenerators, which will require special design
of external equipment. There are also a number of issues that stem from the large
required strains, including: softening behavior (Mullins effect), which occurs dur-
ing the first cycle, and buckling during strain release caused by plastic deformation,
which will bend/twist the fluid channels and influence the heat exchange. A cer-
tain number of training cycles until reaching the equilibrium could be a solution for
the softening issue of these soft elastomers. Similar to the suggested pre-elongation
method implemented in natural rubbers [92], the buckling can be avoided by ap-
plying the pre-strain approach, performed by unloading to a given strain. Addi-
tionally, manipulating the pre-elongation to the eve of SIC enables higher efficient
elastocaloric cooling resulting from less mechanical energy input. Overall, these
achievements show a great potential to construct the soft active elastocaloric regen-
erator with distinct low-driven stress, opening the opportunity to develop high-
performance elastocaloric cooling regenerators with optimized heat-transfer prop-
erties and structures by means of additive manufacturing.
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CHAPTER4
Fluidic compensations
of large-deformation

regenerators
As aforementioned issues in the elastomeric eCE cooling system design, the large
deformation is required to trigger a satisfactory eCE, however, which will produce
a series of nonlinear behaviors for elastomers, both in the structural and mechanical
aspects. When operating as an active eCE regenerator, elastomer-based regenerators
are subjected to four steps: adiabatic loading, the cold-to-hot blow (cold blow), adi-
abatic unloading, and and hot-to-cold blow (hot blow). The large strains cause the
volume of fluid channels to change in a unclear manner which results in asymmetric
hot and cold blows as well as the energy imbalance in an eCE thermodynamic cycle.
This volume change has been observed in the rubber-tube eCE cooler and elastomers
[176, 177], yet it has never been specifically investigated.

In this chapter, to better understand how to realize a regenerative elastocaloric
cooling system with continuous fluid compensations, we study the volume change
produced by the large deformation in elastomeric regenerators experimentally and
numerically. We study different fluid channels to investigate the geometrical im-
pacts on volume changes as well as the strain-dependent volume change. Hypere-
lastic models are implemented for mechanical behavior fitting and employed for the
volume change prediction of eCE regenerators. The corresponding regenerators are
3D-printed for validation of volume changes under large deformations.

This chapter is mainly based on article II in Appendix A.

4.1 Volume compensation of the large deformation
regenerator and two typical regenerators

Operating as an active eCE regenerator, elastomer-based regenerators are subjected
to four steps: loading, the cold-to-hot blow (cold blow), unloading, and hot-to-cold
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blow (hot blow). Figure 4.1 a illustrates the fluid-channel volume change evolution
over an elastocaloric thermodynamic cycle. The temperature variation associated
with corresponding loading-unloading steps of elastocaloric elastomers is shown in
Figure 4.1 b as obtained from our previous work [101]. During the first process 1
to 2, the regenerator is stretched resulting in a temperature increase. At the same
time the fluid-channel volume increases as the regenerator undergoes large strains,
as shown in Figure 4.1 a. The volume change is expressed as Vf − Vi indicating the
difference of the final and initial fluid-channel volume.

Importantly, it can been observed in a rubber-tube eCE cooler and in elastomers[176,
177] that large strains cause the volume of fluid channels to change in an unclear
manner which results in asymmetric hot and cold blows as well as potentially un-
wanted heat transfer between the fluid and eCM during the loading and unloading
processes. However, this effect has never been specifically investigated.

Here, we investigate the volume change produced by the large deformation in
elastomeric regenerators both experimentally and numerically to understand how
to realize a regenerative elastocaloric cooling system with continuous fluid compen-
sations. We study different fluid channels to investigate the geometrical impacts on
volume changes, as illustrated in Figure 4.1. Hyperelastic models are implemented
in finite element (FE) simulations to predict volume changes of eCE regenerators.
The corresponding regenerators are 3D-printed for validation of volume changes
under large deformations.

The extra increased volume should be compensated to ensure the best-possible
fluid flow profile throughout the cycle. In continuous flow systems, compensating
for volume increases of the channel is typically inevitable due to the resulting nega-
tive pressure. Accordingly, a tailored fluidic compensation strategy can be devised
to accommodate this volume change. The strategy involves managing compensa-
tions from the hot or cold reservoirs during the loading process and returning them
to the reservoirs during the unloading process, depending on the specific cooling
or heating implementations. Quantifying the amount of compensation volume is
necessary for the development of high-performance regenerative elastomeric eCE
regenerators.

We consider two typical regenerator fluid channels, namely parallel-plates (PP)
and square channels, as shown in Figure 4.1 c. For both regenerator geometries, the
external regenerator shape is a dogbone to avoid stress concentrations. The PP re-
generator comprises 18 identical channels with a height of 4 mm while the square
channel regenerator consists of 18× 5 channels uniformly distributed in the regener-
ator. Both the PP channel and the square channel have a channel length of 36 mm in
the same regenerator shape.
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Figure 4.1. Schematic illustration of the volume change induced by large deformation and
the corresponding steps in an elastocaloric cycle, a and b; schematic regenerator and two
selected fluid channels labeled with the related geometric dimension (unit in mm), c. Note
that the schematic channels differ from the real numbers of channels, which are 18 for PP
channels and 18 × 5 for square channels.

4.2 Fitting of hyperelastic models

TPU possesses various complex mechanical properties such as hysteresis, softening,
Mullins effect, time dependence, and equilibrium paths [87, 178–180]. In this study,
we have simplified the constitutive model based on the actual operating conditions
of eCE regenerators. These regenerators undergo alternating loading and unload-
ing at a constant strain rate, ultimately reaching a steady thermal exchange status
and mechanical equilibrium. To accurately capture the fluid-channel volume change
during cyclic loading, we start with FE simulations by employing hyperelastic con-
stitutive models to fit the equilibrium stress-strain response for large-deformation
eCE regenerators. Explicit FE methods are implemented in the simulation for the
volume change predication. Hyperelasticity is also commonly employed to simplify
phenomenological models for rubber-like materials [181–183].

We use a hyperelastic constitutive models to fit uniaxial stress-strain response of
the elastocaloric TPUs. The hyperelastic model is based on different strain potential
density functions W. We assume that our printed elastomers are isotropic. The
constitutive relationship based on the theory of continuum mechanics can then be
expressed by the three invariants of the right Cauchy-Green deformation tensor C
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Figure 4.2. Hyperelastic model fitting for the stress-strain response of TPU elastomers:
a 20 tensile cycles (blue) with the equilibrium curve for fitting (black); b Comparison of hyperelastic
fittings.
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[184, 185]:

W = W (I1, I2, I3) (4.1)

These invariants can be obtained from expansion of the eigen-equation of defor-
mation tensor and expressed by eigenvalues (i.e. stretch ratios, λ1, λ2, λ3) of C as
follows:

I1 = trC = λ2
1 + λ2

2 + λ2
3

I2 =
1
2
[(trC)2 − trC2]

= λ2
1λ2

2 + λ2
2λ2

3 + λ2
3λ2

1

I3 = detC = λ2
1λ2

2λ2
3 = J2.

(4.2)

Here J is the Jacobian denoting the volume ratio of TPU before and after defor-
mation. For rubber-like elastomers during uniaxial tensile tests, the mechanical re-
sponse is close to incompressibility (J = 1) under small stretches. However, when ap-
plying large strains, Poisson’s ratio and mechanical responses will be highly strain-
dependent [185, 186]. For our cases, the applied strain reaches 500-600% which
means the nonlinear Poisson’s ratio and compressible conditions need to be accounted
for in the regenerator volume change prediction. Here we choose the Mooney-Rivlin
model and Ogden model to fit the stress-strain response of TPU elastomers. The
Mooney-Rivlin strain energy function can be expressed as [187]:

W =
N

∑
i,j=0

Cij ( Ī1 − 3)i
( Ī2 − 3)j +

N

∑
i=1

1
di

(J − 1)2i , (4.3)

and the Ogden strain energy function can be expressed as [188]:

W =
N

∑
i=1

µi

α2
i

(
λ̄

αi
1 + λ̄

αi
2 + λ̄

αi
3 − 3

)
+

N

∑
i=1

1
di
(J − 1)2i. (4.4)

In these strain energy function expressions, the invariants are modified in principal
stretches (marked with the overline) form based on the deviatoric-volumetric multi-
plicative split for compressible material models [141, 185], see details in the theory
of Chapter 2.

To approach stabilized mechanical behavior, the standard sample was loaded for
20 cycles at a strain rate of 1 s−1 which reaches equilibrium, as shown in Figure 4.2
a. The performed strain range 0-500% is based on our desired operating range for
a prototype. The equilibrium stress-strain response of loading process of the 20th
cycle is employed for the hyperelastic model fitting by removing the creep regime.
Basically, this bucking is always observed due to creep caused extension, even upon
full contraction of the loading conditions. The fitting results are shown in Figure 4.2
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b. The fitting error can be evaluated as:

error (%) =

∫ ε
ε0

∣∣σsim − σexp
∣∣ dε∫ ε

ε0
σexpdε

× 100% (4.5)

The fitting parameters for these four models are summarized in the table 4.1.
Comparing the fitting results, the N=5 Ogden model achieves the best fitting and
is therefore implemented in the FE simulation for the 3D-printed regenerator fluid-
channel volume change prediction.

Scenario 3 Calibrations for the pressure change measurement

Temperature calibration: The temperature changes were recorded during the cyclic
loading-unloading process of the volume change measurement for temperature cal-
ibration. The temperature ratio (C) is defined as:

Pf Vf

PiVi
=

Tf

Ti
= C (4.6)

The pressure change ratio can be modified according to the following equation:

δV =
Vf − Vi

Vi
=

CPiVi
Pf

− Vi

Vi

= C
Pi
Pf

− 1

(4.7)

Volume calibration: The volume ratio between regenerator channels and connection
tubes is define as α,

α =
VR

Vtube
. (4.8)

The volume change can be calibrated by following way:

δV =
Vf − Vi

Vi
=

VR, f + Vtube − (VR,i + Vtube )

VR,i + Vtube

=
VR, f − VR,i

VR,i + Vtube
=

∆VR

(1 + 1
α )VR

=
1

1 + 1/α
δVR

(4.9)

Thus, the actual volume change of regenerator channel itself is:

δVR = (1 +
1
α
)δV. (4.10)
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4.3 Simulations for different regenerator channels
Next, a FE modeling of the regenerator to find the volume change was conducted.
Half of the regenerator was modelled due to the symmetry and the inlet structures
were also neglected in the simulation. We applied a strain in a sequence from 0

to 600% and the volume change ratio (δV =
Vf −Vi

Vi
× 100%) calculated is shown in

Figure 4.3 a and c. It can be seen that the volume change ratio in the PP-channel
regenerator is higher than that of the square channel. Furthermore, the PP channel
has a higher stress in the middle active region of the regenerator due to its smaller
cross-sectional area. In principle, the stress should be similar. But this section is
softer due to less material, thus more deformation goes there, so it should experi-
ence a higher stress. To visualize the fluid channels geometry variation under large
deformation, the fluid channels of the initial and final states at a strain of 600% are
shown in Figure 4.3 b and d for PP channels and square channels, respectively. Com-
paring the deformed channels in Figure 4.3 a and b, we observe that the PP channels
are subject to a buckling along the Z-axis (thickness direction) which is significant at
the boundary channels while this is not observed for the square channels. This buck-
ling might be the reason of the observed reduction in stability in the Z-axis of thin
plate walls between the channels when undergoing a large uniaxial strain[189]. As
a consequence, the PP channel buckling contributes to an increased volume change
ratio in the PP channels. In addition, higher strains (∼53 mm, 600%) are obtained by
PP channels.

4.4 Volume-change measurements and validation
To validate the simulation results, experimental measurements were conducted to
determine the actual volume change of the fluid channels during the stabilized me-
chanical process. The experimental setup was designed based on pressure difference
measurements (see details in Scenario 3). The idea is to apply the same pressure to
the regenerator and the air tank 2 (reference pressure) when the pressure gets sta-
bilized to seal the regenerator as a closed volume. During the loading process, the
volume change can be determined by monitoring pressure changes between the re-
generator and air tank 2. The experimental fluidic system shown in Figure 4.4 a and
Figure 4.4 b is the physical setup, where the regenerator pressure is denoted as P1
and the reference pressure from air tank 2 is denoted as P2. The volume change ratio
can be calculated based on the ideal gas law equation (PV = nRT):

δV =
Vf − Vi

Vi
=

Pi
Pf

− 1 =
P2

P1
− 1. (4.11)

Taking into account impacts from the temperature changes of the regenerator and
the connected tubes volume between the regenerator and the pressure sensor, the
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Figure 4.3. Simulation results for PP channels a and square channels c volume change pre-
diction as a function of strain (Von Mises stress at 600% for the insets), and corresponding
3D-fluid channels b and d under 600% strain where X = 0 mm is symmetric plane (Y-Z) and
the clamped area is at X = 25.5 mm and X = 85.5 mm for initial (blue) and deformed (red)
channels (there is a 7.5 mm distance between the channel end and clamped area before
loading).

actual volume change ratio of the regenerator can be calibrated to be (see details in
Scenario 3):

δVR = (1 +
1
α
)(C

Pi
Pf

− 1), (4.12)

in which α and C are the temperature and volume calibration ratio, respectively. The
α value is 0.985 for PP channels and the C value is 1.01 at 600%.

The PP regenerator is employed for the volume-change validation experimen-
tally. Before measurements, the airtightness of the device and the regenerator need
to be ensured. We applied a 0.5 bar pressure to tank 2 and the regenerator and closed
the two solenoid valves (at 20 min in Figure 4.4 c) and waited for 30 min to confirm
the pressure maintenance. The results of pressure differences (P1−P2) is stabilized
approaching to zero indicating no air leakage in the regenerator and thus a good
airtightness of the sample. The volume change measurements are performed under
cyclic operation along X-axis at different strain rates for a strain range of 200-600%
to avoid creep. The volume change ratio as a function of strain at rates of 0.1 s−1

and 1 s−1 is shown in Figure 4.4 d along with the simulation results normalized to
200% strain to remove the creep regime. From the experimental results at different
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Figure 4.4. Pneumatic experimental setup and simulation validation:
a. Fluidic circuit for pressure difference measurements (P1: regenerator pressure, P2: air tank 2
pressure); b. Physical picture for the setup; c. Airtight examination by monitoring pressure holding;
d. Comparison of volume change ratio as a function of strains at different loading rates (simulations
performed at 1 s−1 loading rate).
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loading rates, the higher loading rate shows a larger volume change ratio. From the
experimental results, we noticed that the regenerator subjected to a higher loading
rate exhibited a larger volume change ratio. This is because the lower loading rate
allows more creep deformation to occur [87, 190]. The simulation results at 1 s−1

were slightly lower than the experimental results overall. This difference could be
because the simulations did not include certain connecting structures between the
regenerator fluid channels and the fluid inlet and outlet, which were present in the
experiments, and could also be that in experiments the cross-section is different due
to the printing. Here the Ogden model was applied to the simulation for compari-
son. It is noteworthy that the Ogden 3 and 5 models provide satisfactory predictions
for the regenerator volume change in our desired operating range. When strains
exceed 500%, there is an over estimation for Ogden 3 due to the constrained strain
range (500%) employed for the hyperelastic fittings in Figure 4.2. It can be antici-
pated that by employing a larger strain range during the hyperelastic model fitting,
more accurate predictions can be obtained.

Operating in an eCE cycle, the ratio (V∗) of displaced fluid volume (Vdisp) and
regenerator volume (VR) or Utilization are one of evaluating factors for the eCE re-
generator performance to measure how much heat extracted from the regenerator
by heat-transfer fluids [18, 22, 67]. The V∗ shows to be 1 for the best COP in a NiTi-
based prototype at 1.7% [67], which means the same Vdisp and VR. In this volume
increased case, the V∗ can be rewritten as:

V∗ =
Vdisp

0.5 × (VR,i + VR, f )
=

Vdisp

VR,i + 0.5VR,iδVR
. (4.13)

For the PP regenerator, with a δVR of 66.7% the equivalent V∗ will be 0.74, indicating
decrease in V∗ when the fluidic channel volume increases by large deformation. In
previous regenerative coolers [22, 176], it has been demonstrated that the optimized
V∗/Utilization ratio provides enhanced cooling power and temperature span. How-
ever, this strain-induced volume change leads to the deviatoric V∗ and asymmetric
hot-cold blows and further will reduce the temperature span. It suggests a tailored
flow system allowing compensating this volume change to maintain a satisfactory
temperature span during practical operation.

4.5 Position-dependent volume changes in the tensile
direction

In an actual 3D printed elastocaloric regenerator, the volume change also may be
position-dependent. Simulation results can quantify the volume change distribu-
tion along the tensile direction. We consider the fluid channels segmented into 15
segments to examine the volume change distribution along the tensile axis. Figure
4.5 a and c show the results for the PP channels and square channels under 600%
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Figure 4.5. Volume change distribution (volume change as a function of the X coordinate at
600%) along the tensile direction for the different volume channels:
a and b for the parallel-plate channel; c and d for the square channel; in the figure of 3D-fluid channels
Y-Z is symmetric plane and X = 85.5 mm is clamped area (actually, there is a 7.5 mm distance between
the channel end and clamped area).

strain and the volume change ratio of each segment is plotted in Figure 4.5 b and
d. We observed after 20 mm of regenerator length the volume change ratio grad-
ually decreases in a certain coordinate range for both PP channels (up to 48 mm)
and square channels (up to 40 mm) and then slightly increases. This decrease in vol-
ume change along the regenerator length direction is due to the compression exerted
by the rounded section of the dogbone-shaped regenerator, by observing deformed
structures in Figure 4.3 a and c. The volume change ratio increases at the channel
end could be attributed to the boundary effect near the clamped side. In an actual re-
generator, we can understand that the significant volume changes of fluid channels
occur in the active zone, i.e., the middle of a dogbone regenerator, which is supposed
to the regenerator length. The average volume changes in this zone are expected to
conduct to the AER numerical modelling. It is more approaching to the real status
of our simulated regenerators.
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4.6 Summary
In summary, Ogden hyperelastic constitutive models successfully achieve a good fit
for the stress-strain response of eCE TPU elastomers and corresponding FE simula-
tions for the prediction of regenerator volume compensations exhibit excellent agree-
ment with experimental results. The PP regenerator shows higher volume change
compared to the square-channel regenerator under significant deformation, due to
thin-plate buckling instability. Subjecting the PP regenerator to a 200-600% strain
results in a 66.7% volume change ratio. A nonuniform volume change behavior is
observed along the stretching direction, particularly in the rounded region of the
dogbone-shaped regenerators. These results hold promise for accurately predicting
volume compensation in soft, large-deformation eCE regenerators and inspiring the
design and modeling of active large-deformation regenerators.

The model and underlying data are accessible from the online database [191].
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CHAPTER5
1D numerical model

for large-deformation
elastocaloric
regenerators

The numerical models are universally implemented for the evaluation and optimiza-
tion of regenerative caloric regenerators [149, 192–194]. Moreover, it also insights on
the development and design of the corresponding active cooling or heat-pumping
system. To better understand the implementation of our 3D-printed soft active elas-
tocaloric regenerators, in this chapter, we developed an improved 1D AER numerical
model which adapts to the regenerator undergoing large deformations and involv-
ing volume change issues. This large-deformation AER model is based on the 1D
AMR and elastocaloric models, which rarely relates to the significant volume change
of heat-transfer fluidic channels when operating in an active caloric thermodynamic
cycle and the significant evolution in the spatial length of the model. Prior to the
model construction, we notice that there are several challenges for these polymeric
eCE regenerators modelling to address:

• Evaluating the volume compensations (already studied in the previous chap-
ter) to consider into the model during the loading and unloading processes;

• Consideration for the regenerator length elongation (usually 200-600% applied
strains) in the model;

• The cross-section area geometry changes (including the fluid channel, regener-
ator materials) with the uniaxial elongation, especially for the large deforma-
tion which shows nonlinear behavior.

• The spatial grids of the numerical model should be updated according to the
applied strains due to the significant elongation of the regenerator length.
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This chapter is related to article IV in Appendix A.

5.1 Temperature gradients for large-deformation
elastocaloric regenerators

The significant volume change of the regenerator fluid channels has been observed
for large-deformation AERs. The potential temperature gradients of the fluid inside
the regenerator are shown in Figure 5.1. For the purpose of cooling, the fluidic com-
pensation is expected to come from the hot reservoir (HR) where the temperature
is fixed by a heat exchanger. The Figure 5.1 illustrates the temperature gradients
over an active thermodynamic cycle. Meanwhile, the compensation and expelling
processes, denoted by dash line, are provided. The evolution of the temperature gra-
dients is indicated by the change of the initial temperature (Ti, dash line) to the final
temperature (Tf , solid line) in each process.

Upon adiabatic loading, the regenerator temperature gradually increases and the
fluid channels are subjected to a significant deformation when the regenerator goes
to a large stretch. The fluid channel volume increases as we found in the last chapter.
During this process, there are passive compensation fluids flowing into the regener-
ator from the hot reservoir (here, we assumed the regenerator was placed vertically
with the hot reservoir on the top.) owing to the gravity. And the temperature on the
upper channels is equal to the TH (temperature of HR). Ideally, the volume of this
part of channels filled with compensated fluids is identical to the volume changes
induced by large strains. This compensated volume will be accounted into the 1D
numerical model for AERs. Afterward, when the loading is finished, the piston dis-
places the heat transfer fluids from the cold reservoir (CR) to the HR (the cold blow
in Figure 5.1), and the initial temperature of fluids is decreased.

Upon adiabatic unloading, the regenerator temperature is decreasing, meanwhile
the fluid channel volume is reducing. During this process, the extra fluids need to be
expelled out, where it is operated to flow back to the HR. As shown in the expelling
blow in Figure 5.1, the temperature of the upper channels decreases as they are cut
off from the main flow, as this portion is expected to be completely expelled into the
HR. When the strain is fully released, the regenerator temperature drops, resulting
in the cooling of the fluids. This cooling process is marked by the hot blow of flu-
ids from the hot side (HR) to cold side (CR), where the elastocaloric cooling load is
extracted from the regenerator the cold side.

Actually, the temperature gradient distribution in the regenerator is complicated,
which depends on the regenerator structures, operation frequency, working temper-
ature (TH), mass flow rate, and high-strain induced volume changes. To comprehend
the possible temperature gradient within the large-deformation soft regenerator, we
introduce a 1D numerical AER model in this chapter. This model considers both the
significant deformation of the regenerator’s length and fluid compensation, which
can predict the performance parameters of the AER.
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Figure 5.1. Potential temperature gradients evolution with fluidic volume compensation
inside the large-deformation elastocaloric regenerator.
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5.2 1D elastocaloric numerical models
In general, to develop the 1D elastocaloric model, the two basic governing equations
based on the AMR and the Ni-Ti based elastocaloric regenerator models can be ob-
tained from the literature, which have been described in Chapter 2 as follows:

Acϕρ f c f
∂Tf

∂t︸ ︷︷ ︸
Heat storage

=
Nuk f

Dh
as Ac

(
Ts − Tf

)
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Heat convection

+
∂

∂x

(
kdisp Ac

∂Tf

∂x
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︸ ︷︷ ︸

Heat conduction

− ṁ f c f
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(5.2)

When an AER system is configured for cooling or heat-pumping applications,
the strain serves as a controllable parameter. Therefore, we treat the strain as the
external field which is responsible for driving the elastocaloric devices in the solid
equation 5.2.

5.2.1 Spatial nodes adjustment
When dealing with the two partial differential equations (PDEs) mentioned above,
numerical calculations employ a central differential scheme and implicit temporal
discretization. It is noteworthy that the large-deformation AER model differs from
previous AMR or AER models, where spatial dimensions remain fixed during the
heat transfer process. In the case of the Ni-Ti regenerator, the strain is relatively
small compared to the spatial length of the regenerator, enabling us to neglect ge-
ometrical changes. However, in the case of soft elastomer regenerators, significant
deformations lead to notable changes in the geometry and fluid channel volume (ac-
counted for 69%), influencing the flow direction of heat transfer fluids. Moreover,
heat conduction is also affected by these geometry changes. Therefore, it becomes
necessary to modify the fundamental governing equations by introducing modifica-
tions for the spatial nodes and corresponding volume changes.

When operating an elastomeric regenerator to prevent buckling which is resulted
from irreversible deformation, the regenerator will return to a pre-strain (ε0). In this
context, we define the regenerator’s length at this strain as the initial length (L0).
Assuming that the actual initial length is denoted as (l0), and given the relationship
L0 = (1 + ε0)l0, the length at the final strain is represented as L. To discretize the
elongated axial length, we employ a simplifying assumption for the extended nodes.
We assume that each node undergoes proportional stretching, as illustrated in Figure
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Figure 5.2. Spatial discretization for releasing and stretching length.

5.2. The initial spatial coordinate and the stretched spatial coordinate are denoted
as x and X, respectively. The spatial length is discretized into an equal number of
nodes. Each unit grid can be expressed as follows:

Xi = λxi (5.3)

, where the λ is the elongation ratio. For 1D model the differential operators in the
PDEs can be written as:

∇ =
∂

∂x
=

1
λ

∂

∂X

∇2 =
∂2

∂x2 =
1

λ2
∂2

∂X2

(5.4)

5.2.2 Modifications for the geometrical and fluidic parameters
In the basic governing equations, several parameters are dependent on the spatial
length and undergo alterations after stretching. Below, we list a few key geometric
parameters that play an important role in determining fluid properties, and have
a significant impact on heat transfer within the elastocaloric regenerator. The star
superscript (∗) on the variables represents the parameter undergoing deformation.

• Cross-section area Ac
The cross-section area is the product of the width (W) and the thickness (δ) of
the regenerator. The width and the thickness stretching to a strain ε can be
expressed using Poisson’s ratio:

W∗ = (1 − νε)W0

δ∗ = (1 − νε)δ0
(5.5)
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in which W0 and δ0 represent the initial width and thickness, respectively.

We define the (1 − νε) = φ as the deformation factor for the regenerator solid.
Thus, the current cross-section area becomes:

A∗
c = (1 − νε)2 Ac,0 = φ2 Ac,0 (5.6)

• Porosity of the regenerators ϕ
Porosity calculations depend on the type of packed beds. Here we used the
parallel plate regenerator as an example shown in Figure 5.3. The solid regener-
ator height and the fluid channel height are h1 and h2. The deformation factor
for the regenerator solid, as mentioned earlier, is represented as φ. However,
it is important to note that the deformation factor for the fluid channel is not
the same and varies depending on the geometry changes of the channel. We
define it as φ∗ for the channel deformation factor, which can be deduced from
the channel volume change and will be provided in the subsequent discussion.
The porosity after stretching can be written as:

ϕ∗ =
φ∗h2

φh1 + φ∗h2
(5.7)

• Specific surface area of the regenerators as
For the parallel-plate regenerators the specific surface area is expressed as:

a∗s =
2

φh1 + φ∗h2
(5.8)

• Hydraulic diameter Dh
For parallel-plate regenerators the hydraulic diameter is expressed as:

D∗
h = 2φ∗h2 (5.9)

It is noteworthy that if we have data set for the volume change of fluid channels,
actually which is attainable from the finite element (FE) simulations which has been
discussed in the Chapter 4, we can directly calculate the deformation factor of fluid

Figure 5.3. Parallel-plate regenerators.
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channels φ∗ using equation 5.6 for the deformed cross-section area. The calculation
of the volume change can be expressed by:

∆V = A∗
c, f L − Ac, f l0 = A∗

c, f λl0 − Ac, f l0

= φ∗2 Ac, f λl0 − Ac, f l0

= (φ∗2λ − 1)Ac, f l0

(5.10)

in which L, l0, Ac, f , λ represent the final regenerator length, initial regenerator
length, final regenerator cross-section area, elongation ratio, respectively. Conse-
quently, the deformation factor φ∗ of fluid channels yields:

φ∗ =

√
∆V + Ac, f l0

λAc, f l0
(5.11)

The geometric relationship can also be generalized to versatile cross-section struc-
tures. If the two spatial scales of the cross-section area are considered as two differen-
tial elements dy and dz in y and z direction (where x is defined as the axial direction),
the initial cross-section area Ac can be expressed in integral form using the following
equations. Similarly, we employ the same expression for the deformed regenerator’s
cross-section area A∗

c .

Ac,0 =
∫∫

dydz =
∮

da

dY = (1 − νε)dy
dZ = (1 − νε)dz

dA = dYdZ = (1 − νε)2da

A∗
c =

∮
dA = (1 − νε)2 Ac = φ2 Ac,0

(5.12)

Analogously, we represent other geometric parameters using φ and φ∗ under dif-
ferent strains. However, for different channel structures, the specific surface area
and hydraulic diameter need to be calibrated based on the corresponding expres-
sions, in which its characteristic length can be scaled by the deformation factors φ
and φ∗.

5.2.3 1D elastocaloric model for the large deformation
regenerator

In addition to aforementioned geometric variables, some other related variables in
the partial differential equations can also be modified based on the geometric defor-
mation. Here, we modified the differential operators from the spatial deformation
relations and denoted the corresponding revised parameters using the star super-
script, and the governing equation for the large-deformation regenerator yields:
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ṁ f

ρ f

∣∣∣∣∣︸ ︷︷ ︸
Viscous dissipation

(5.13)
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5.2.4 Model discretization and numerical solution process

The numerical model of AER is based on the solver implemented for the previous
AMR 1D models [150, 152, 195]. The governing equations are discretized using the
center differential method, and the energy equations can be rewritten as discretized
equations:

Ai,iTf ,i,j+1 + Ai,Nx+iTs,i,j+1 = Bi

ANx+i,iTf ,i,j+1 + ANx+i,Nx+iTs,i,j+1 = BNx+i (5.15)

Figure 5.4. Discretized nodes for fluidic compensations.
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Afterward, the two discretized equations can be combined as a matrix equation:[
Ai,i Ai,Nx+i

ANx+i,i ANx+i,Nx+i

]
×

[
Tf,i,j+1
Ts,i,j+1

]
=

[
Bi

BNx+i

]
(5.16)

[A] · [⃗T] = [⃗B], (5.17)

in which A is a tridiagonal matrix of the coefficients of the discretized equations, B
is a vector of the constant terms (the temperatures from the previous time step, the
boundary conditions, etc.), and T is a vector of the unknown temperatures (Tf , Ts) in
the next time step. See details of the discretization of the governing equations from
[150, 195].

The temperature profiles T for the regenerator solid (Ts) and fluids (Tf ) can be
calculated by inverse solution of matrix equation [T] = [A]−1 · [B]. In practice, the
A is a 2Nx*2Nx sparse matrix and the T and B are two 2Nx vectors when solving
in the MATLAB. Nx and Nt are the spatial node number and time node number
for discretization, respectively. The spatial node coordinate is updating dynamically
at each time node according to the real-time stretch (λ). A schematic discretized
network for time and space from the initial length to stretching length is shown in
Figure 5.4, in which the n and m equal to Nx and Nt, repectively. The node network
is stretched along the axial (tensile) direction. During this process, the other geomet-
ric parameters, such across section area, hydraulic diameter, and porosity, etc., are
also updated with respect to time steps. As previously postulated, compensation
for the cooling application was supplied from the hot reservoir, and the regenerator
was vertically positioned. As a result, compensation nodes can be obtained from
one side of the spatial nodes, marked with a yellow rectangle in Figure 5.4. These
nodes are determined by assessing the volume changes of fluid channels, which are
accessible from Chapter 4.

From our FE simulation, we obtain the strain-dependent volume changes and
across section area. Due to the large deformation, volume changes play an impor-
tant role and the Poisson’s ratio (ν) is no longer a constant, which is also strain depen-
dent. The ν as a function of strains can be obtained from the FE model. Accordingly,
it will be possible to update the deformation factors (φ, φ∗) with respect to the strain.
The specific implementation for cooling is performed referring the pseudocode in
Scenario 4. The sparse matrix A and vector B in each operation step were filled with
the corresponding values according to the sign of mass flow rate (mdot) of fluids and
the applied strain profiles (Fapp). The while sentence controls the main loop, and
when the calculation error less than the target value it will jump out the loop and
save the final result of performance parameters.
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Scenario 4 Algorithm: Large-deformation AER algorithm for cooling in pseudocode

Initialize variables
Input the parameter set D, compensation modes Mode
Create mass flow mdot and applied strain field profiles Fapp
Create time-dependent volume change profiles, Vtnode
Calling FindCompenPoint.m to obtain the compensation spatial nodes set, NCom
do while (err > Target)∣∣ Time steps, j=j+1∣∣ Bed geometry∣∣ Calling DeformingPara.m to obtain deformation factors φ, φ∗∣∣ if ˙Fapp > 0 (compensation blow, upon loading)∣∣ ∣∣ Assign the fluid temperature on NCom as the hot side temperature∣∣ ∣∣ Tf ,h,end , solve temperature matrix equation, AT = B∣∣ ∣∣ else if ˙Fapp = 0 and mdot > 0 (cold-to-hot blow)∣∣ ∣∣ Solve T = A−1B, obtain Ti, f , Ti,r∣∣ ∣∣ else if ˙Fapp < 0 (expelling blow, upon unloading)∣∣ ∣∣ Regenerate the temperature gradient for Tf , Tr between the∣∣ ∣∣ temperature T1 and TN1,Com , solve temperature matrix equation,∣∣ ∣∣ AT = B∣∣ ∣∣ else if ˙Fapp = 0 and mdot < 0 (hot-to-cold blow)∣∣ ∣∣ Solve T = A−1B, obtain Ti, f , Ti,r∣∣ end∣∣ if j = Nx (check for convergence)∣∣ ∣∣ Calculate the energy balance for previous cycle, Ebalacyc∣∣ ∣∣ Calculate the numerical error for previous cycle, err∣∣ ∣∣ Calculate system performance for previous cycle, COP, Pcool,∣∣ ∣∣ Pheat∣∣ ∣∣ Initialize the time node, j=0∣∣ end

end
Calculate dimensionless parameters, effectiveness, Nuf, U, Qloss
Save the results into an array of structures, S

5.3 Temperature-dependent elastocaloric behavior

5.3.1 Isothermal tests
In order to include the eCE elastomer material properties into the numerical model
(the eCE term in Eq. 5.14), we need to calculate the temperature-dependent ∆Tad
and isothermal entropy changes ∆Siso of the elastomers. In general, it can be ob-
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tained from temperature-dependent stress-strain profiles. The isothermal mechan-
ical behavior of 3D printed elastomers was measured on a Testrometric Micro 350
tester for 287 to 321 K. The ISO 37 type III standard dogbone printed using Nin-
jaFlex TPU is implemented to the test. Before the isothermal test, dogbone samples
were stretched 20 cycles to avoid the Mullins effect and irreversible strains.

Figure 5.5. Isothermal mechanical test and temperature-dependent mechanical behaviors:
a, A mounted sample with the thermocouples stuck on the surface to measure their temperature changes
during stretching. b, Force-displacement curves at different ambient temperatures. c, Stress-strain
curves for the loading process at each temperature. d, isothermal mechanical behavior profiles in the
temperature range of 288-320 K with an identical increment interpolated from c.

Figure 5.5a shows the photograph of a 3D printed sample mounted on the tester.
We attached some thermocouples on the sample to record the temperature changes.
In addition, a thermocouple is placed in the atmosphere close to the sample, which
is implemented to monitor the ambient temperature. Mechanical behaviors at differ-
ent temperatures during a sample loading-unloading process are shown in Figure
5.5b. The stress-strain curves for the loading process are used in the calculation of en-
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tropy change and temperature change in a strain range of 0-400%, extracted shown
in Figure 5.5c. And then we implemented the linear interpolation for the isothermal
stress-strain profiles to obtain more curves for the calculation.

From the isothermal mechanical characterization, a significant hysteresis was
observed in the stress-strain curves, which is probably resulting from the strain-
induced SIC in polymers. There is no stress plateau observed in both the load-
ing and unloading processes, which is commonly presented in SAMs owing to the
austenitic-martensitic transformation [18]. For the TPU loading process, the stress-
strain curves exhibit a significant temperature dependence. However, for the unload-
ing process, the curves show almost temperature independent and some crossover
curves are observed, leading to the positive adiabatic temperature changes, which is
in opposite sign compared to the real measurements for eCE. This might be a result
of the complicated mechanical behavior of TPU, such as creep, relaxation, and soft-
ening. It has also been observed in other isothermal tests for natural rubbers [97],
and some of them are less temperature dependent for the loading process. Therefore,
we only employed the stress-strain behavior of the loading process for the following
calculation.

5.3.2 Isothermal entropy changes and adiabatic temperature
changes

According to the Maxwell relations, the isothermal entropy change from the initial
strain to the final strain can be calculated by:

∆Siso = −1
ρ

∫ ε

ε0

(
∂σ

∂T

)
ε

dε (5.18)

In analogy to the methods implemented to calculate the adiabatic temperature
changes in SAMs, the ∆Tad as a function of temperature can be obtained from a
total entropy-temperature diagram. The temperature-dependent isothermal entropy
changes at different strains of TPU are calculated using the Eq. 5.18, as shown in
Figure 5.6a. We can employ the total entropy at zero applied strain as a baseline
to deduce the entropy-temperature profiles under different strains as follows (see
details of the method [196]):

Stot (T0)ε=0 =
∫ T

T0

cp,ε=0(T)
T

dT, (5.19)

Stot(T)ε =
∫ T

T0

cp,ε(T)
T

dT + Stot (T0 )ε=0

= ∆Siso (T)ε + Stot (T0)ε=0 ,
(5.20)
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Figure 5.6. Temperature-dependent entropy changes and adiabatic temperature changes of
3D-printed NinjaFlex TPU:
a, Temperature-dependent Isothermal entropy changes at different applied strains. b, Calculated adi-
abatic temperature change profiles from the total entropy-temperature diagram and the experimental
measured temperature changes at 400%.

And the corresponding adiabatic temperature changes as a function of temperature
can be calculated by:

∆Tad = T2 (Stot, ε)− T1 (Stot, ε = 0) , (5.21)

from the entropy-temperature diagram, as shown in Figure 5.6b. Compared to the
measured temperature change at 400% strain, the calculated ∆Tad at 400% shows a
good agreement with the experiments.
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Figure 5.7. Schematic phases for the mass flow rate, compensation flow rate, and the applied
strain over a thermodynamic cycle.

5.4 Mass flow rate diagram and analysis for the
volume-varied regenerators

The fluid mass flow rate is a crucial variable in the energy equations, and it can be
implemented, to indicate the states of the hot/cold heat-transfer blows. It acts as an
indicator for the numerical AER model to identify the compensation process and to
perform the corresponding compensation-blow calculations, which have been imple-
mented in the above pseudocode. A typical fluid mass flow rate profile in an active
cycle period is shown in Figure 5.7. Moreover, we establish a distinct mass flow rate
profile for compensation blows, which is synchronized with the loading and unload-
ing processes of the strains, as shown in the second graph in Figure 5.7, which is
synchronized with the loading and unloading processes of strains. If compensation
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is operated from the hot reservoir (green), during the loading process, the sign of
mass flow rate is positive, which indicates compensation blow from HR. During the
unloading process, the sign is negative, which indicates expelling blow to HR. If it
compensates from cold side, it will be in the opposite sign (yellow). The last graph
is about the applied strain as a function of time. According to the simulation for the
volume change of fluid channels, we can obtain the relationship of volume changes
and strains as shown in Figure 4.4d. The simulated results are approaching to lin-
ear, therefore, we can obtain the volume change at each strain shown in Figure 5.7
and the time-dependent volume change. Here, we neglect the rate dependence and
relaxation properties of TPU, as we found the volume change has less rate depen-
dence among the a loading rate range of 0.1-1 s−1 and the experimental operation is
expected within these loading rate range.

We constructed two types of microchannel regenerators for the numerical simu-
lation, which are the same regenerators implemented in the FE simulation in Chap-
ter 4. One is the parallel-plate (PP) channel and another one is the square channel.
The main parameters of large-deformation AER, implemented in the numerical mod-
elling, are listed in Table 5.1. The applied strain inputted to the model is normalized
by subtracting the irreversible strain. Because this irreversible strain causes the me-
chanical buckling for the regenerator. During the practical operation, we operate a
regenerator in a higher strain range. For instance, a 3D printed regenerator was op-
erated in a strain range of 200-600%, and the normalized strain was determined to
400%.

Table 5.1. Main input parameters for 3D-printed soft regenerator simulations.

Parameter Values
Regenerator1 Parallel-plate microchannel
Regenerator2 Square microchannel
Material TPU (NinjaFlex)
Ambient temperature, Tamb, [K] 296
Hot side temperature, TH , [K] 296
Material density, ρs, [kg/m3] 1235
Applied strain (normalized), ε, [−] 400%
Regenerator volume, VR,

[
mm3] 913.65 (parallel-plate), 1091.5 (square)

Regenerator width, dR, [mm] 20
Regenerator height, dR, [mm] 5
Total initial length, L0, [mm] 15
Channel size, Dc, [mm] 0.64 (thickness, parallel-plate), 0.64 (square)
Temperature span, ∆T, [K] 2 − 5
Operating frequency, f , [Hz] 0.0833 − 0.2
Hydraulic diameter, dh, [mm] 1.28 (parallel-plate), 0.64 (square)
Porosity, ε, [−] 39.1% (parallel-plate), 27.23%(square)
Thermal conductivity, ks, [W/(m · K)] 0.2
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5.5 Comparison of volume compensation mechanism

To determine the suitable direction for compensation in elastocaloric cooling, we
compare two schemes: 1) hot reservoir compensation (HR scheme); 2) cold reservoir
compensation (CR scheme). The comparison is based on a PP channel regenerator,
which has significant volume changes induced by large strains.

The numerical modeling was carried out under a series of mass flow rates at a
frequency of 0.1 Hz. The volume change of PP channels at 400% was determined
to 69% from FE simulation and was inputted into the model. The temperature span
(temperature difference between the HR and CR) was set as 2 K. The simulated re-
sults of the cooling power and COP are shown in Figure 5.8. In the numerical model
the cooling power and COP are calculated as follows:

Q̇c = f
∫ τ

0
ṁ f c f

(
Tf ,c, out − Tf ,c, in

)
dt (5.22)

COP =
Q̇c

Q̇h − Q̇c
(5.23)

Under identical operating conditions, it is evident that the cooling power and
COP of the CR scheme are consistently negative. This signifies its inability to reach a
2 K temperature span. However, the HR scheme exhibits a 2 K temperature span for
elastocaloric cooling at a lower mass flow rate, as indicated by the red circles. The
maximum cooling power, reaching 0.69 W, occurs at a mass flow rate of 0.15×10−3

kg/s. As a result, this indicates the preference for selecting the hot reservoir for
fluid compensation in elastocaloric cooling applications. Subsequently, our numeri-
cal modeling and experimental design are based on the HR scheme.

5.6 Parametric investigation of the regenerator

When operating an active regenerator as a cooling device, its cooling performance
can be influenced by multiple parameters, such as operating frequency, mass flow
rate (or Utilization), hot reservoir temperature (TH), applied strain, etc. The pre-
sented numerical model encompasses the mentioned parameters, enabling a com-
prehensive examination of their effects on regenerator performance. Two typical
regenerators, featuring PP and square channels, are chosen for analysis. The large-
strain induced volume changes, calculated as 69% and 41% based on finite-element
simulations for the PP and square regenerators, respectively, are input into the nu-
merical model. In this context, the hot side temperature TH is set equal to the ambi-
ent temperature at 296 K. Our main objective is to explore regenerator performance
under varying frequencies, mass flow rates, and temperature spans, with the aim of
identifying the optimal operational conditions. Examining the cooling power depen-
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Figure 5.8. Comparison of the cooling power and COP for compensating from hot reservoir
and cold reservoir at a 2 K temperature span based on a PP channel regenerator.

dence on temperature span enables us to predict the attainable maximum tempera-
ture span by the regenerator during elastocaloric cooling.

Figure 5.9 displays the cooling power and COP results of a PP channel regenera-
tor operating at two frequencies of 0.06 and 0.1 Hz. The mass flow rate is varied for
each frequency across different temperature spans to assess the performance. As the
mass flow rate increases, the COP decreases, while the cooling power initially rises
and subsequently decreases. If the set temperature span cannot be achieved, there
will be a negative cooling power or COP which has been removed from the figure.
As a result, an increase in the temperature span corresponds to a decrease in both
the maximum cooling power and COP. Furthermore, a higher frequency is found
to achieve a higher maximum cooing power at the optimal mass flow rates. For in-
stance, at a same temperature span 3 K, the maximum cooling powers at frequencies
of 0.06 Hz and 0.1 Hz are 0.12 W and 0.31 W, respectively. Notably, the maximum
COP at 0.1 Hz is 1.8, surpassing the value of 1.0 attained at 0.06 Hz.

Figure 5.10 shows the results of the square channel regenerator that was simu-
lated at different temperature spans from 0.5 K to 5 K. Based on the maximum cool-
ing power, the optimal mass flow rate for the lower frequency is about 0.175×10−3

kg/s, which is increasing to 0.3×10−3 kg/s for the frequencies of 0.1 Hz and 0.13
Hz. It is because the higher frequency requires more fluid to extract heat from the
regenerator. The predicted maximum cooling power is decreasing with temperature
span increase, and in a same manner if the temperature span is not achievable the
cooling power and COP will be negative. At an identical temperature span at 3.2 K,
the maximum cooling power is obtained to be 0.43 W, 0.51 W and 0.65 W for the fre-
quency from 0.08 Hz to 0.13 Hz. When the frequency increases from 0.08 Hz to 0.13
Hz, the maximum COP is also increasing from 4.58 to 5.25. At this temperature span,
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Figure 5.9. Cooling power and COP results of the PP regenerator operating under different
frequencies and mass flow rates at varying temperature spans.

it indicates that the higher frequency favors to an improved cooling performance of
the regenerator. However, we noted that the optimal mass flow rate for the COP is
at a lower value of 0.175×10−3 kg/s for the frequencies of 0.1 Hz and 0.13 Hz. It
maybe the reason that displacing the more heat transfer fluid probably improves the
cooling power, whereas it requires more pump work which reduces the efficiency.

5.7 Predication of maximum temperature span
Both the maximum cooling power and temperature span serve as equally important
indicators of the prototype’s performance. The cooling power of the PP and square
regenerators at varying temperature spans has been mapping out under different op-
erating parameters, which allows us to predict the potential maximum temperature
span that can be achieved by the optimization for Utilization. The simulation re-
sults provide information on the cooling power in relation to the temperature span.
Typically, a linear relationship exists, allowing for linear extrapolation of the results
to obtain the maximum temperature span and cooling power. As illustrated in Fig-
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Figure 5.10. Cooling power and COP results of the square regenerator operating under dif-
ferent frequencies and mass flow rates at varying temperature spans.

ure 5.11, the cooling power is displayed as a function of temperature span under
different Utilization at an operating frequency of 0.1 Hz for the square channel re-
generator. The data exhibits a suitable linear fit. This linear fitting enables the deter-
mination of the maximum cooling power Q̇c,max at zero temperature span and the
temperature span ∆Tspan,max at zero cooling power. The method of linear extrapo-
lation has also been applied in the evaluation of Q̇c,max and ∆Tspan,max in the study
by Qian et al. [22]. For the active regeneration, Utilization is generally related to
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Figure 5.11. Linear fitting for the cooling power and temperature span (dots) under different
Utilization in which the maximum cooling power Q̇c,max and temperature span ∆Tspan,max
can be obtained by linear extrapolation.

the fraction of elastocaloric heat extracted from the regenerator by the fluid, which
is defined as:

U0 =

∫ τ/2
0 ṁ f c f dt

mscs
=

Vpumpρ f c f

mscs
. (5.24)

where ṁ f is the mass flow rate of the heat transfer fluid, and τ represents the period
of an active cycle. Due to the same duration implemented for the heat rejection and
heat absorption processes, the half of period time is used for the integration. The
volume change of regenerator channels is not accounted in this definition, which
can avoid the variation in determining the optimal Utilization associated with the
volume changes, mentioned in Chapter 4. Yet, the corresponding volume changes
are included into the model at each given applied strain. In this way, we can assess
the optimal Utilization for achieving the maximum temperature span. Here, we also
define another Utilization which takes account compensation fluids into the heat
transfer fluid periods, which can be expressed as:

U =

∫ τ/2
0 ṁ f c f dt + 1

2

∫ τ/2
0 ṁcompc f dt

mscs

=
(Vpump + 0.5Vchan,0δV)ρ f c f

mscs
,

(5.25)

in which the Vchan,0 is the initial fluid channel volume and the δV is the volume
change ratio which has been defined in equation 4.11. As the compensation fluid
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participate the heat transfer only during the cold blow, extracting eCE heat to the
hot side, a half amount of compensation fluids contributes to the heat transfer in
an active cycle. It is similar to the definition for the heat transfer volume ratio of
active regeneration in equation 4.13 in Chapter 4. For the predication of maximum
temperature span, we neglect the volume change effect on the Utilization, where the
U0 is employed.

Figure 5.12. Predicted maximum temperature span as a function of Utilization operating
under different frequencies for the PP and square regenerators.

Figure 5.12 a and b depict the temperature span as a function of Utilization for
the PP and square regenerators, respectively. These plots are obtained from linear
fitting for the relationship of the cooling power and temperature span. For the PP
regenerator, the maximum temperature span of 6.1 K can be attained at a Utilization
of 0.43 at 0.1 Hz. However, at a lower operating frequency of 0.06 Hz, the maximum
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temperature span of 4.9 K is achieved with a higher U0 of 1.1. For the square re-
generator, the maximum temperature span is improved to 12.8 K which is operated
under a Utilization of 0.65 and frequency of 0.13 Hz. The observation indicates that
an increase in frequency results in a higher temperature span, and correspondingly,
the optimal Utilization should be reduced. For instance, when the frequency is 0.08
Hz, the optimal U0 is 0.70, achieving a maximum temperature span of 11.9 K.

5.8 Summary
In this chapter, the 1D modelling for the large-deformation elastocaloric regenerator
has been developed. In this numerical model, introducing the stretch ratio λ and de-
formation factors φ, associated with the varied spatial length of the regenerator and
the large-strain induced volume changes, facilitates the study of large-deformation
active elastocaloric regenerators. The relationship between λ and φ of a regener-
ator can be determined by FE simulations, which provides the information of the
deformed geometries and associated volume changes of regenerators.

For cooling implementation, the volume compensation from the hot and cold
sides is compared. The results indicate that the compensation from the hot reservoir
is more suitable for cooling applications. This finding guides the construction of
our experimental setup, emphasizing the need to manage compensation flow from
the hot side to the regenerator, during the loading process. Furthermore, a compar-
ison between two regenerator geometries, one with PP channels and the other with
square channels, was conducted. The square regenerator exhibited superior cool-
ing performance, manifesting in a higher temperature span and cooling power after
parametric optimization. This superiority may be attributed to the square regenera-
tor having more elastocaloric material (eCM) mass, even though its porosity is com-
paratively lower than the PP regenerator. This suggests the importance of balancing
regenerator porosity with sufficient eCM mass during the regenerator design.



CHAPTER6
Active elastocaloric

cooling system based
on 3D-printed soft

regenerators
In order to experimentally explore the performance of 3D-printed regenerators with
significant deformations, we designed a regenerative elastocaloric system capable
of passive compensation for volume changes in regenerator channels during stretch-
ing. Three regenerators with distinct microchannels were employed for this investi-
gation. The significant volume changes in fluid channels, which lead to asymmetry
in fluid exchange during an active cycle, were numerically studied and analyzed
in previous chapters. This phenomenon has the potential to diminish the cooling
performance of the active regenerator.

This chapter focuses on the experimental study of the impact of volume changes
induced by large deformation on regenerator performance. Additionally, we con-
ducted optimization of operating parameters, including strain ranges, frequency,
and Utilization. The influence of geometry on regenerator performance was investi-
gated by comparing different types of regenerators under varying Utilization condi-
tions.

This chapter is related to article III in Appendix A.

6.1 Regenerator preparation

The regenerator used in the experimental study is 3D printed using commercial Fi-
laFlex TPU, which is the same type of TPU utilized for the volume change mea-
surements in Chapter 4. As shown in Figure 6.1, we designed three distinct active
elastocaloric regenerators with different microchannels, namely REG1, REG2, and
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REG3. These regenerators are expected to be fully 3D printed, including the heat-
transfer channels, connection ports (the extruded short tubes) and clamped heads
in a dogbone-like shape, avoiding stress concentration during stretching. REG1 and
REG2 have the same dogbone shape with porosities of 39.1% and 27.2%, respec-
tively, which is consistent with the regenerators used in the 1D numerical modeling
and volume change investigation. In contrast, REG3 is designed with a thicker re-
generator wall and a lower porosity of 19.4%. Typically, the dogbone regenerator
REG3 has a gauge length of 20 mm and a width of 15 mm, while the other two re-
generators each have a length of 15 mm and a width of 20 mm. All regenerators have
an identical thickness of 5 mm, ensuring they have the same volume in the middle
active zone of the dogbone regenerator but only differ in their aspect ratios. After-
wards, the elastocaloric regenerators based on these 3D models are manufactured
using 3D printing and Cura 5.2 to generate the required printing G-code. In addi-
tion, the samples employed in the mechanical tests are 3D-printed into the geometry
of a standard ISO 37 Type III sample, with a thickness of 3 mm.

Figure 6.1. 3D-printed elastocaloric regenerators with different microchannels, namely
REG1 (parallel-plate channel), REG2 (square channel), REG3 (square channel with wider
surrounding thickness). The dimensions are denoted in millimeters. Note that the actual
channel numbers for REG1, REG2, and REG3 are 18, 18×5, and 18×4, respectively.

6.2 3D printed elastomers and mechanical stability
We study the elastocaloric performance of the 3D printed TPU elastomers associated
with the evolution steps of molecular chain strain-induced crystallization (SIC), as



6.2 3D printed elastomers and mechanical stability 107

Figure 6.2. Elastocaloric properties for the 3D-printed eCE elastomers:
a, Schematic molecular chain state evolution over four states, between the disordering and strain-
induced crystallization (black blocks) during adiabatic loading and unloading. Different colors refer
to the heating (red) and cooling (blue) of polymers driven by SIC, and grey represents ambient tem-
perature. b, IR images of counterpart SIC states from i to iv for 3D-printed elastomeric samples; c,
Temperature change of 3D-printed elastomers over an eCE cycle. d, Adiabatic temperature change as
a function of strain for 3D-printed elastomers during the loading and unloading process in relation to
the measuring method in c.

shown in Figure 6.2a, which has been discussed in Chapter 3. The infrared images
in Figure 6.2b and the corresponding temperature-time profile in Figure 6.2c illus-
trate the temperature increase and decrease in response to adiabatic loading and
unloading for the printed elastomers under a 600% strain. Following the loading
process (i → ii), the temperature reaches equilibrium with the ambient (ii → iii).
Subsequently, upon releasing the applied strain, a temperature decrease is observed
(iii → iv). The temperature change as a function of strains is measured from 100%
to 700%, as shown in Figure 6.2d. The temperature change of printed elastomers at
600% during loading is 4.43 K, whereas upon unloading, it is lower (2.26 K) due to
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Figure 6.3. Mechanical and elastocaloric stability of the 3D-printed eCE elastomers:
a, Stress-strain behavior of 3D printed elastomer over 105 cycles in the strain range of 200-600%; b,
The maximum applied stress as a function of cycle numbers obtained from a strain range of 200-600%;
c, Cyclic temperature changes of 3D-printed elastomers at different cycle numbers.

the partial relaxation/creep of SIC, which is also observed in other eC elastomers
[57, 157]. Due to the existing irreversible deformation, the applied strains return to
a pre-strain 200% , which remains within the realm of the SIC phase transition.

Additionally, the fatigue life and mechanical stability are crucial for constructing
an active elastocaloric regenerator based on these 3D printed elastomers. The 3D
printed dogbone undergoes a long-term cyclic test, as shown in Figure 6.3a. Here
over 105 cycles are endured without mechanical failure within a 200-600% strain
range at 1 s−1 strain rate. The maximum applied stress decreases with the cycle
number increase, as depicted in Figure 6.3b, which is decreased from 7 MPa at the
first cycle to 3.7 MPa by the 105 cycle. Moreover, the elastocaloric stability over this
large number of cycles is also investigated. The corresponding cyclic temperature
changes are recorded after 100, 6 × 104, and 105 cycles. The results show a ∼0.9
K decrease in cyclic temperature change after 105 cycles, probably resulting from a
decrease in applied stress. Nevertheless, this 3D-printed elastomer maintains a tem-
perature change of 1.59 K, which is comparable to some magnetocaloric materials.
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Figure 6.4. Illustration for the 3D-printed soft regenerative eC cooling:
a, A Brayton-based temperature-entropy diagram for a regenerative elastocaloric cycle from i to iv,
where (+) and (-) represent temperature increase and decrease; Qh and Qc represent the rejected heat
and absorbed heat, respectively. Th and Tc are the temperatures of the hot side (heat sink) and cold side
(heat source), respectively. The enclosed area denoted by the infilled line refers to the input mechanical
energy. The ii→iii (cold blow) and iv→i (hot blow) processes involve active fluid flow periods for heat
transfer. b, Schematic operation of an active elastocaloric regenerator subjected to the four processes
shown in a. There are fluid channels inside the regenerator, and the regenerator is heating and cooling
with the strain loading and unloading accordingly. A movable piston pumps the heat-transfer fluid,
and the flow path is controlled by solenoid valves. The warmed fluid from the cold blow rejects heat to
the hot side heat exchanger (HHEX), and the cold fluid from the hot blow absorbs heat from the cold
side heat exchanger (CHEX).
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6.3 Active elastocaloric cooling system
A regenerative elastocaloric thermodynamic cycle based on a reversible Brayton-
based cycle is illustrated using the temperature-entropy (T-S) diagram in Figure
6.4a. The steps from i to iv are analogous to the steps of a material cycle in Figure 6.2.
Upon stretching, the regenerator temperature increases for i → ii, related to the state
ii in Figure 6.4b, which shows an active elastocaloric regenerator operating during a
regenerative cycle associated with the T-S diagram. When the strain is released, the
regenerator temperature decreases for iii → iv, related to the state iv in Figure 6.4b.
Steps of ii → iii and iii → iv in a material cycle take place through natural convection
with surroundings. In contrast, the active regeneration contains reciprocating fluid
flows for heat transfer during these two processes, which are provided by a fluidic
displacer or a pump. The ii → iii process (cold-to-hot blow) refers to an active heat
transfer fluid flow from the cold side (heat source) to the hot side (heat sink), and the
iii → iv process (hot-to-cold blow) refers to fluid flow from the hot side to the cold
side, simply named cold blow and hot blow, respectively. Afterward, the heated
fluid from the cold blow passes through the hot heat exchanger (HHEX), absorbing
heat from the heat sink. Similarly, the cooled fluid from hot blow passes through the
cold heat exchanger (CHEX), releaseing heat to the heat resource. The TH and TC
represent the temperatures of hot and cold sides.

6.4 Volume compensation system for regenerative
elastocaloric cooling

Soft elastocaloric regenerators undergo significant volume changes in their fluid
channels due to the required large deformation. As shown in Figure 6.5a, during
the loading process i → ii, the fully-filled fluid channels after the hot blow are sub-
jected to a large strain. The increased volume inside the channel equals Vf − Vi,
which is compensated from the hot side. The compensating blow is illustrated us-
ing the dash arrows. The regenerator warms up due to the elastocaloric effect, and
hence, the cold blow extracts the eCE heat from the regenerator. For the unloading
process iii → iv, the extract volume produced by the loading process is passively
expelled out to the hot side. Operating the compensation blows to the hot reservoir
is according to the numerical results obtained in Chapter 5, which suggests a higher
performance for the cooling application.

Based on our previous FE model for the volume change predication, we conduct
the FE modelling for these three regenerators to predict their fluid channel volume
changes at different applied strains. The volume change ratio is implemented to
describe the volume changes defined as:

δV =
Vf − Vi

Vi
× 100% (6.1)
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The predicted results for REG1, REG2, and REG3 are shown in Figure 6.5b and the
inset shows the deformation of parallel-plate channels undergoing stretches. The
δV of REG1 fluid channels is superior to the others, which results from the trans-
verse buckling of the parallel plate channels under a large axial elongation. This
phenomenon has been discussed in Chapter 4. At a 600% strain, the δV of REG1
reaches 101.7%, and the values for REG2 and REG3 are 71.4% and 76.3%, respec-
tively. If the regenerator is operated in a 200-600% strain range, the volume change
ratio can be normalized by subtracting the δV at 200%. In fact, the amount of vol-
ume change depends on their initial volume. Among them, the REG3 has a smallest
initial fluid channel volume due to its lowest porosity. The volume change amount
associated with their initial volumes under a strain range from 200% to 600% can be
calculated for REG1, REG2, and REG3 from Figure 6.5b, respectively.

Accordingly, we construct a elastocaloric cooling flow system capable of com-
pensating these large-strain induced volume changes, as shown in Figure 6.6. In the
flow system, the active heat transfer fluid is provided by two displacers, specifically,
the hot displacer for hot blow and the cold displacer for cold blow. The movement
is controlled by a linear actuator. The piston stroke of the displacers is related to
the mass flow rate of the heat transfer fluid. The hot reservoir temperature is fixed
by a heat exchanger, which is connected with a water bath. In the experiments, we
set the water bath temperature to 23 ◦C, and the hot inlet temperature is fixed at 23
◦C. For the cooling application, the system can control the compensation from the
hot reservoir, which is implemented as follows: during loading, the solenoid valve
4 is open, and the other valves are all sealed, allowing the compensation fluid to
passively flow into the regenerator from HR by gravity (because the hot reservoir is
mounted at a higher position, see Figure 2.8). During unloading, only the solenoid
valve 3 is open, and the extra fluid is forced to expel back into the HR. More detailed
information regarding this flow system operation is in Appendix C. Additionally,
to investigate the impact of this volume change on the elastocaloric regenerator per-
formance, the other operation scheme, without the volume compensation, is also
performed for comparison. The non-compensation scheme is operated by closing
all the valves during the loading and unloading processes, and the hot and cold
blows are kept same. There are four thermocouples, namely T1, T2, T3, T4, which
are mounted by sequence in relation to the cold inlet, cold outlet, hot outlet, and
out inlet, respectively. During the active cycle, the thermocouples can record the
temperature profiles at these four ports.

6.5 Impacts of fluid channel volume change on
cooling performance

The impact of volume changes on the regenerative cooling performance has been
investigated based on a PP regenerator (REG1), which has a significant volume
changes under large strains. REG1 is operated under the two above-mentioned
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Figure 6.5. High-strain induced volume changes in eC regenerators and impacts on active
regeneration:
a, Schematic production of fluid channel volume changes and associated volume compensation scheme
during an active elastocaloric cycle. b, Numerical results of volume change ratio vs applied strains for
different regenerator types. The inset shows some selective channels before (blue) and after (orange)
deformation for REG1.

schemes: with and without volume compensation. The temperature profiles for
the compensation and noncompensation schemes, when they reach a steady state
under a strain range of 200-600%, are plotted in Figure 6.7a. Specifically, one active
cycle is utilized to compare the temperature profiles of compensation and noncom-
pensation, in which the loading and unloading zones are highlighted in a cycle. The
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Figure 6.6. A special elastocaloric flow system for the large deformation regenerator with
the fluidic compensation.
In the flow system, hot reservoir temperature is determined by the heat exchanger temperature and the
hot blow and cold blow are provided by the hot displacer (HD) and cold displacer (CD), respectively.
Four thermocouples are mounted separately at the cold inlet (T1), cold outlet (T2), hot outlet (T3), hot
inlet (T4). The opening and closing of the corresponding fluid ports are controlled by the four solenoid
valves (SVs). In addition, there is a position sensor, which is not shown in this picture, that monitors
the regenerator applied strain to trigger the flow system for active hot/cold blows or compensation
blows.

associated steps (i, ii, iii, iv) in an active cycle are marked using different color points
for the compensation (blue) and noncompensation (grey) temperature profiles. In
some time points, they overlap, notably observed at point i in the hot outlet profile
(detailed in the inset of Figure 6.7a), represented by the blue point at the top. The pri-
mary distinction between these two operation schemes becomes evident during the
loading (yellow) and unloading (purple) processes, where volume changes occur.

In the noncompensation scheme, during loading (process i → ii), the tempera-
ture at the hot outlet experiences a sudden decrease (indicated by the dashed line).
This decrease is attributed to backflow on the channel top due to the volume in-
crease of channels. In contrast, the temperature remains stable in the compensation
scheme, facilitated by the continuous flow of compensation fluid into the regenera-
tor for the hot inlet. During unloading (process iii → iv), the extra volume in the
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fluid channels is expelled into the hot reservoir through the hot outlet for the com-
pensation scheme, where the temperature of hot outlet decreases from the process iii
to iv (see the blue points on the red solid line in the inset of Figure 6.7a). However,
for the noncompensation scheme, the temperature from iii to iv maintains constant,
but at the time point iv when the valve is open for the hot blow, the temperature of
iv suddenly drops to the same temperature marked on the compensation tempera-
ture curve (blue point), denoted using a brown arrow in the inset. This rapid drop
for the noncompensation scheme results from the extra fluid inside the regenerator
after unloading, expelling out into the flow system through the hot outlet. The same
phenomenon also happens to the hot inlet, where a significant temperature peak is
observed at iv (orange dash line). Consequently, these unstable fluids produced by
the volume change during the loading and unloading processes lead to a compara-
bly lower temperature span in the noncompensation scheme.

Figure 6.7b is a comparison of the elastocaloric cooling temperature span for the
compensation and noncompensation schemes under different Utilizations at a fre-
quency of 0.1 Hz in a 200-600% strain range. Here, the temperature span is obtained
by averaging temperature difference between the temperature (Th,o) of hot outlet
and the temperature (Tc,o) of cold outlet in 10 selected steady cycles.

Tspan = Th,o − Tc,o (6.2)

in which Tc,o and Tc,o are the average temperature of cold outlet and cold outlet,
respectively.

The Utilization with the modification of fluid channel volume changes is imple-
mented with the equation:

U =
(Vpump + 0.5Vchan,0δV)ρ f c f

mscs
, (6.3)

in which Vchan,0 is the initial regenerator channel volume, and Vpump is the displaced
fluid volume. The discussion on the comparison of this Utilization and a normal
Utilization (U0), given in Eq. 5.24 without volume changes, has been conducted in
Chapter 5. For the compensation scheme, the temperature span has a less Utilization
dependence when U is from 1.4 to 5.7. The temperature span is obtained about 2.1
K. For the noncompensation scheme, the maximum temperature span 1.74 K is ob-
tained under a Utilization of 1.34. It can be seen that the overall temperature span of
noncompensation is lower than that of the compensation scheme. Therefore, we con-
clude that the volume compensation scheme can avoid the imbalanced heat-transfer
fluid flow during regenerative elastocaloric cooling, which facilitates an improved
cooling performance with a higher temperature span.
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Figure 6.7. Comparison of the active elastocaloric temperature span under the compensa-
tion and non-compensation schemes in the REG1:
a, Comparison of temperature profiles during steady cycles running with volume compensation (solid
line) and without volume compensation (dash line) for REG1. Over an active cycle, the correspond-
ing steps i to iv are denoted by the different color dots for compensation scheme (grey) and non-
compensation scheme (blue), and the loading (yellow) and unloading (purple) zones are highlighted
by colors. The inset shows the zoomed in hot-inlet temperature profile comparison. b, Comparison of
temperature span under different utilization for REG1 operating with the compensation scheme and
non-compensation scheme.
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6.6 Different operating strain ranges
Operating these soft elastomeric regenerators as an active cooling device requires
a large applied strain, which risks the significant irreversible deformation to the re-
generator. When the regenerator is stretched over several cycles, if it is recovered
to the initial length, the regenerator will be bent, kinking the microchannels inside
the regenerator. Therefore, it is necessary to set a pre-strain back to which the re-
generator reverts without structural buckling, which is also utilized in the rubber-
based regenerators undergoing large deformation [107, 197]. It has been observed
that the 3D printed elastomer can resist buckling when returning to a 200% strain
over 104 times from the mechanical stability examination, which is determined by
the obtained strain at the zero stress in Figure 6.3a. However, this irreversible strain
increases with the cycling number. The pre-strain can be increased to around 300%
at the 105 cycle due to the special mechanical properties of TPU, such as creep and
softening [87].

To compare the impact of applied strain range on the regenerator performance,
a set of strain ranges 200-500%, 200-600%, and 300-700% are employed to operate
a REG2 regenerator under different Utilization at a frequency of 0.1 Hz. The ob-
tained temperature span for these three strain ranges is shown in Figure 6.8a, and
there is no buckling observed when operating under these strain ranges. The REG2
regenerator exhibits a superior performance at a 200-600% strain range, and the max-
imum temperature span 3.6 K is obtained at a 2.2 Utilization. The 200-500% regen-
erator displays the reduced performance, probably due to its lowest the normalized
strain (εmax − εpre) of 300%. For the 200-600% and 300-700%, their normalized strains
both are 400%. For the strain range 300-700%, the relatively lower temperature span
may be the reason that more volume changes occur in a higher strain range, but the
smaller ∆Tad improvement can be achieved by increasing applied strain at that strain
range.

6.7 Cooling performance of different regenerator
structures

6.7.1 Temperature span under different Utilization
Here, we choose the 200-600% strain range to compare the regenerative cooling per-
formance for the three different regenerators REG1, REG2, REG3. The results are
shown in Figure 6.8b for the temperature span under different Utilization. The
steady state temperature profiles for REG1, REG2, REG3 at their optimal Utiliza-
tion in Figure 6.8b are shown in Figure 6.9. The hot side temperature for each is set
at 23 ◦C, and the operating frequency is 0.1 Hz. The error bands are obtained from
the several thermocouples mounted at each fluid port. A significant fluctuation at
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Figure 6.8. Temperature span of the three regenerators operating under different parame-
ters:
a, Temperature span with respect to Utilization operating in different strain ranges for REG2 at a
frequency of 0.1 Hz; b, Temperature span for different regenerators under a frequency of 0.1 Hz and a
200-600% strain range; c, IR images for the REG2 in an active cycle under a strain range of 200-600%
during steady state, in which the hot inlet (Hin), hot outlet (Hout), cold outlet (Cout), cold inlet (Cin)
are denoted.

the hot outlet temperature can be observed, which probably results from the effect
of compensation blows or the measurement error of thermocouples.

The maximum temperature span 4.7 K is obtained in the REG3 regenerator under
a Utilization of 2.7. REG3 has a higher optimal Utilization compared to the Utiliza-
tion of 2.2 to achieve the maximum temperature span of REG2, due to the smaller
porosity (19.4%) of REG3 compared to REG2 (27.2 %), indicating a higher eCM mass
of REG3. It requires more heat transfer fluid to extract the eCE heat from the regen-
erator, leading to a higher optimal Utilization. However, for REG1, which shows the
near flat temperature span with respect to Utilization about 2 K, and also a larger
Utilization more than 6, this phenomenon could be attributed to its significant vol-
ume changes and the inherently lower thermal conductivity of TPU (∼0.2 W/mK)
compared to the benchmark eCE material NiTi (10 W/mK) [198] and MCE mate-
rial Gd (8 W/mK) [199]. The large volume change of regenerator channels favors a
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Figure 6.9. Temperature profiles of REG1, REG2, REG3 under the optimized Utilization at a
frequency of 0.1 Hz during steady state.

higher Utilization value, as described in Eq. 6.3. Small thermal conductivity is asso-
ciated with a reduced heat-exchange efficiency between the regenerator and fluids,
emphasizing the need for more heat transfer fluids and heat exchange time. In the
AMR prototypes, the regenerators with a poor thermal conductivity, such as epoxy
bonded regenerator [109, 200] and ceramic-based regenerator [201], also exhibited a
relatively high optimal Utilization.
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The infrared image in Figure 6.8c displays the temperature distribution of a REG2
regenerator during an active cycle when reaching to steady state at a frequency of
0.1 Hz. Steps 1 to 3 refer to the loading process. The regenerator warms up at 3, and
then at step 4, the cold blow is carried out, where the active heat transfer fluid from
Cin to Hout extracts eCE heat to the hot outlet. The temperature gradients along the
tensile direction can be observed, moreover, the temperature gradients also exist in
the horizoned direction, due to the side-by-side distribution of the cold inlet and hot
outlet. Steps 4 to 6 refer to the unloading process, in which the regenerator is cooling
down. At step 7, the fluid is displaced from Hin to Cout, pumping the cooling load to
the cold side. The compensation blows during the loading and unloading processes
are difficult to observe in these images because the loading process is comparably
fast. These images are recorded under an optimal U of 2.2.

Figure 6.10. The variation in temperature span corresponding to the cycle number for a
REG2 regenerator operating at 0.1 Hz under a 200-600% strain range.

6.7.2 Stability of the active regeneration
The stability of 3D printed elastomers has been investigated, revealing a robust fa-
tigue life exceeding 105 cycles and satisfactory eCE stability. However, when the
elastomer was fabricated into different regenerators, which contain microchannels,
the mechanical properties and cyclic stability may be different. A REG2 regenera-
tor is employed to examine the cyclic stability during active cooling cycles. Figure
6.10 shows the temperature profiles when the REG2 regenerator is operated at its
maximum temperature span. The operation parameters at this temperature span
have been obtained from Figure 6.8a, with a Utilization of 2.2 and strain range of
200-600% at 0.1 Hz. The temperature span of REG2 deceases from 3.6 K to 3.3 K
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when reaching to 200 cycles, and then REG2 maintains a 3.2 K temperature span
over 700 cycles. At the 720th cycle, a small crack emerges on the regenerator surface,
leading to fluid leakage. This is due to the thin 0.5 mm thickness of the regener-
ator wall, measured from the inside boundary channel to the regenerator surface.
With an increasing number of cycles, the thin regenerator wall becomes more prone
to failure, resulting in leakage. Notably, imperfections introduced during 3D print-
ing, which cause stress concentration, raise the risk of structural failure. If a failure
occurs on the regenerator surface, leakage could lead to an immediate operational
breakdown. Hence, in practice, implementing a thicker regenerator wall to better
withstand structural failures and leakage on the surface is suggested.

Figure 6.11. Cooling power and specific cooling power as a function of Utilization for the
regenerator REG1, REG2, REG3, operating under a 0.1 Hz frequency and a 200-600% strain
range.

6.7.3 Cooling power and specific cooling power

The system cooling power (Pcool, Q̇c) and specific cooling power (SCP) were evalu-
ated when the steady state was reached for the three regenerators, as follows:

Q̇c = ṁ f · cp, f ·
(
Tc,i − Tc,o

)
(6.4)

SCP =
Q̇c

ms
, (6.5)

in which Tc,i and Tc,o are the average temperature of cold inlet and cold outlet ob-
tained from 10 steady-state cycles, respectively. ms is the effective regenerator mass,
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determined by the middle zone of the dogbone regenerator with the microchannels
inside. The regenerator mass ms for REG1, REG2, REG3 are 1.027 g, 1.228 g, and
1.359 g, respectively.

Figure 6.11 shows the calculated cooling power and specific cooling power as a
function of Utilization of our regenerators, operating under 0.1 Hz and a 200-600%
strain range. The maximum cooling power for each regenerator is 1.3 W (REG1,
U = 6.1), 2.2 W (REG2, U = 4.5), 2.5 W (REG3, U = 4.1) and the maximum specific
cooling power 1850 W/kg is obtained in the REG3. For all of the regenerators, the
cooling power and SCP increases with the Utilization, as these elastomeric regenera-
tors can achieve a temperature span in a large Utilization range without a significant
drop (see Figure 6.8b). The Utilization value is almost proportional to the displaced
fluid volume, which means the more heat-transfer fluids were displaced over the cy-
cle, and a higher cooling power is achieved in a wide Utilization range. This specific
cooling power of 1850 W/kg achieved in REG3 at a frequency of 0.1 Hz, is compara-
ble to a magnetocaloric regenerator prototype proposed by Jacobs et al. [40] which
has a 2001 W/kg SCP at 0.2 Hz. Meanwhile, our REG3 SCP is superior to a SPC of
360 W/kg at 0.1 Hz obtained in a rubber-based regenerative cooling device [107].

6.7.4 COP of the regenerative cooling system
The coefficient of performance (COP) of the cooling system can be calculated based
on the fraction of cooling power and system input power:

COP =
Q̇c

Ẇsys

Ẇsys = f · Wsys

Wsys = Wmech + Wpump

(6.6)

in which f is the frequency of an active cooling cycle. The system input work Wsys
includes two parts:
1) mechanical input work, responsible for driving the regenerator to stretch and re-
lease, which can be obtained from the enclosed area of stress-strain curves during
steady state:

Wmech = Vs

∮
σdε, (6.7)

where Vs is the regenerator volume.
2) pump work, responsible for the oscillating heat transfer fluid flow periods pro-
vided by a displacer, shown in the flow system in Figure 6.6:

Wpump =
∫ τ

0

ṁ f · ∆p
ρ f

dt. (6.8)

The ∆p is the pressure drop between the hot side and cold side. In our case, we didn’t
have a hydraulic pressure meter to record the pressure drop during the cycles. Here,
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the pressure drop for different microchannel regenerators is evaluated according to
their channel geometries, as discussed in the Scenario 5.

Scenario 5 Calculation for the pressure drop of parallel-plate and square channels

There are two typical fluid channels designed in the regenerators: parallel-plate
channels and square channels. The pressure drop of the parallel plate channel and
square can be both calculated by:

∆p =
∫ τ

0
L(t)

dp
dx

dt =
∫ τ

0
4L(t) fF

[
ṁ2

f

2ρ f Dh (Acϵ)2

]
dt (6.9)

L(t) is the regenerator length as a function of time, which is related to the strain-time
profile. τ is the cycle time and Ac is the cross section area of the regenerator. The
friction factor ( fF) for the parallel-plate channel is [202]:

fF = 24/ Re (6.10)

The friction factor for the square channel (α = 1) is [203]:

fF = 24
(

1 − 1.3553α + 1.9467α2 − 1.7012α3 + 0.9564α4 − 0.2537α5
)

/ Re (6.11)

where the Reynolds number can be calculated by:

Re =
ṁ f Dh

ϵµ f
(6.12)

The hydraulic diameter Dh for different microchannels is listed in Table 2.2. ϵ is the
porosity of the regenerator, and µ f is the fluid viscosity (0.0016 Ns/m2 for water).

Figure 6.12 shows the comparison for the total input work and COP for the cool-
ing system. The total system work and pump work of REG1 and REG2 are closely
aligned, while REG3 shows a higher pump work, reaching 5.7 J at a Utilization of
4.1, as illustrated in Figure 6.12a. This discrepancy is attributed to REG3 having
a smaller square channel size (0.45 mm) and lower porosity of 19.4 %, resulting in
an improved pressure drop compared to REG1 and REG2. Consequently, REG3 ex-
hibits a notably higher total system work. Examining the system COP in Figure
6.12b, REG2 displays a remarkable COP, reaching a maximum of 1.7 at a Utilization
of 4.5. Conversely, REG3 reaches its maximum COP at a Utilization of 2.7, experienc-
ing a subsequent decline due to a significant contribution of pump work Wpump. The
comparison of the maximum COP for each regenerator is presented in Figure 6.12c.
Notably, REG3 exhibits the lowest COP, despite achieving a maximum temperature
span. However, REG2 demonstrates an efficient implementation for regenerative
cooling, with a maximum COP of 1.7.



6.8 Comparison with the state-of-the-art elastocaloric prototypes 123

Figure 6.12. Comparison of system COP and input work:
a, The total system work (black) and pump work (blue) as a function of Utilization for REG1, REG2,
REG3; b, COP of the cooling system under different Utilization; c, Maximum COP of REG1, REG2,
REG3.
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6.8 Comparison with the state-of-the-art elastocaloric
prototypes

As a performance metric for the regenerator design, the regeneration ratio has been
defined as [204]:

ζ =
∆Tspan

∆Tad
(6.13)

in which ∆Tspan is the regenerator temperature span and ∆Tad is the adiabatic tem-
perature change of the regenerator material. ζ can be employed to evaluate the effec-
tiveness of an active regeneration system in extending the temperature change of the
elastocaloric material. When ζ exceeds 1, the regenerator temperature surpasses the
material’s adiabatic temperature change, leading to an expanded temperature span.
Otherwise, if ζ is less than 1, it implies inadequate regeneration.

In Figure 6.13, several typical elastocaloric prototypes employing polymers or
NiTi-based shape-memory alloys are selected for comparison with the presented 3D
printed TPU-based regenerator. The maximum regenerator ratio ζ of 1.84 is obtained
in our 3D-printed regenerator, which is superior to the first three polymer-based
prototypes with a < 1 regenerator ratio, although the active regeneration has been
performed in a rubber-tube based regenerator from Lyon [107] and in a roller-strip
device from WHUT [57]. Our regeneration ratio is also comparable to some NiTi-
based regenerative prototypes, but an up-to-date prototype in the cascaded scheme
integrated with 11 regenerator units can achieve a high ζ of 3.67 [106]. Addition-
ally, in the figure, the specific cooling power (SCP) is also compared. It can observe
that the SCP of our 3D-printed regenerators is higher than most alloy-based regen-
erators, but lower than the other two polymer based prototypes. It is attributed
to their elastomers being employed in the form of a thin film or membrane, which
favors more efficient heat exchange. In particular, the balloon-like prototype [91],
exploiting fast inflation and deflation of a rubber membrane (0.036 g), allows the
operation at a high frequency of 1.1 Hz and achieves a remarkable SCP of 20.9×103

W/kg. By operating at a higher frequency, our regenerative cooling system can be
expected to obtain an improved SCP. Such an effect has been demonstrated in an
active magnetic regenerator when operating in a 20 Hz frequency, resulting in a 12.5
×103 W/kg SCP [205].

6.9 Summary

In summary, the full-scale 3D printed soft active elastocaloric regenerator (AER) has
been successfully demonstrated for regenerative elastocaloric cooling in a volume
compensation setup. As the first milestone, the 3D printing for elastocaloric elas-
tomers is improved to fabricate durable 3D printed parts (mechanical stability over
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Figure 6.13. Comparison of the obtained maximum specific coolling power (SCP, yellow)
and regeneration ratio (ζ, grey) in selected prototypes with our 3D-printed active regener-
ators [57, 67, 91, 104, 106, 107]. Note the SCP of Linz 2021 exceeds the coordinate range, as
indicated by the dashed yellow bar, representing an external extension.
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105 cycles) and high quality regenerators (watertight, airtight, see Appendix C), en-
suring the implementation of regenerative cooling.

To address the issues in operating these soft elastomeric regenerators, such as
large applied strains and large-strain induced volume changes in microchannels, a
tailored regenerative flow system is developed. With this apparatus, the continuous
heat-transfer fluid flow periods during the active cycle, capable of compensation for
the volume changes in fluid channels, is ensured. The effect of these unusual volume
changes on the cooling performance has been studied by a comparison of the two
operation schemes with and without fluid compensation in a REG1 regenerator. The
noncompensation scheme exhibits a lower temperature span compared to the com-
pensation scheme, due to the imbalanced fluid flow periods produced by volume
changes.

Different operating strain ranges are compared in a REG2 regenerator, which
suggests a 200-600% strain range for the regenerator operation. The three regenera-
tors with different microchannels have been studied under various Utilization. The
results show a REG3 regenerator achieving a maximum temperature span of 4.7 K
and a cooling power of 2.5 W, while a REG2 regenerator attains a maximum COP
of 1.7. The 3D printed regenerator achieves a remarkable regeneration ratio of 1.84
compared to state-of-the-art polymer-based prototypes. Furthermore, REG3 demon-
strates a specific cooling power of 1850 W/kg, comparable to the latest Ni-Ti-based
coolers. These 3D-printed soft active elastocaloric regenerators bring forth promis-
ing prospects for the future commercialization of regenerative elastocaloric cooling,
exploiting cost-effective and flexible eCE elastomers.
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Conclusion and

outlook
”Available energy is the main object at stake in the struggle for existence and

the evolution of the world”

— Ludwig Boltzmann (Austrian physicist, 1844−1906)

”Ceaseless work, analysis, reflection, writing much, endless self-correction,
that is my secret.”

— Johann S. Bach (German composer, 1685−1750)

This dissertation investigated the 3D printing of soft elastocaloric regenerators
and its regenerative cooling performance numerically and experimentally. A regen-
erative elastocaloric cooling system has been realized, employing soft full-printed
elastocaloric regenerators, which exhibits a comparable cooling performance with
expanded temperature span to 4.7 K. Nevertheless, aiming to enhanced system per-
formance, the optimization of the regenerator design and the operational apparatus
is ongoing. In this chapter, we summarize the notable achievements in relation to
each chapter and present the existing challenges for future investigations.

7.1 Conclusion
In the first Chapter 1, the main motivations and objectives have been listed, reflecting
in the investigation of each chapter. Here, to conclude the main achievements of this
dissertation, we summarize the related findings in response to associated questions
in Table 7.1.
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Table 7.1. Conclusion in relation to each chapter of the dissertation

Motivation 1: How to construct a low-stress induced elastocaloric cooling prototype in
a compact scheme?

Chapter 3
Article I
Chapter 6
Article III

Rubber-like elastomers hold the nature of softness and elasticity to me-
chanically deform under a small force. There are some soft elastomers,
exhibiting notable elastocaloric effect with an adiabatic temperature
change more than 15 K at a stress of ∼10 MPa. Some of them, such
as thermoplastic polyurethane (TPU), are capable of 3D printing to con-
struct a compact elastocaloric regenerator, integrating the heat transfer
microchannels and fluidic manifolds.
Implementing additive manufacturing to fabricate elastocaloric regener-
ators, using soft elastocaloric elastomers, has been demonstrated. The
3D printed parts show an excellent fatigue life and cyclic stability over
105 cycles in FilaFlex 82A TPU, and a high printing quality is achieved,
ensuring the water tightness of the regenerator to operate in an active
cooling system.

Motivation 2: Which elastocaloric materials could be a candidate for the 3D printed
AER?

Chapter 3
Article I
Chapter 6
Article III

In the Chapter 3, the TPU is screened out from five commercial thermo-
plastic elastomers, with a superior temperature decrease of 5.6 K upon
unloading at 5.7 MPa in the NinjaFlex TPU. However, 3D printing elas-
tocaloric regenerators, employing the NinjaFlex TPU, confronts leakage
issues, as depicted in Appendix C. Although different glues attempt to
seal the regenerator, the regenerators are struggled to maintain a long-
term water tightness during the testing. Fortunately, a customized 3D
printer Felix Tec 4.1, developed in the research institute AMOLF where I
was doing my external visiting, can achieve a good printing quality for
the elastocaloric regenerator fabrication. Yet, the material FilaFlex 82A
TPU, with a smaller ∆Tad of 2.5 K, is employed on this printer. Hence,
the experimental tests for regenerative cooling performance and volume
change measurement are all based on the FilaFlex TPU.

Motivation 3: When subjecting to the required large-strains, there are fluid-channel
volume changes observed inside regenerator, and how to account it?

Chapter 4
Article II

When the elastomer-based regenerator is subjected to large deforma-
tion (600%), We observe significant volume changes in the regenerator
fluid channels. This volume change results in an asymmetric fluid ex-
change as well as discontinuous heat transfer fluid flow periods. A finite-
element (FE) model, capturing the mechanical behavior of the elastomer
based on hyperelastic model, facilities the predication of the regenera-
tor volume change. The predicted results are validated by experimental
measurements, exhibiting good agreement.

Motivation 4: How to numerically investigate and evaluate the cooling performance
of a large-deformation soft eCE regenerator?
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Chapter 5
Article IV

A 1D numerical model for active large-deformation elastocaloric regen-
erators has been developed, with the volume compensation and dy-
namic spatial nodes. The strain-dependent geometrical information and
volume changes are available from FE simulations, which is input to
the numerical model. The temperature-dependent entropy changes and
temperature changes are obtained from a NinjaFlex TPU for the simu-
lation. The volume compensation schemes, from hot or cold reservoir,
are compared for elastocaloric cooling. A better cooling performance
is achieved when compensating from hot reservoir, suggesting the hot-
reservoir compensation scheme for cooling applications. In addition, the
maximum temperature span can be achieved in a square-channel regen-
erator, reaching 11.9 K at a frequency of 0.13 Hz. An optimal Utilization
of 0.65 for this regenerator is obtained.

Motivation 5: How to construct an active operation system capable of implementing
large-deformation soft eCE regenerators effectively?

Chapter 6
Article III

We construct a fluidic compensation system to test 3D-printed elas-
tocaloric regenerators, which can compensate and expel the in-
creased/decreased volumes during the regenerator loading and unload-
ing. The effect of large-strain induced volume changes is studied with
the comparison of two operating schemes with and without volume
compensation. The results show the non-compensation scheme leads
to discontinuous heat transfer fluid flow periods, consequently, reduc-
ing the system temperature span. The compensation scheme, allowing
continuous volume compensation during active cycles, favors a higher
temperature span.
The operating parameters are optimized in three different 3D-printed
regenerators with distinct microchannels. The results show a REG3 re-
generator achieving a maximum temperature span of 4.7 K and a cooling
power of 2.5 W, while a REG2 regenerator attains a maximum COP of
1.7. The 3D printed regenerator achieves a remarkable regeneration ra-
tio of 1.84 compared to state-of-the-art polymer-based prototypes. Fur-
thermore, REG3 demonstrates a specific cooling power of 1850 W/kg,
comparable to the latest Ni-Ti-based coolers.
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7.2 Outlook
The low-stress regenerative elastocaloric cooling, based on fully 3D-printed soft re-
generators, has been demonstrated with a satisfactory cooling performance. More-
over, the findings and insights from the investigation of these active 3D-printed soft
regenerators, ranging from numerical modelling to experimental proof-of-concepts,
present an exciting prospect to implement additive manufacturing in producing fan-
tastic elastocaloric regenerators. Yet, the challenge is always ceaseless. Here, we
provide an outlook on ongoing challenges and further exploration based on this dis-
sertation.

The ongoing challenges encompass the following issues:

• Improving the 3D-printing reliability
Even though the watertight regenerator is printed on an improved 3D printer
employing FilaFlex TPU and a good mechanical stability has been achieved,
the yield rate of the regenerator printing remains low. Moreover, the printing
nozzle is prone to blocking after printing a few parts. Hence, improving the
reliability of 3D printers and and exploring superior elastocaloric filaments are
essential for the high-efficiency production of a large number of elastocaloric
regenerators.

• Effective models to capture the thermo-mechanical properties of soft elas-
tomers
In relation to Chapter 5, simulating the temperature gradients during active
cycles using a 1D numerical model, the temperature-dependent mechanical
behavior of NinjaFlex TPU are implemented. Actually, in the isothermal en-
tropy change calculation, there are divergences of the calculation, existing at
the low (<290 K) and high (>320 K) temperatures. The calculated results in
the middle temperature zone, exhibiting good agreement with the experimen-
tal results, are taking out for the 1D model. If a high temperature is achieved
in the regenerator, for example a more than 10 K cooling temperature span at
a hot side temperature of 300 K, the simulation results may be less reliable.
Because, the material data at <290 K is obtained by extrapolation, which re-
sults in predication errors. Directly based on isothermal stress-strain curves,
the prediction of material temperature-dependent properties is also observed
with a significant discrepancy in elastocaloric rubbers [97]. Therefore, to ob-
tain accurate isothermal entropy changes and ∆Tad, it is necessary to develop
an effective thermo-mechanical model to capture the isothermal mechanical
behavior of elastocaloric elastomers.

• Geometrical optimization for heat transfer fluid channels
In the regenerative cooling testing, we observed the regenerator with smaller
square channels favors a better cooling temperature span. It can be expected
to achieve improved cooling performance by geometrical optimization for the
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regenerator channels. The optimization can be implemented, in relation to
enhanced heat-transfer properties (higher specific surface area) and reduced
volume changes in fluid channels based on topological optimization. Fur-
thermore, additive manufacturing ensures the fabrication of complex channel
structures after geometrical optimization.

• Improving the operational configuration of the active flow system
In fact, the active flow system lacks effectively thermal isolation for large de-
formation regenerators. During active cycles, the regenerator exchanges heat
with ambient, leading to thermal losses. The effective thermal isolation for the
regenerator should be considered. Moreover,for our flow system, it is challeng-
ing to operate at a high frequency and lower Utilization. Specifically, the fre-
quency is restricted by the fluid flow speed, provided by two movable pistons
in our apparatus, and the fast movement of them is not attainable by present
actuator. When the regenerator thermal mass is fixed, the Utilization value
depends on the piston stroke and diameter. To achieve a lower Utilization re-
quires a reduced piston diameter at a small stroke.

The further exploration is expected to continue in these aspects:

• Enhancing the heat transfer performance
As known that these elastomers have a lower thermal conductivity compared
to elastocaloric alloys, seeking the elastocaloric elastomers with high thermal
conductivity has significant impact on developing more efficient elastomeric
regenerators. These elastocaloric regenerators are expected to achieve enhanced
heat transfer and efficient energy conversion at a high frequency.

• Heat pump applications
In addition to regenerative cooling, our flow system is also possible for the
heat-pumping application employing these 3D printed soft regenerators. The
system only needs to fix the cold side temperature. Moreover, using our 1D nu-
merical model, the compensation direction and regenerator performance can
also be investigated for the heat pump. Actually, the elastocaloric elastomer
shows a higher temperature increase upon loading, compared to the tempera-
ture decrease upon unloading. These soft elastomers are probably more suit-
able for the heat-pumping application. Thus, we expect to employ our 3D
printed regenerators for heat pump in the future exploration.
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APPENDIXB
Scripts

The scripts implemented in this PhD thesis are mainly based the APDL scripts for
FE simulations, and the MATLAB scripts for numerical AER simulations.

The MATLAB scripts are improved by defining some functions to include the
regenerator volume changes and time-dependent spatial nodes. In this PhD thesis,
the main calculation parts for the sparse matrix solving and heat transfer functions
are based on the MATLAB codes, developed by my supervisor Kurt Engelbrecht for
the Active Magnetic Regenerative Refrigerator [151], at the University of Wisconsin
- Madison.

The APDL scripts for FE simulations used in this PhD thesis are inspired by the
scripts for a 2D rubber HoleySheet compression example, developed by Johannes T.
B. Overvelde. The scripts are created when the author was external-staying in the
soft robotic matter group at the AMOLF institute, Netherlands.

B.1 APDL scripts for FE simulations
Here, an example of the APDL codes for the fluid channel volume change simula-
tions of a parallel-plates regenerator is given in the attached PDF.

















APPENDIXC
Experiment Instructions
C.1 Watertight Treatment for Regenerators

The water tightness of the regenerator is crucial to the regenerator operating on a
regenerative flow system. Our preliminary regenerators were fabricated using Nin-
jaFlex 85A TPU, which is 3D printed on a Zmorph printer. However, when displac-
ing oscillating fluid (water) periods inside regenerators, the printing deficiency leads
to leakage of the regenerator. Several different type glues were implement to seal the
3D-printed regenerator. Among them, a polyurethane based glue exhibits a satisfac-
tory attachment with the TPU regenerator. Figure C.1 shows a glued regenerator.
Prior to gluing, the regenerator underwent 20 cycles of training. Unfortunately, ow-
ing to glue rupture after hundreds of cycles and fractures on the regenerator surface,
leakage occurs easily.

The water tightness is achieved in 3D-printed regenerators based on FilaFlex
TPU fabricated on a Flix Tex 3D-printer, as depicted in Figure C.2. The tightness
is tested by inflating a sealed regenerator in the water using a syringe, to see if there

Figure C.1. A glued 3D-printed regenerator based on NinjaFlex TPU and the associated chal-
lenges of leakage
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Figure C.2. A 3D-printed regenerator based FilaFlex TPU and tightness examination

are leaking bubbles.

C.2 Regenerator Processing

Figure C.3 shows the process of 3D printing on a Flix Tex 3D-printer and a top view
for the heat transfer microchannels.

Figure C.3. 3D printing for a parallel plate regenerator
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Figure C.4. Operation for large-deformation soft regenerators, including prior mechanical
training, active regeneration, and potential buckling
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C.3 Large-deformation regenerator operation
Before regenerators are implemented for active elastocaloric applications, the 3D
printed regenerator is subjected to more than 20 time mechanical training to intro-
ducing the irreversible deformation and avoiding the Mullins effect, as dipected in
Figure C.4. A pre-strain is introduced during the active regeneration. The regenera-
tor buckling from irreversible deformation can be avoided (see the buckling due to
insufficient pre-strain in Figure C.4).

C.4 Active elastocaloric Flow System Instructions
The specific working principles of the compensation flow system are shown in Fig-
ure C.5, associated with the four operation steps in an active cycle.

At step 1, in relation to the hot-to-cold blow, the solenoid valves (SV) T2 and T4
are open. The linear actuator drives the hot displacer moving up, to extract the eCE
cooling load generated inside the regenerator to the cold side. At step 2, in relation
to the loading process, the non-compensation scheme refuses the fluids flowing into
the regenerator from the flow system, where all the SVs are closed. In contrast, the
compensation scheme, opening the SV T4, allows the passive fluids from the hot
reservoir to compensate the regenerator volume changes.

At step 3, in relation to the cold-to-hot blow, the solenoid valves (SV) T1 and
T3 are open. The linear actuator drives the cold displacer moving down, to extract
the eCE heating load generated inside the regenerator to the hot side. At step 4, in
relation to the unloading process, the non-compensation scheme refuses the fluids
flowing from the flow system, where all the SVs are closed. In contrast, the compen-
sation scheme, opening the SV T3, allows the extra fluids passively expelling into
the hot reservoir. See details from the SV indication chart in Figure C.5.
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Figure C.5. Valve indications for the compensation/non-compensation cooling flow system.
In the chart, the black circle indicates the valve open, and the black dot indicates the valve
close.
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APPENDIXD
Journal articles

The following contains published articles supporting this PhD thesis. For a full list
of publications, see Appendix A. The supplementary material is only appended for
the articles where it is relevant for the thesis. Instead, I refer to the website of the
publisher for supplementary material.
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Additive manufactured thermoplastic elastomers for low-stress driven 
elastocaloric cooling 

Kun Wang *, Kurt Engelbrecht , Christian R.H. Bahl 
Department of Energy Conversion and Storage, Technical University of Denmark, Anker Engelunds Vej 301, Kongens Lyngby 2800, Denmark   

A R T I C L E  I N F O   

Keywords: 
Elastocaloric cooling 
Additive manufacturing 
Elastomers 
Low-stress 
Strain-induced crystallization (SIC) 

A B S T R A C T   

Exploiting the strain-induced crystallization of soft elastomeric polymers elastocaloric cooling has recently been 
explored as an environmental-friendly alternative to conventional refrigeration. Elastomers require a much lower 
applied stress to induce the elastocaloric effect compared to shape memory alloys. Several prototype coolers 
employing these soft polymers have been demonstrated to achieve a moderate temperature span under lower 
stresses. Here, we investigate the elastocaloric properties and potential cooling performance of five thermoplastic 
elastomers that can be 3D printed, both in the form of filaments and as Additive Manufactured (AM) parts. The 
materials were first characterized as filaments to screen for the elastomers with the highest elastocaloric effects. 
A large adiabatic temperature change of 17.8 K was obtained in the Ultimaker98A filament. AM parameters were 
optimized to achieve parts with satisfactory functional stability while maintaining their elastocaloric effect. As a 
printed part, NinjaFlex achieved a high material coefficient of performance (COPmat) of 3.2 with 1.74 J/g input 
work at ~0.1 Hz, driven by a stress of 5.7 MPa. Implementing AM elastocaloric elastomers creates opportunities 
for the development of full-scale low-activation-stress regenerative elastocaloric cooling components that enable 
optimizing flow structures and enhanced heat-transfer performance.   

1. Introduction 

Current cooling and heating devices consume significant amounts of 
the electricity used worldwide and are largely dominated by conven-
tional vapor-compression refrigeration technologies [1,2]. These tech-
nologies are based on cycles in which a refrigerant is alternately 
compressed and expanded to achieve a cooling cycle. Vapor compres-
sion systems can have significant environmental impact associated with 
leakage of their working refrigerant as well as system losses that reduce 
efficiency [1]. Therefore, substantial efforts have been devoted to the 
development of more efficient, greenhouse-gas-free refrigerants, as well 
as novel and alternative cooling technologies. Solid-state cooling tech-
nologies based on caloric materials, employing so-called caloric effects; 
(magnetocaloric [3,4], electrocaloric [5], elastocaloric [6,7], bar-
ocaloric [8]), are found to be promising, environmentally-friendly, and 
efficient alternatives to vapor-compression refrigeration. The caloric 
effects of the materials are induced by different external fields, namely a 
magnetic field for the magnetocaloric effect, an electric field for the 
electrocaloric effect, a uniaxial strain for the Elastocaloric Effect (eCE), 
and an isostatic pressure for the barocaloric effect. 

Elastocaloric materials are attracting increasing attention and have 
been recommended as the most promising alternative for non-vapor- 
compression technology by the US Department of Energy [9]. These 
materials exhibit an increase in temperature when a uniaxial strain is 
applied and a decrease in temperature when the strain is released 
adiabatically. Devices based on these materials usually operate by 
applying a linear strain either in tension or compression to the material, 
but several novel driving methods such as bending and torsion have also 
been demonstrated [10–13]. In recent years, Shape Memory Alloys 
(SMAs) with a austenitic–martensitic phase transformation at room 
temperature have been intensively explored, among these NiTi-based 
SMAs [14–16], Cu-based SMAs [17,18], and NiMn-based Heusler-type 
magnetic SMAs [19–21]. Particularly, the NiTi-based SMAs are most 
commonly employed for solid-state cooling/heat-pumping system 
demonstration both in numerical simulation and experimental aspects 
[22–26]. However, driving the eCE of SMAs requires large tensile 
stresses as high as several hundreds of MPa, which remains a trouble-
some engineering challenge for practical applications [27]. For instance, 
commonly used Ni-Ti alloys when developed as a cooling device require 
large stresses reaching 1000 MPa under compression [28]. 

Polymer elastomers such as Natural Rubber (NR) were initially 
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reported to have elastocaloric properties by Joule in 1859, namely 
having the Gough-Joule effect [29]. Compared to most SMAs, the stress 
to trigger the eCE in the elastomers is one or two orders of magnitude 
less than for SMAs. Additionally, the advantages of elastomer materials 
include softness, low cost, sustainability, and lack of toxic materials. 
This has driven increasing research into exploiting various elastomers in 
recent years, which opens new avenues for eCE refrigeration [30–34]. 
The eCE in rubbers and Thermoplastic Polyurethane (TPU) elastomers 
has been increasingly studied and the softening effect (namely, the 
Mullins effect) on its caloric cooling application was elucidated as well 
[32,35–37]. TPU elastomers have been observed with considerable eCE 
at room temperature due to Strain-Induced Crystallization (SIC), which 
is associated with a partial crystallization of the elastomer caused by 
deformation [38,39]. The inherent SIC in elastomers can enhance their 
mechanical functionality and improve the eCE cooling performance [34, 
35,40]. More recently, a novel elastocaloric cooler based on SIC using an 
inflating-deflating rubber membrane was developed with an attractive 
specific cooling power of 20.9 W/g, showing that elastomers can absorb 
a high cooling load per mass [34]. High cooling power has been 
demonstrated in vulcanized NR fibers and polyethylene wires by means 
of twisting, untwisting, and stretching simultaneously [12]. Thermo-
plastic elastomers with uniform molecular chain lengths were synthe-
sized, and the elastocaloric effect was shown to improve [41]. These 
achievements in the search for eCE elastomers and in developing prac-
tical cooling prototypes based on them demonstrate the promise of 
regenerative elastocaloric cooling/heat-pumping systems based on 
elastomers. 

Implementing Additive Manufacturing (AM) to engineering appli-
cations can add freedom to produce complex geometries, which has 
been used to develop novel regenerator structures to achieve efficient 
heat transfer and enhanced functional stability for solid-state cooling 
[42–44]. Thermoplastic Elastomers (TPEs) such as TPU, have been uti-
lized for fabricating flexible 3D components by means of AM technolo-
gies [45,46], often using Fused Filament Fabrication (FFF). 
Manufacturing using FFF consists of depositing successive layers on a 
build plate by extruding a thermoplastic filament to obtain 3D struc-
tures. FFF is a low-cost, commercialized technology [47–50]. Commonly 
used AM techniques for metallic caloric materials, including selective 
laser melting and selective beam sintering, cannot produce smooth, fine 
regenerator structures and struggle to control the microstructure evo-
lution during printing. There are also limitations in the alloy 

composition, as well as the complex preparation for the raw powders 
[51,52]. AM of polymer TPEs is easier to implement, and precise flow 
channels with improved heat-transfer and flow properties are achiev-
able using more accessible 3D printing devices. 

In this work, five filaments of thermoplastic elastomers were chosen 
to explore their elastocaloric cooling performance. These rubber-like 
elastomers all exhibit some degree of eCE associated with SIC and 
some are shown to be promising for construction of a polymer full-scale 
active elastocaloric regenerator produced by additive manufacturing. 
We screened the possible thermoplastic elastomers in filament form and 
fabricated the most promising into printed parts using FFF. The main 
printing parameters for selected elastomeric materials and their influ-
ence on the elastocaloric cooling performance were investigated. 

2. Materials and methods 

2.1. Elastomeric filaments and printing parameters 

Commercial 3D-printing filaments were purchased, and the mate-
rials are summarized in Supplementary Table 1. Most of them were 
made of thermoplastic polyurethane, except the Z-Flex filament, which 
was made of Thermoplastic Polyester (TPPE). The printed 3D parts 
(NinjaFlex, KungFu98A and Z-Flex) were printed by a Zmorph VX 
Printer, except the Ultimaker 95A part, which was printed by an Ulti-
maker S5 Pro Bundle printer. The Zmorph printer used a single extruder 
with a 0.3 mm nozzle and the Ultimaker S5 Pro used a 0.4 mm nozzle. 
The G-codes (printing instructions) were generated by Voxelizer2.0 
software and Cura 4.12 for the Zmorph and Ultimaker printers, 
respectively. These FFF based printers deposit a 3D part layer by layer, 
as shown in the illustration in Fig. 1(a). The 3D-printed parts for me-
chanical tests and elastocaloric measurements are fabricated in dogbone 
shapes with the same gauge length L0 of 15 mm and a width of 15 mm. 
The dogbone 3D geometry is shown in Fig. 1(a). The thicknesses of the 
printed dogbones are 1, 2, or 5 mm. Three bead orientations with respect 
to the x-axis (applied strain direction) are used to print the dogbones and 
marked as 0o, 45o and 90o, as shown in Fig. 1(b). The samples were 
printed with varying temperatures both for the extruder and build plate 
and travelling speeds depending on the material. The basic printing 
parameters for each filament, including printing temperature, bed 
temperature, and printing speed, are listed in Supplementary Table 1. 
The infill type used in FFF is line infill (or rectilinear) for all prints. Due 

Nomenclature 

Abbreviations 
AM additive manufacturing 
FFF fused filament fabrication 
TPU thermoplastic polyurethane 
TPPE thermoplastic polyester 
TPEs thermoplastic elastomers 
NR natural rubber 
eCE elastocaloric effect 
SIC strain-induced crystallization 
SMAs shape memory alloys 
SEM scanning electron microscope 
IR infrared radiation 
DSC differential scanning calorimetry 

Variables 
COP coefficient of performance, [-] 
ΔW input work, [J] 
cp specific heat capacity, [J kg− 1 K− 1] 
ΔT temperature change 

SR solidity ratio, [-] 
ε strain, [-] 
σ stress, [MPa] 
ρ density, [kg m− 3] 
S entropy, [J K− 1] 
ω fitting time constant, [s] 
Q cooling/heating work, [W] 
L length, [m] 
m mass, [kg] 
T temperature, [K] 
t time, [s] 

Subscripts 
ad adiabatic 
cyc cyclic 
mat material 
amb ambient 
loa loading 
unl unloading 
c cooling 
h heating  
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to the hygroscopic nature of TPU polymers [53], the filaments will 
absorb atmospheric moisture and during the printing the wet filament 
will be melted with the vapor turning to steam which leads to voids in 
the part and reduces mechanical properties [24]. Thus, they were stored 
in a filament dryer at 80 ◦C during and between printing in order to 
avoid moisture. 

2.2. Mechanical tests and infrared temperature measurements for 
elastomers 

Mechanical testing and experimental characterization of the elasto-
caloric effect were performed on a Zwick/Roell EZ030 electro- 
mechanical tester. An Xforce K load cell enabling a maximum load of 
30 kN with an uncertainty of 1% was used for the tests. More detailed 
information regarding the mechanical tester can be obtained from the 
literature [34]. The printed parts and filament wires were tightly 
clamped by T-fatigue grips on the crosshead of the tester. Some rubber 
protective material was placed between the gripped area of the printed 
samples and the mechanical grips to protect the sample during the 
stretching process, which can be seen in Supplementary Fig. 1. The 
gauge length of 20 mm and strain rate of 5 s− 1 are used for the filament 
elastocaloric measurements, where the large strain rate is implemented 
to achieve a quasi-adiabatic state which is comparable to the rate re-
ported in the TPU test [36]. This fast-loading strain rate was also 
implemented for the quasi-adiabatic temperature change measurements 
in the eCE comparison of different bead orientations (the temperature 
change as a function of strains). The different samples were employed 
for different elastocaloric performance tests. Specifically, the thickness 
of dogbones used for the eCE comparison of different orientations was 5 
mm. Dogbones applied for the stability evaluation were printed in 2 mm 
and the related cyclic mechanical tests were run at a strain rate of 0.33 
s− 1 and operated in a strain range of 150–500%. Dogbones employed for 
cyclic tests of the material COP calculation were printed with a thickness 
of 1 mm and the strain rate was 0.67 s− 1. The elastocaloric temperature 
change was measured using an infrared (IR) thermographic camera 
(InfraTec 9400). The spatial resolution and temperature resolution of 
the IR camera can achieve 0.01 mm/pixel and 0.02 K, respectively. In 
addition, due to the buckling of filaments and printed dogbones during 
cyclic tests and due to the large applied strains, the middle point of the 
sample moved during loading/unloading. Different middle zones at 
different states in an elastocaloric cycle were chosen from the sample to 
obtain the average infrared temperatures, finally combining tempera-
ture variation curves of each state into the temperature variation profile 
of a full cycle. For the cycling tests, a fixed selective zone for infrared 
temperatures was used to evaluate the adiabatic temperature change. 

2.3. SEM characterization and thermal analysis 

Surface microstructures of the printed parts were characterized by a 
Zeiss EVO MA10 Scanning Electron Microscope (SEM). The uncycled 
printed and cycled specimens for SEM were cut at the middle of the 
active region using a snap-off utility knife (BAHCO KB09-01). Before the 
SEM imaging, polymer specimens were processed by carbon coating on 
the surface to improve the conductivity. Specific heat capacity was 
measured on a custom built, high-resolution, Peltier element based 
Differential Scanning Calorimetry (DSC) [54]. The measured specimens 
(~0.5 mg) were cut from the virgin filaments, uncycled printed dog-
bones and 100 times cycled dogbones. The tests were performed with 
heating and cooling rates of 1 K/min in a vacuum of 5 × 10− 6 mbar. 

3. Results & discussion 

3.1. Elastocaloric properties in elastomeric filaments 

Elastomeric filaments of each material were first characterized for 
their eCE properties and eCE cooling potential. In Fig. 2(a), a piece of 
NinjaFlex filament is mounted in the mechanical tester with two pro-
tective rubber gaskets surrounding both gripped ends. The temperature 
change and filament geometric evolution are recorded by the IR camera. 
Infrared thermographs present the surface temperature increase and 
decrease during the stretching and releasing processes (states: ii and iv, 
respectively), as well as the temperature equilibrium with ambient 
temperature Tamb = 296 K prior to loading and unloading (states: i and 
iii, respectively). In addition to the observed temperature changes, 
buckling occurs in state iv due to the plastic deformation produced by 
the large deformation. The time-dependent temperature evolution dia-
gram, with the four states, is shown in Fig. 2(b), which is obtained from 
the average surface temperature in a selected zone from filament IR 
images. Notice one interesting phenomenon that the temperature in-
crease during the loading process is higher than the decrease during the 
unloading process. This may be caused by some intrinsic hysteresis in 
the loading-unloading process (observed in the cyclic stress-strain 
curves in Supplementary Fig. 2). The asymmetry for temperature in-
creases and decreases has also been observed in other rubbers and 
rubber-like elastomers due to the large variation of the thermal time 
constant and the crystallization kinetics [36,40]. Indeed, the elastic 
entropy and the SIC both contribute to the elastocaloric effect for natural 
rubbers. When the applied strain reaches 500–600% for natural rubbers, 
the crystallization can occur in a few tens of milliseconds upon 
stretching and the rubber heats up rapidly both from elastic entropy 
variation and the SIC process [55,56]. Upon releasing, a fraction of the 
crystallization will be relaxed due to the holding time in contact with the 

Fig. 1. FFF printing of elastomeric filaments: (a) Schematic of FFF 3D printing with cross-stacked layers and geometry of the dogbone part; (b) Three printing 
orientation for dogbone parts. 
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ambient temperature, and there is a lower contribution for the eCE from 
the SIC process. 

An elastocaloric cooling cycle is illustrated with a temperature- 
entropy (T-S) diagram in Fig. 2(c) to elucidate the elastomer eCE cool-
ing operating principle, which represents a reversed Brayton-based 
thermodynamic cycle. Active elastomers are subject to the four pro-
cesses in the thermodynamic cycle: adiabatic stretching (i→ii), fluid flow 
from cold to hot where heat is rejected from the hot reservoir (ii→iii), 
adiabatic releasing (iii→iv), fluid flow from hot to cold where a cooling 
load is absorbed in the cold reservoir (iv→i). While the elastomer 

undergoes the adiabatic uniaxial stretching, the applied stress leads to a 
partial phase transition for the elastomer molecular chains from the 
crimped state to the extended state. Some molecular chains crystallize 
into ordered phases accompanying with the latent heat and entropy 
increase [57]. The crystallization of elastomer molecular chains is 
induced by rapidly stretching, i.e., so-called strain-induced crystalliza-
tion (SIC), which is the reason for the elastocaloric effect in elastomers 
[39,58]. The consequence is that the surface temperature increases for 
most of rubbers and soft elastomers. Undergoing an adiabatic releasing 
process, the recovery to the disordered coil-like state of SIC molecular 

Fig. 2. Surface temperature variation for the NinjaFlex filament in an eCE cooling cycle: (a) IR images in each state of the first cycle; (b) Temperature changes of the 
elastocaloric material during an eCE cycle; (c) Schematic temperature-entropy diagram for an eCE cooling cycle, where (+) and ( − ) represent temperature increase 
and decrease, respectively; Qh and Qc represent the heating and cooling energy, respectively; The inset diagram gives a representation of the molecular chain state 
variation between the disordering and strain-induced crystallization (black blocks) during adiabatic stretching and releasing and the corresponding heating (red), 
cooling (blue), and ambient (grey) of the sample. 

Fig. 3. Elastocaloric effect comparison for different elastomeric filaments: (a) Stress-strain profiles for the NinjaFlex filament; (b) Temperature change as a function 
of strain for different filaments during the filament stretching; (c) Temperature change as a function of strain for different filaments during the filament releasing. 
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chains leads to the absorption of heat and thus a temperature decrease. 
Elastocaloric measurements for the five elastomeric filaments were 

performed under different strains. Fig. 3(a) shows the stress-strain 
behavior of the NinjaFlex filament. The measurement was performed 
using one filament with a sequential strain increase from 0 to 500%. The 
stress-strain curves and time-dependent temperatures for the other 
samples are given in Supplementary Figs. 3–7. The temperature changes 
were measured during each loading and unloading process. The system 
was allowed to equilibrate with ambient after each change in strain, as 
illustrated in the elastocaloric cycle in Fig. 2(b). Results for adiabatic 
temperature increases and decreases of different filaments are shown in 
Fig. 3(b and c). Regarding the exothermic process, the positive ΔTad 
gradually increases as the strain increases to 300%. Subsequently, a 
ΔTad plateau was observed for some samples (Ultimaker95A, Kung-
Fu98A, Z-Flex) where the adiabatic change increases very little from a 
strain of 300–500%. This indicates that strains above 300% for these 
materials are less elastocaloric responses. The adiabatic temperature 
change of the NinjaFlex filament continues to increase at strains above 
300%, and the largest ΔTad value reaches 12 K at the strain of 500%. The 
endothermic process accompanying a negative ΔTad upon releasing the 
strain plays a significant role in evaluating the capacity for elastocaloric 
cooling devices. Since the KungFu72D filament failed mechanically due 
to its elongation between 300 and 400%, data at 400% is not available 
and the result for 300% may include significant plastic deformation of 
the sample. Furthermore, only a negligible elastocaloric effect was 
observed during the unloading process, which indicates that it is not an 
attractive material for elastocaloric cooling applications. The remaining 
four candidates exhibit large elastocaloric effects during the endo-
thermic process. The negative ΔTad of the NinjaFlex filament increases 
with the strain increase and a maximum − ΔTad value as large as 5.55 K 
at 500% is achieved. The − ΔTad values for Ultimaker95A and Kung-
Fu98A filaments are similar below 500% where the adiabatic tempera-
ture changes of both are ~2 K. However, there is a difference in trend for 
the Ultimaker95A and KungFu98A filaments between the strains of 400 
and 500% in Fig. 3(c). This phenomenon is similar to the behavior for 
the KungFu72D filament during stretching. In addition, a slight decrease 
in ΔTad for KungFu98A during stretching is observed in Fig. 3(b). The 
stress improvement (8.25%) from 2.91 to 3.15 MPa due to the strain 
increase from 400 to 500% is less than that (11.31%) of the Ultimaker 
filament from 6.01 to 6.69 MPa, (the corresponding stress-strain 
behavior is given in the Supplementary Figs. 4 and 6), which results in 
a − ΔTad drop for KungFu98A in Fig. 3(c). Although the temperature 
change of the Z-Flex filament was highest among these materials during 
the adiabatic stretching process, its − ΔTad was not as large as the value 
during the stretching process. A − ΔTad value of 1.58 K for the Z-Flex 
filament was obtained at 500% strain but a temperature change of 1.44 
K was measured at 300% and thus the − ΔTad increased slightly as the 
strain increased to 500%. 

3.2. Softening behavior and reversible elastocaloric effect 

When eCE elastomeric filaments undergo several loading-unloading 
cycles, the stress-strain curve shows significant compliance after the first 
cycle and then tends towards a stabilized cycle (Supplementary Fig. 2). 
This softening behavior is commonly observed in rubbery materials, the 
so-called Mullins effect, which contributes to the elastocaloric effect 
decrease in natural rubbers and elastocaloric elastomers [37,46]. The 
eCE performance evolution associated with the softening behavior of 
elastomeric filaments is investigated by comparing the ΔTad ratio be-
tween the initial cycle and after a small number of cycles (~10). This 
relative variation of the adiabatic temperature is shown in Fig. 4(a) and 
(b) for strains of 500% and 10 cycles. The tests for each sample were 
conducted in three procedures: one adiabatic stretching-releasing cycle, 
with a pause to equilibrate with room temperature in between (initial 
cycle); cyclical stretching and releasing eight times (cyclic process); and 
one adiabatic stretching-releasing cycle with pauses for temperature 
equilibration (10th cycle). After the cyclic process, the values of ΔTad 
exhibit a significant decrease between the 1st and 10th cycles for the 
samples due to the irreversible plastic deformation produced during 
cycling [35,41]. However, the degradation of − ΔTad is smaller, and for 
some samples (Ultimaker, KungFu98A, and Z-Flex) the − ΔTad even in-
creases after the cyclic process. Since the lower value of elongation at 
the breaking point for the KungFu72D sample, the mechanical fatigue 
presents after the first stretching. The highest ΔTad is produced in 
KungFu72D during the stretching but there is no temperature change 
observed during the releasing process. The lowest temperature relative 
variation is observed in the NinjaFlex sample both during the loading 
and unloading process, manifesting its reversible elastocaloric effect 
among these elastomeric filaments. Especially, seldom degradation in 
temperature change appears for NinjaFlex filament during the unload-
ing process. 

3.3. Printing orientation and its impacts on elastocaloric properties 

To exploit full-scale elastocaloric regenerators printed by these po-
tential elastomeric materials, the manufacturing parameters should be 
carefully examined to ensure decent elastocaloric and mechanical 
properties after the printing. Printing parameters such as temperatures 
and printing patterns can be easily controlled and are directly connected 
to the mechanical integrity and lifetime of the elastocaloric regenerator. 
For FFF, the 3D part is deposited layer by layer. Extruded beads within 
each layer could be aligned in different directions. The orientation of 
extruded beads and layers is essential to the mechanical properties of 
printed parts. Another parameter, solidity ratio (SR), given by the dis-
tance between beads, and thus representing the printed density, is also 
crucial for printing mechanical properties [59]. The highest 
infilled-pattern quality (95%) is applied for each printing to obtain 

Fig. 4. Adiabatic temperature change comparison for different samples undergoing the initial cycle and 10th cycle during the stretching (a) and releasing (b) 
processes, and the corresponding temperature variation ratio. 
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samples with as high a density as possible. Therefore, the effect of the 
spacing between beads is not considered here. Printed parts employed 
for eCE cooling are subjected to uniaxial stretching, which means that 
stacked layers inside of the sample should be able to withstand the large 
cyclical uniaxial stress. Three printing profiles for the dogbone-shape 
parts with different orientations were chosen, as illustrated in Fig. 1 
(b). In the 0o orientation the layers are stacked with the same printing 
pattern as the diagram shown. The dogbones with 45o and 90o orien-
tations are printed with a cross-hatched structure in the stacked layers. 

Elastocaloric effect measurements for each orientation were con-
ducted with samples printed from the NinjaFlex filament as this was 
found to have the most promising properties. The surface temperature 
variation of the 0o dogbone undergoing the four states of an elastocaloric 
cycle measured by IR thermography is shown in Fig. 5(a). The temper-
ature distribution is uniform in the middle rectangular area of the 
dogbone, but some higher temperatures are observed at the two ends of 
the active area owing to the uneven stress distribution. The measured 
adiabatic temperature changes during loading and unloading as a 
function of strain are obtained from the average temperature in the 
middle of the active area of each dogbone. Mechanical tests return to 
zero strain (the original length) at the end of every cycle. Buckling oc-
curs due to the large deformation that occurs in stage iv of the dogbone 
test. The stress-strain behavior for the different printing orientations is 
compared in Fig. 5(b). The tensile modulus of differently oriented 
dogbones is 7.9 ± 0.6 MPa for 0o, 7.4 ± 0.8 MPa for 45o, and 6.8 ± 0.7 
MPa for 90o. These are evaluated in an elastic strain range of 0–10%. The 
value of stress and tensile modulus decrease with an increase in orien-
tation angle, during the loading process. This is in agreement with the 
results observed in various studies for FFF parts, where beads oriented 
parallel to the load direction (0o orientation) are always stronger than 
beads oriented perpendicular to the load direction [59,60]. For the 0o 

orientation dogbone the larger tensile modulus indicates a higher 

stiffness and tighter bead attachment, and thus a denser part as well as 
good mechanical properties are expected. Adiabatic temperature 
changes during loading and unloading are shown in Fig. 5(c) and 5(d), 
respectively. The corresponding stress-strain curves for the elastocaloric 
measurements subject to different strains are given in Supplementary 
Fig. 8. The results of ΔTad for different dogbone orientations confirm 
that the 0o orientation dogbone maintains a significant elastocaloric 
effect in 3D printed parts. From the perspective 3D printing elastocaloric 
regenerators, the orientation of beads and stacked layers should be 
aligned parallel to the loading direction to realize the largest lifetime 
and eCE. 

3.4. Microstructures of printed parts 

The microstructures of the printed parts with different bead orien-
tations were studied in uncycled and cycled 3D-printed parts. Fig. 6(a) 
and (b) show profile and cross-section views of the 0o dogbone. Good 
attachment between the ellipsoid beads stacked along the z-direction is 
achieved by the FFF printing. Interbead voids between the extruded 
beads are produced during the deposition process. The printed 0o dog-
bone was subjected to 100 cyclic tests to study the microstructural 
evolution after plastic deformation. From the cross-section view in Fig. 6 
(c), it can be observed that the plastic deformation leads to a reduced 
mean width of the ellipsoid beads from 248 ± 13 µm to 189 ± 8 µm 
measured from the SEM images. Fig. 6(d and e) show the cross-section 
view from the 90o dogbone before stretching and after periodic 
stretching and releasing. The net-like connection between the extruded 
beads in the 90o dogbone differs from the bonding connection in the 0o 

dogbone, which is a parallel-stacked architecture. The size of the 
interbead void in the 90o uncycled dogbone is larger than that of the 0o 

one and the bead width decreases to 221 ± 14 µm. After deformation, 
the ellipsoid bead width further diminishes to 177 ± 10 µm. From Fig. 6 

Fig. 5. Elastocaloric properties of different oriented parts: (a) IR images of printed NinjaFlex dogbone part at different states in an elastocaloric cycle; (b) Stress- 
strain profiles of printed NinjaFlex dogbones with different orientations; (c) Temperature change as a function of strain for different printing orientations during 
stretching; (d) Temperature change as a function of strain for different printing orientations during releasing. 
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(e), it can be observed that the beads parallel to the stretching direction 
are plastically deformed and constrained by the beads perpendicular to 
the stretching direction. Because the transverse beads are not subjected 
to the stretching, they experience no plastic deformation, which causes 
dimensional mismatches with the longitudinal beads that are deformed. 
This mismatch causes cracks on the transverse bead due to the alter-
nating mechanical interaction between the longitudinal and transverse 
beads. One of the representative areas is magnified and shown in Fig. 6 
(f) to accentuate the crack. It can be deduced that the mechanical 
interaction will also produce cracks on the longitudinal bead thereby 
reducing the mechanical properties of the part. 

To evaluate the density of a printed FFF part quantitatively, the SR 
can be calculated by the area of the bead divided by the potential 
maximum area between the beads, indicated by a box around each bead 
[59]. The maximum area is determined by the layer height and the 
width of the bead, which is typically the nozzle diameter. A SR value of 
0.79 is obtained for the printing at different orientations (calculating 
details are given in Supplementary Note 3). The actual normalized 
density is evaluated by calculating the area ratio between the solid and 

pore regimes from cross-section SEM images. The values for the uncy-
cled and cycled parts in 0o orientation are 0.97 and 0.95, respectively. 
For the 90o orientation one, the results are 0.93 and 0.89, respectively. 
All these values are higher than the theoretical value because the real 
bead shape is not a perfect ellipsoid and it changes during the melting 
and depositing process. The quantitative result for the printing density 
also indicates that the 0o dogbone is denser than the 90o dogbone, both 
before and after undergoing the cyclic loading and unloading. This is 
further substantiated by the higher tensile modulus obtained in the 0o 

dogbone. The voids caused by the 90o printing will be enlarged in the 
longitudinal and transverse direction during the stretching. When this 
part is employed in an active elastocaloric regenerator, these voids in-
side the regenerator can absorb the liquid heat-transfer fluid during the 
loading and unloading processes, resulting in parasitic heat losses. 
However, the voids in the 0o dogbone are disconnected, smaller, and 
maintain their shape under cycling. Additionally, the connection be-
tween the extruded beads in the 0o dogbone remains tight after cyclic 
tests. Therefore, the 0o orientation seems best for fabricating a full-scale 
elastocaloric regenerator, due to advantages both in elastocaloric 

Fig. 6. Microstructures of printed parts: (a) and (b) are SEM images of the profile and cross-section views for a printed dogbone with the 0o printing orientation, 
respectively; (c) is a cross-section view after cycling. (d) and (e) are SEM images of profile and cross-section views for a 90o printed dogbone before and after training, 
respectively; (f) magnified SEM image from the red rectangular zone in (e). 
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properties and density stability. 

3.5. Stability of the mechanical and elastocaloric properties for printed 
elastomers 

The stability of the mechanical properties and eCE of elastocaloric 
materials is an essential characteristic for evaluating the potential for 
caloric cooling applications, as it determines the lifetime of the device 
employing the given eCE materials. Fig. 7(a) shows 100 loading- 
unloading cycles for the parts printed with different orientations. 
Similar to the foregoing discussed on the printing orientation impacts on 
the eCE, the tensile modulus and the maximum stress also decreased 
with the printing orientation, increasing to 90o during the cyclic tests. As 
shown in Fig. 7(b), when increasing the cycle number, the stabilized 
stress can reach to 5.31 MPa for the 0o dogbone, and 3.45 MPa for the 
90o dogbone. This can be explained by the higher alignment along the 
tensile direction for the 0o dogbone, as observed in the microstructural 
distribution for the extruded beads. The printed layers of the 0o dogbone 
maintain a good mechanical stability and therefore favor a higher uni-
axial stress. 

A 0o dogbone with a thickness of 2 mm is subjected to over 1000 
cycles to examine the stability of the eCE and its mechanical properties. 
To avoid any buckling caused by the plastic deformation, the strain is set 
back to 150% instead of 0% during the releasing process. A slow strain 
rate of 0.33 s− 1 is applied throughout the test. The stress-strain profiles 
of some cycles are selected and shown in Fig. 8(a). It was observed that 
the maximum loading stress decreases as the cycle number increases. 
The temperature evolution profile of the first 85 cycles is recorded by the 
IR camera as shown in Fig. 8(b). After the first several cycles, the tem-
perature variation tends to stabilize, and the detailed temperature 
variation for cycles 50–56 is given in Fig. 8(c). The average cyclic 
temperature for the 0o dogbone reaches 3.92 K. Later, the temperature 
profiles for cycles 955–1015 were captured, as show in Fig. 8(d). The 
average cyclic temperature change from cycles 1000 to 1006 is 3.09 K, 

which indicates a good functional stability for the eCE of the 3D-printed 
NinjaFlex. 

3.6. Elastocaloric cooling performance of the printed elastomers 

The material coefficient of performance (COPmat) is defined for 
evaluating and comparing potential caloric materials to be employed in 
caloric cooling [27]. It is calculated by the cooling energy per unit mass 
divided by the input work per unit mass as shown in Eq. (1). In a Brayton 
cycle, the cooling energy can be expressed as an integral of the specific 
heat capacity cp from T1 to Tamb, where the T1 is the cold temperature 
obtained during the loading process and the Tamb is the ambient tem-
perature. The input work is obtained from the area of the stress-strain 
curve. Detailed results for cp measurements of the filament as well as 
the uncycled and cycled printed parts are organized and discussed in 
Supplementary Note 1 and Table 2. 

COPmat =
Q/m

ΔW/m
=

∫ Tamb
T1 cpdT
1

ρl0

∮
σdε (1) 

In practice, regenerative elastocaloric cooling will operate cyclically 
and the COPmat calculation from the cyclic test is closer to a real elas-
tocaloric cooling cycle. Details of COPmat calculations from cyclic tests 
are organized in Supplementary Note 2 and Supplementary Eq. (2). 
Using measurements performed under near adiabatic conditions, it is 
found that the cyclic temperature change is dependent on the sample 
thickness and loading rate during cyclic tests, which is similar to the 
cases in active magnetic regenerators influenced by corresponding pa-
rameters such as solid thermal conductivities and operating frequencies 
[61,62]. Fig. 9(a and b) show the temperature change for NinjaFlex as a 
function of the sample thickness and loading rate. Fig. 7(a) shows that 
the cyclic temperature change is reduced with an increase in the 
thickness, due to the slow thermal diffusion from the inside to the 
outside. But it does not affect the temperature changes of the material 
under static conditions (back to room temperature after each loading 
and unloading process), as shown in in Fig. 9(c). The difference in the 
temperature change in the cyclic mode is caused by convection and 
radiation to the ambient, which was also observed as performance dif-
ferences in a rubber-based elastocaloric heat pump employing different 
thicknesses of polymer membranes [34]. The loading rate dependence of 
the temperature change, shown in Fig. 9(b), is due to the convection 
with the ambient. Details for loading rate impacts on cyclic temperature 
change are included in Supplementary Fig. 15. If the measurements are 
performed in an isolated environment, the temperature change will be 
free from the loading rate dependence which has previously been shown 
in some research for the elastocaloric polymers [41]. 

To investigate the elastocaloric properties for different sample 
thicknesses, samples with three different thicknesses were tested in 
static mode (allowing the temperature to return to room temperature 
after each loading and unloading process). At the same loading rate, the 
time to reach room temperature is longer for a thicker sample, as shown 
in Fig. 9(c). This can be explained by Newton’s law of cooling (see, 
Supplementary Note 4, Supplementary Fig. 10). The heat-transfer pro-
cess of surface temperature to the ambient temperature can be charac-
terized by the time constant ω. A smaller time constant represents a 
faster heat transfer with the ambient. As observed in elastocaloric 
measurements on filaments, the temperature increases in the stretching 
process are higher than the temperature decreases in the releasing 
process for each printed part. Comparing the fitted time constant, ω, for 
different dogbone thicknesses, the largest values for both temperature 
increase and decrease are obtained with the 1 mm printed part. The 
fitted values of ω are 32.80 ± 0.46 s and 56.26 ± 0.29 s for cooling and 
heating, respectively. The time constant for the releasing process is 
smaller than that of the stretching process. That is because stretching 
will increase the heat transfer surface area of the sample. Thus, thinner 
samples are expected to enhance the heat transfer and thus performance 

Fig. 7. (a) Stress-strain profiles of printed NinjaFlex dogbones for 100 loading- 
unloading cycles; (b) Evolution of the maximum stress achieved in each cycle as 
a function of the cycle number. 
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Fig. 8. Functional stability for the 2 mm printed parts over 1000 loading/unloading cycles: (a) Stress-strain behavior for the selected cycles; (b) Cyclic temperature 
changes for the first 85 cycles at a strain rate of 0.33 s− 1; (c) Stabilized temperature change evolution in cycle numbers 50–56 selected from (b); (d) Cyclic tem-
perature changes for cycles 955–1015 at a strain rate of 0.33 s− 1; (e) Stabilized temperature change evolution in cycle numbers 1000–1006 selected from (d). 

Fig. 9. Temperature variation comparison for different conditions in NinjaFlex 0o dogbones: (a) Cyclic adiabatic temperature changes for different thicknesses at a 2 
s− 1 strain rate; (b) Cyclic adiabatic temperature changes for 1 mm dogbones under different loading rates; (c) Surface temperature variation to ambient temperature 
by natural convection for different thickness dogbones; (d) Fits to the surface temperature versus time curves of the 1 mm dogbone. 

K. Wang et al.                                                                                                                                                                                                                                   

III



Applied Materials Today 30 (2023) 101711

10

for eCE elastomers. 
Fig. 10(a) shows the cyclic temperature variation in a stable loading- 

unloading state. The adiabatic temperature change for the cyclic mode is 
defined as the distance between the top and bottom peaks during 
loading and unloading. When the loading-unloading process reaches 
cyclical steady state, the adiabatic temperature change will be stable and 
remains constant for the following cycles, reflecting its prominent and 
stabilized cycling performance. The ΔTcyc for different materials during 
cycles 60-100 are shown in Fig. 10(b). The 0o NinjaFlex dogbone pro-
duces the largest average ΔTcyc value of 3.24 K during these 40 cycles. 
However, we noticed that the ΔTcyc for the 1 mm dogbone is less than 
the ΔTcyc of 3.92 K obtained for the 2 mm NinjaFlex dogbone in Section 
3.5. That is because the cyclic test in the stability evaluation is operated 
at a much lower strain rate, which would favor a higher temperature 
change as the results shown in Fig. 9(b). The temperature change for the 
Z-Flex sample is also able to reach a considerable value of 2.84 K. COPmat 
and the input work (ΔW) as a function of the cycle number for the 
NinjaFlex Ultimaker95A, KungFu98A, Z-Flex materials rapidly increase 
during the first ten cycles and tend to stabilize in the following cycles, 
seeing Fig. 10(c) for NinjaFlex and Supplementary Fig. 16 for other 
materials. The temperature changes and the input work per unit mass in 
each cycle for different materials are obtained from temperature profiles 
given in the Supplementary Fig. 17 which exhibit a rapid decrease over 
the first several cycles, ending in a stable state. The average COPmat and 
input work per unit mass during the stabilized cycles (80–100th) for 
different materials are compared in Fig. 10(d). The highest COPmat of 
3.14 with 1.74 J/g input work is observed in the NinjaFlex part at an 
operating frequency of ~0.1 Hz. From the stress-strain behavior of the Z- 
Flex printed part (Supplementary Fig. 14), it can be noticed that the 
input work is significantly reduced as the number of cycles is increased 
(among proposed materials the lowest input work of 1.63 J/g is 
required). Therefore, a considerable COPmat of 3.04 with an input work 
of 1.63 J/g for Z-Flex is obtained when cycling 100 times despite its 
small temperature change. 

The comparison of the COPmat for some common elastocaloric SMAs 
and polymers is summarized in the Table 1. Compared to the commonly 
used SMAs materials, the studied 3D printed NinjaFlex and Z-Flex 
polymer elastomers are superior in considerably lower driving stress 
(~6 MPa, 500%) and provide a desirable elastocaloric performance. It 
can be observed that the cyclic temperature change for the NinjaFlex 
reaches 3.92 K which is lower than several Ni-Ti alloys but comparable 
to the ΔTcyc of 4.6 K for the Cu68.3Al27.1Ni4.6 SMA. There are some dif-
ferences in the material COP calculation presented in literature. For the 
shape memory alloys, the COPmat are obtained with a correction for the 
irreversibility of the phase transformation process [63]. For rubber-like 
materials due to less hysteresis, Eq. (1) was used for the COPmat calcu-
lation [36,41]. Here the NinjaFlex, Ultimaker 95A, and KungFu 98A 
filaments both consist of the thermoplastic polyurethane, but there are 
differences in the elastocaloric effect and COPmat when comparing to the 
reported elastocaloric TPU [36]. That results from different types of TPU 
being used and a maximum temperature change employed for the 
COPmat calculations in literature. 

3.7. Prospects for an operation system for large deformation eCE 
regenerators 

Compared to the experimental system for elastocaloric cooling/heat 
pumping using SMAs, soft elastomeric eCE regenerators require much 
larger deformations (300–500%) to achieve a considerable eCE. At 
present, some related elastocaloric coolers based on the elastomers have 
been designed by inflation/deflation devices or by rolling onto a rota-
tional wheel to trigger the eCE of polymer elastomers subjected to a 
large deformation [34,41]. These designs give inspiration to apply the 
elastomeric eCE polymers in the solid-state cooling/heat-pumping field. 
However, when considering the construction of an experimental active 
elastocaloric cooling/heat-pumping system for polymer elastomers, the 
large deformation raises several issues, including buckling, and 
fluid-channel volume change. It can be predicted that the fluid-channel 

Fig. 10. Cyclic temperature characteristics and material COPmat for different elastomers: (a) Time-dependent surface temperature for cyclic tests and the detailed 
temperature oscillation of a NinjaFlex 0o dogbone stretched at 500% strain and 0.67 s− 1 strain rate; (b) Stabilized temperature change evolution in cycle numbers 
60–100 for different materials; (c) COPmat and input work evolution as a function of the number of cycles for NinjaFlex dogbone; (d) Average COPmat and input work 
per unit mass during cycles 80–100 for different materials as printed parts in 0o orientation. 
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volume inside the 3D-printed eCE regenerator changes when the 
regenerator undergoes a larger deformation due to the Poisson’s ratio 
and strain-induced material volume change [70–73]. The fluid channel 
volume is expected to increase during the stretching process and 
decrease during the releasing process, which will lead to asymmetric 
fluid-flow volumes between the hot/cold blows. Therefore, operating a 
large deformation regenerator in a flow system, the empty volume from 
the stretching process needs to be compensated by the flow system. On 
the other hand, the compensated fluid from the stretching process 
should be expelled back to the flow system during the releasing process, 
otherwise, the extra fluid can increase the pressure and may cause 
leakage. Future work could include a tailored fluid network configura-
tion and operation strategy capable of handling the change of fluid 
channel volume in an elastomeric regenerator. 

4. Conclusion 

We explored the elastocaloric cooling performance of five thermo-
plastic elastomers and demonstrated the potential for fabricating the soft 
elastomers directly into full-scale elastocaloric regenerators via additive 
manufacturing technologies. The elastocaloric effect in the five elasto-
meric filaments were initially investigated before manufacturing the 
filaments into 3D parts using FFF. Except for KungFu72D, the studied 
filaments show a satisfactory reversible elastocaloric effect. We found 
that the 3D-printed parts with the extruded beads aligned in parallel to 
the uniaxial strain direction can achieve an elastocaloric effect similar to 
the raw filament with stable mechanical behavior. NinjaFlex and Z-Flex 
dogbones exhibited a COPmat of 3.14 and 3.04, respectively, at a low 
required stress of ~6 MPa, which makes them potentially attractive for 
elastocaloric devices. Combining AM technologies with printable elas-
tocaloric elastomer can result in full-scale elastocaloric regenerator that 
can be printed directly and actuated at significantly lower forces than 
comparable SMA systems. 

Several challenges need to be overcome for AM elastocaloric 
regenerator systems to achieve high performance. Since the heat- 
transfer fluid will flow through internal channels inside the regener-
ator, the AM parameters should be optimized to achieve fine regenerator 
geometries as well as being watertight. These would improve the fluid 
channel quality that could lower the flow pressure drop and enhance the 
heat-transfer performance. Another challenge is the large elongation 
required to achieve a high eCE for elastomeric regenerators, which will 
require special design of external equipment. There are also a number of 
issues that stem from the large required strains, including: softening 
behavior (Mullins effect), which occurs during the first cycle, and 
buckling during strain release caused by plastic deformation, which will 
bend/twist the fluid channels and influence the heat exchange. A certain 
number of training cycles until reaching the stabile behavior could be a 
solution for the softening issue of these soft elastomers. Similar to the 

suggested pre-elongation method implemented in natural rubbers [35], 
the buckling can be avoided by applying the pre-strain approach, per-
formed by unloading to a given strain. Additionally, manipulating the 
pre-elongation to the eve of SIC enables higher efficient elastocaloric 
cooling resulting from less mechanical energy input. Overall, these 
achievements show a great potential to construct the soft active elas-
tocaloric regenerator with distinct low-driven stress, opening the op-
portunity to develop high-performance elastocaloric cooling 
regenerators with optimized heat-transfer properties and structures by 
means of additive manufacturing. 
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[18] L. Ianniciello, M. Romanini, L. Mañosa, A. Planes, K. Engelbrecht, E. Vives, 
Tracking the dynamics of power sources and sinks during the martensitic 
transformation of a Cu-Al-Ni single crystal, Appl. Phys. Lett. 116 (2020), https:// 
doi.org/10.1063/5.0006859. 

[19] D. Cong, W. Xiong, A. Planes, Y. Ren, L. Mañosa, P. Cao, Z. Nie, X. Sun, Z. Yang, 
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[66] J. Tušek, K. Engelbrecht, L.P. Mikkelsen, N. Pryds, Elastocaloric effect of Ni-Ti wire 
for application in a cooling device, J. Appl. Phys. 117 (2015), 124901, https://doi. 
org/10.1063/1.4913878. 

[67] C. Bechtold, C. Chluba, R.L. De Miranda, E. Quandt, High cyclic stability of the 
elastocaloric effect in sputtered TiNiCu shape memory films, Appl. Phys. Lett. 101 
(2012), 091903, https://doi.org/10.1063/1.4748307. 
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Supplementary Note 1. DSC measurements for specific heat capacity 

The specific heat capacity (cp) for the materials, including the virgin filaments, 

uncycled printed samples and cycled printed samples, were investigated and used for 

materials COP calculations. Due to the weak elastocaloric performance for Kungfu98A, it 

was not printed for the following studies so its cp measurement was only measured in the 

filament form. The specific heat capacity of materials is measured experimentally at 

temperatures within the temperature range of 275-315 K, fully covering the temperature 

range of operation. The cycled printed samples are cycled 100 times before the DSC 

measurements. Eliminating the uncertain values near the test temperature edges, the results 

for cp listed in the Supplementary Table 2 are obtained from the average value around the 

temperature change range 290-310 K. Here, the values are nearly constant with the 

temperature increase and no latent heat is observed in the temperature range. It is noted that 

the heat capacity of the uncycled printed material has a slight decrease compared to the 

original filament. Maybe the reason is that the melting and solidification during the fused 

filament fabrication process changes its thermal properties due to the hard segment contents 

variation [1,2]. After cyclic tests, the heat capacity of the materials increases, which also 

happens in natural rubbers when subjected to a larger uniaxial deformation [3]. The cp values 

from the cycled material are closer to the real situation in which materials are employed for 

the elastocaloric cooling. Thus these are used for the materials COP calculations. 

Supplementary Note 2. Cyclic tests for elastocaloric elastomers 

As observed in filaments as well as the printed dogbone, the elastocaloric effect in 

elastomers is usually accompanied by a large deformation which leads to buckling during the 
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releasing process. Assuming the materials are employed in an active elastocaloric regenerator, 

this buckling will push fluid in the channels and even worse some channels get twisted and it 

becomes hard for the heat transfer fluid to move through, increasing the pressure drop and the 

input work for the flow system. To avoid the buckling in the rubber-like elastomers, some 

technical tricks can be imposed such as performing pre-elongation of the sample and 

controlling by going back to zero force instead of zero strain [4,5]. The cyclic tests performed 

in the mechanical stability test are controlled by releasing until a strain in the range of when 

the stress in the material reaches zero in the NinjaFlex filament cyclic test (see, 

Supplementary figure 1, which is about 50%-150%). The pre-strain (strain returns to 150%) 

approach also applies to the cycled printed samples which are implemented for the SEM 

analysis, cyclic elastocaloric characterization, and the COP calculations. 

Supplementary Note 3. Solidify ratio evaluation for printed samples 

For the fused filament fabrication (FFF) printed part, the sample density is associated 

with the solidity ratio (SR) which can be calculated theoretically via the area of the ellipsoid 

bead divided by the potential maximum area between the beads (the rectangle area with the 

nozzle diameter and layer height) [6], written as the following equation: 

                                            𝑆𝑅 =
𝑆𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑

𝑆𝑅𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒
=

𝑎𝑏𝜋

ℎ𝐷
                                                         (1) 

where the a, b, h and D are the semi-major, semi-minor axes of the ellipsoid bead and the 

layer height and the nozzle diameter. The SR is a normalized density for the printed part. The 

layer height is 0.0943 mm, obtained from the printed part height divided by the layer number 

generated in the printing G-code, and D is 0.3 mm for the printing. The parameters a and b 

are obtained from the measurement on the SEM images. 

Supplementary Note 4. Characterization of surface temperature variation vs time 

When conducting the cyclic elastocaloric measurements, the cyclic temperature 

change is dependent on the sample thickness and the loading rate. That is because the heat 

exchange of the sample to the surroundings is time-dependent and the thermal diffusion for 

the solid material is related to the sample dimension [7–9]. We apply Newton’s law of 

cooling: 

𝑇 = 𝑇amb + (𝑇i − 𝑇amb)𝑒−
𝑡

𝜔                                                 (2) 

Here Tamb is the ambient temperature, Ti is the initial temperature for cooling start, and t is 

time. The surface temperature change of the sample in the ambient temperature can be 

characterized by the time constant 𝜔. The printed dogbones in different thicknesses are tested 

during an elastocaloric cooling cycle, and the fitting is shown in Supplementary figure 10 for 

the NinjaFlex material. 

Supplementary Note 5. Calculations of COPmat 

The measurements of 𝑐𝑝 for the elastomeric materials show a weak temperature 

dependence and can be considered to be constant. The average 𝑐𝑝 values near room 

temperature are listed in Supplementary Table 2. Thus the COPmat calculation is simplified to 

the measured values of ∆𝑇ad𝑐𝑝 divided by the input work per unit mass: 
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COPmat =
𝑄/𝑚

∆𝑊/𝑚
=

∫ 𝑐𝑝𝑑𝑇
𝑇2

𝑇1
1

𝜌𝑙0
∮ 𝜎𝑑𝜀

=
∆𝑇ad𝑐𝑝
1

𝑚
∮ 𝐹𝑑𝑙

                                        (3) 

The input work per unit mass can be obtained from the integral area of the closed 

force-displacement loop divided by the effective mass in the gauge length in the dogbone 

sample. The integration and the temperature change for proposed printed dogbones are 

extracted from the stress-displacement curves and temperature-time curves from 

Supplementary figures 11-14, which are measured in the cyclic test returning to a preset 

displacement at 22.5 mm to avoid buckling. 

 

 
 

Supplementary Figure 1. Physical images for the elastomeric filament and dogbone mechanical 

tests. 

 
Supplementary Figure 2. Stress-strain curves of the NinjaFlex filament undergoing ten cyclic 

tests. 
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Supplementary Figure 3. Stress-strain behavior and the surface temperature variation as a 

function of time under different strains for the NinjaFlex filament. 

 

Supplementary Figure 4. Stress-strain behavior and the surface temperature variation as a 

function of time under different strains for the Ultimaker filament. 

 

Supplementary Figure 5. Stress-strain behavior and the surface temperature variation as a 

function of time under different strains for the KungFu72D filament. 
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Supplementary Figure 6. Stress-strain behavior and the surface temperature variation as a 

function of time under different strains for the KungFu98A filament. 

 

Supplementary Figure 7. Stress-strain behavior and the surface temperature variation as a 

function of time under different strains for the Z-Flex filament. 

 

Supplementary Figure 8. Stress-strain behavior for different orientations of the printed samples, 

at different applied strains. 

 

Supplementary Figure 9. (a) Stress-strain behavior of 110 cycles for different thicknesses of the 

printed parts; (b)The maximum stress evolution in each cycle as a function of the cycle number 

for different thickness printed parts. 
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Supplementary Figure 10. (a) the surface temperature variation as a function of time under the 

same loading rate and strain for NinjaFlex dogbones with different thicknesses; (b)-(d) the fitting 

results of the parameter 𝜔 based on Newton’s law of cooling for 1, 2, and 5 mm NinjaFlex 

dogbones, respectively. 
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Supplementary Figure 11. The cyclic Stress-strain behavior, the cyclic temperature variation, 

and the zoomed temperature-time curves for NinjaFlex dogbone sample in 0o orientation. 
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Supplementary Figure 12. The cyclic Stress-strain behavior, the cyclic temperature variation, 

and the zoomed temperature-time curves for the Ultimaker dogbone sample in 0o orientation. 
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Supplementary Figure 13. The cyclic Stress-strain behavior, the cyclic temperature variation, 

and the zoomed temperature-time curves for the Kungfu98A dogbone sample in 0o orientation. 
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Supplementary Figure 14. The cyclic Stress-strain behavior, the cyclic temperature variation, 

and the zoomed temperature-time curves for the Z-Flex dogbone sample in 0o orientation. 
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Supplementary Figure 15. Adiabatic temperature changes and input work per unit mass as a 

function of the number of cycles at different loading rates and the equilibrium temperature 

changes in the last 40 cycles, for a 1 mm NinjaFlex dogbone sample. 
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Supplementary Figure 16. COPmat and input work evolution as a function of the number of cycles 

for Ultimaker, KungFu98A, and Z-Flex dogbones. 
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Supplementary Figure 17. Adiabatic temperature changes and input work per unit mass as a 

function of the number of cycles for different materials. 

 

Supplementary Table 1. Information of experimental filaments and the corresponding 3D 

printing parameters 

Filaments Material 

(g/cm2) 

Diameter 

(mm) 

Shore 

hardness 

Nozzle 

temperature (oC) 

Bed temperature 

(oC) 

Print speed 

(mm/s) 
1. NinjaFlex TPU 2.85 85A 228 40 15 
2. Ultimaker95A TPU 2.85 95A 230 70 20 
3. KungFu72D TPU 1.75 72D 225 45 15 
4. KungFu98A TPU 1.75 98A 225 45 15 
5. Z-Flex TPPE 1.75 83A 220 50 15 

 

Supplementary Table 2. The specific heat capacity values for studied materials in different 

forms are measured by DSC. 

Materials cp of filament  

(J/g*K) 

cp of uncycled printed 

specimen 

(J/g*K) 

cp of cycled specimen 

(J/g*K) 

1. NinjaFlex 1.707 1.619 1.659 

2. Ultimaker95A 1.625 1.560 1.657 

3. KungFu72D 1.455 -- -- 

4. KungFu98A 1.595 1.587 1.618 

5. Z-Flex 1.670 1.706 1.686 

--: did not measure due to for the sample not being printed. 

 

Supplementary Table 3. Transducers and sensor information employed in the experimental 

equipment in the paper. 

Experimental  

devices 
Related transducers Type Accuracies/ 

Uncertainties 

IR camera IR detector InSb Temperature accuracy 
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(InfraTec 9400) 0.02 K 

Mechanical tester 

(Zwick/Roell EZ030) 

Force sensor Xforce K load cell 

30 kN 

Uncertainties 

1% 

 

DSC 

Peltier-cells Optotec OT08 Temperature range 

27.0-68.0 °C 

Temperature control 

bath 

Julabo CF40 Temperature stability 

±0.03 °C 

Filament dryer Wanhao Box2 Maximum temperature 

80 °C 
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ABSTRACT

Elastomeric elastocaloric regenerators have great potential for use in low-stress elastocaloric cooling devices. However, these regenerators dis-
play an asymmetric fluid exchange when operating in an active elastocaloric cooling cycle, due to the large required strains and associated
volume change. During strain, the fluid volume increases, which passively forces fluid flow into the regenerator; when the strain is released,
the fluid volume decreases, which results in a fluid flow out of the regenerator. During a traditional elastocaloric cooling cycle, there are also
active fluid flow periods provided by fluid displacers or pumps. Here, we study the passive fluid flow in high-strain regenerators using a
numerical model and experiments in two types of regenerators. Hyperelastic models are used to fit the experimentally measured mechanical
behavior of thermoplastic polyurethane elastocaloric elastomers, and the model is subsequently used to conduct finite-element simulations
predicting regenerator volume changes for an applied strain of 200%–600%. We validated the results using a specifically designed setup for
measuring volume changes using pressure differences on a parallel-plate regenerator. For a strain range of 200%–600%, the predicted volume
change ratio is 69.5%, closely matching the experimental value of 66.7%. We observed that the middle region of the regenerator experiences a
higher volume change, which can be accurately accounted by the numerical model.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177761

Elastocaloric materials (eCMs) that exhibit temperature increase
and decrease in response to a uniaxial strain loading/unloading have
seen a growing interest in recent years, especially as a promising alter-
native to conventional vapor-compression refrigerants. As elastocaloric
cooling cycles are based on a solid-state refrigerant in contact with a
water-based heat transfer fluid, the technology will have a lower global
warming potential than refrigerants used in vapor compression.1–3

Elastocaloric cooling is considered one of the promising solid-state
refrigeration technologies (i.e., magnetocaloric,4–6 electrocaloric,7,8

elastocaloric,9–12 and barocaloric13,14) and can potentially have a
higher coefficient of performance (COP) and a net-zero greenhouse
gas emission.15,16 Elastocaloric cooling specifically was selected as the
most promising non-vapor compression refrigeration technology by
the US Department of Energy in 2014.17 The investigation of high-
performance elastocaloric materials and regenerators is crucial for
driving the progress and widespread adoption of elastocaloric cooling
technologies.

Soft elastomers, such as natural rubbers, thermoplastic polyure-
thane (TPU), and synthetic polymers, have recently emerged as poten-
tial materials for elastocaloric applications in cooling and heating.18–22

These materials exhibit much lower applied stress requirements to trig-
ger the elastocaloric effect (eCE), typically several MPa or even less. In
contrast, elastocaloric alloys require several hundred MPa of applied
stress, highlighting the need for mechanically robust systems.10,16,23

Overcoming the challenge of high applied stress remains an ongoing
engineering endeavor in elastocaloric refrigeration, hindering the mini-
aturization of cooling systems and limiting their potential applications.
Recently, elastocaloric cooling prototypes using soft elastomers have
been demonstrated with a comparably high COP¼ 6 and temperature
span >8K,20,21,24 which provides an avenue for developing lower-
stress and miniaturized eCE devices.

Active caloric regenerators act as a combination of refrigerant
and heat exchangers and can extend the operating temperature span
for the thermodynamic cycle.25,26 The heat generation and absorption
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as well as exchange between the source and sink take place in the
regenerator structure. Over the past few decades, significant research
efforts have been dedicated to exploring and constructing improved
heat-transfer mechanisms and robust mechanical structures for mag-
netic and elastocaloric regenerators.27–30 In recent years, additive man-
ufactured (AM) technologies have become mature and especially
adept at fabricating complex 3D structures, capable of increasing free-
dom of the structural design. There are an increasing number of stud-
ies with the goal of implementing AM methods to the fabrication of
caloric regenerators or caloric materials preparation, some of which
shows satisfactory or even enhanced performance compared to tradi-
tional regenerators.22,29,31 Our previous studies show the great poten-
tial to implement AM to fabricate full-scale active eCE regenerators,
potentially improving the temperature span.22

Operating as an active eCE regenerator, elastomer-based regener-
ators are subjected to four steps: loading, the cold-to-hot blow (cold
blow), unloading, and hot-to-cold blow (hot blow). Figure 1(a) illus-
trates the fluid-channel volume change evolution over an elastocaloric
thermodynamic cycle. The temperature variation associated with cor-
responding loading-unloading steps of elastocaloric elastomers is
shown in Fig. 1(b) as obtained from our previous work.22 During the
first process 1–2, the regenerator is stretched resulting in a temperature
increase. At the same time, the fluid-channel volume increases as the
regenerator undergoes large strains, as shown in Fig. 1(a). The volume
change is expressed as Vf � Vi indicating the difference of the final
and initial fluid-channel volume.

Importantly, it has been observed in a rubber-tube eCE cooler
and in elastomers24,32 that large strains cause the volume of fluid chan-
nels to change in an unclear manner, which results in asymmetric hot

and cold blows as well as potentially unwanted heat transfer between
the fluid and eCM during the loading and unloading processes.
However, this effect has never been specifically investigated.

In this work, we study the volume change produced by the large
deformation in elastomeric regenerators both experimentally and
numerically to understand how to realize a regenerative elastocaloric
cooling system with continuous fluid compensations. We study differ-
ent fluid channels to investigate the geometrical impacts on volume
changes, as illustrated in Fig. 1. Hyperelastic models are implemented
in finite element (FE) simulations to predict volume changes of eCE
regenerators. The corresponding regenerators are 3D-printed for vali-
dation of volume changes under large deformations.

The extra increased volume should be compensated to ensure the
best-possible fluid flow profile throughout the cycle. In continuous
flow systems, compensating for volume increases of the channel is typ-
ically inevitable due to the resulting negative pressure. Accordingly, a
tailored fluidic compensation strategy can be devised to accommodate
this volume change. The strategy involves managing compensations
from the hot or cold reservoirs during the loading process and return-
ing them to the reservoirs during the unloading process, depending on
the specific cooling or heating implementations. Quantifying the
amount of compensation volume is necessary for the development of
high-performance regenerative elastomeric eCE regenerators.

We consider two typical regenerator fluid channels, namely
parallel-plates (PP) and square channels, as shown in Fig. 1(c). For
both regenerator geometries, the external regenerator shape is a dog-
bone to avoid stress concentrations. The PP regenerator comprises 18
identical channels with a height of 4mm while the square channel
regenerator consists of 18� 5 channels uniformly distributed in the

FIG. 1. Schematic illustration of the volume change induced by large deformation and the corresponding steps in an elastocaloric cycle, (a) and (b); schematic regenerator and
two selected fluid channels labeled with the related geometric dimension (unit in mm), (c). Note that the schematic channels differ from the real numbers of channels, which are
18 for PP channels and 18� 5 for square channels.
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regenerator. Both the PP channel and the square channel have a chan-
nel length of 36mm in the same regenerator shape.

TPU possesses various complex mechanical properties, such as
hysteresis, softening, Mullins effect, and time dependence.33,34 In this
study, we have simplified the constitutive model based on the actual
operating conditions of eCE regenerators. These regenerators undergo
alternating loading and unloading at a constant strain rate, ultimately
reaching a steady thermal exchange status and mechanical equilib-
rium. To accurately capture the fluid-channel volume change during
cyclic loading, we start with FE simulations by employing hyperelastic
constitutive models to fit the equilibrium stress–strain response for
large-deformation eCE regenerators. Explicit FE methods are imple-
mented in the simulation for the volume change predication.
Hyperelasticity is also commonly employed to simplify phenomeno-
logical models for rubber-like materials.35–37

We use hyperelastic constitutive models to fit the uniaxial stress–
strain response of the elastocaloric TPUs. The hyperelastic model is
based on different strain potential density functions,W. We assume that
our printed elastomers are isotropic. The constitutive relationship based
on the theory of continuum mechanics can then be expressed by the
three invariants of the right Cauchy-Green deformation tensor C.38 For
rubber-like elastomers during uniaxial tensile tests, the mechanical
response is close to incompressibility (J¼ 1) under small stretches.
However, when applying large strains, Poisson’s ratio and mechanical
responses will be highly strain-dependent.39,40 For our cases, the applied
strain reaches large strains 500%–600% where volume changes play an
important role and the incompressibility constraint is no longer satisfac-
tory. Here, we choose the Mooney–Rivlin model and Ogden model to
fit the stress–strain response of TPU elastomers. The Mooney–Rivlin
strain energy function can be expressed as41

W ¼
XN
i;j¼0

Cij �I 1 � 3ð Þi �I 2 � 3ð Þj þ
XN
i¼1

1
di

J � 1ð Þ2i; (1)

and the Ogden strain energy function can be expressed as42

W ¼
XN
i¼1

li
a2i

�k
ai
1 þ �k

ai
2 þ �k

ai
3 � 3

� �
þ
XN
i¼1

1
di
ðJ � 1Þ2i: (2)

In these strain energy function expressions, the invariants are
modified in principal stretches (marked with the overline) form based
on the deviatoric-volumetric multiplicative split for compressible mate-
rial models.39,43 See details in methods of the supplementarymaterial.

To approach stabilized mechanical behavior, the standard sample
was loaded for 20 cycles at a strain rate of 1 s�1 which reaches equilib-
rium, as shown in Fig. 2(a) (see experimental details in the supplemen-
tary material). The performed strain range 0%–500% is based on our
desired operating range for a prototype. The equilibrium stress–strain
response of loading process of the 20th cycle is employed for the
hyperelastic model fitting by removing the creep regime. Basically, this
bucking is always observed due to creep caused extension, even upon
full contraction of the loading conditions. The fitting results are shown
in Fig. 2(b). The fitting error can be evaluated as

error ð%Þ ¼

ðe
e0

jrsim � r exp jdeðe
e0

r exp de
� 100%: (3)

The fitting parameters for these four models are summarized in
Table I. Comparing the fitting results, the N¼ 5 Ogdenmodel achieves
the best fitting and is, therefore, implemented in the FE simulation for
the 3D-printed regenerator fluid-channel volume change prediction.

Next, a FE modeling of the regenerator to find the volume change
was conducted. Half of the regenerator was modeled due to the sym-
metry and the inlet structures were also neglected in the simulation.
We applied a strain in a sequence from 0 to 600% and the volume
change ratio (dV ¼ Vf�Vi

Vi
� 100%) calculated is shown in Figs. 3(a)

and 3(c). It can be seen that the volume change ratio in the PP-
channel regenerator is higher than that of the square channel.
Furthermore, the PP channel has a higher stress in the middle active
region of the regenerator due to its smaller cross-sectional area. In
principle, the stress should be similar. However, this section is softer
due to less material; thus, more deformation goes there, so it should
experience a higher stress. To visualize the fluid channels geometry
variation under large deformation, the fluid channels of the initial and
final states at a strain of 600% are shown in Figs. 3(b) and 3(d) for PP
channels and square channels, respectively. Comparing the deformed
channels in Figs. 3(a) and 3(b), we observe that the PP channels are

FIG. 2. Hyperelastic model fitting for the stress–strain response of TPU elastomers:
(a) 20 tensile cycles (blue) with the equilibrium curve for fitting (black) and (b) com-
parison of hyperelastic fittings.
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subject to a buckling along the Z-axis (thickness direction), which is
significant at the boundary channels while this is not observed for the
square channels. This buckling might be the reason for the observed
reduction in stability in the Z-axis of thin plate walls between the chan-
nels when undergoing a large uniaxial strain.44 As a consequence, the
PP channel buckling contributes to an increased volume change ratio
in the PP channels. In addition, higher strains (�53mm, 600%) are
obtained by PP channels.

To validate the simulation results, experimental measurements
were conducted to determine the actual volume change in the fluid
channels during the stabilized mechanical process. The experimental
setup was designed based on pressure difference measurements (see
details in the supplementary material). The idea is to apply the same

pressure to the regenerator and the air tank 2 (reference pressure) when
the pressure gets stabilized to seal the regenerator as a closed volume.
During the loading process, the volume change can be determined by
monitoring pressure changes between the regenerator and air tank 2.
The experimental fluidic system shown in Figs. 4(a) and 4(b) is the
physical setup, where the regenerator pressure is denoted as P1 and the
reference pressure from air tank 2 is denoted as P2. The volume change
ratio can be calculated based on the ideal gas law equation (PV ¼ nRT),

dV ¼ Vf � Vi

Vi
¼ Pi

Pf
� 1 ¼ P2

P1
� 1: (4)

Taking into account impacts from the temperature changes of the
regenerator and the connected tubes volume between the regenerator

TABLE I. The fitting results list of the different hyperelastic models with different parameter numbers.

Hyperelastic models Number List of parameters

Mooney model N¼ 3 C10 C01 C11 d1
0.205 0.458 0.051 5.385 � 10�5

N¼ 5 C10 C01 C20 C11 C02 d 1

0.414 0.228 0.041 0.048 5.994 � 10�4 0.159
Ogden model N¼ 3 l1 a1 l2 a2 l3 a3 d1

50.515 0.048 0.048 4.796 �0.052 �0.382 0.167
N¼ 5 l1 a1 l2 a2 l3 a3 l4 a4 l5 a5 d1

1.556 0.397 0.397 2.835 0.005 7.489 2.835 0.326 2.285 0.035 1.003

FIG. 3. Simulation results for PP channels (a) and square channels (c) volume change prediction as a function of strain (Von Mises stress at 600% for the insets), and corre-
sponding 3D-fluid channels (b) and (d) under 600% strain where X¼ 0mm is symmetric plane (Y–Z) and the clamped area is at X¼ 25.5 mm and X¼ 85.5 mm for initial
(blue) and deformed (red) channels. (There is a 7.5 mm distance between the channel end and clamped area before loading.)
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and the pressure sensor, the actual volume change ratio of the regener-
ator can be calibrated to be (see details in the supplementary material
about pressure change calibrations)

dVR ¼ 1þ 1
a

� �
C
Pi
Pf

� 1
� �

; (5)

in which a and C are the temperature and volume calibration ratio,
respectively. The temperature ratio (C) is defined as

C ¼ Pf Vf

PiVi
¼ Tf

Ti
: (6)

The volume ratio between regenerator channels and connection tubes
is defined as a,

a ¼ VR

Vtube
: (7)

The a value is 0.985 for PP channels, and the C value is 1.01 at 600%.
The PP regenerator is employed for the volume-change validation

experimentally. Before measurements, the airtightness of the device

and the regenerator need to be ensured. We applied a 0.5 bar pressure
to tank 2 and the regenerator and closed the two solenoid valves [at
20min in Fig. 4(c)] and waited for 30min to confirm the pressure
maintenance. The results of pressure differences (P1–P2) are stabilized
approaching to zero indicating no air leakage in the regenerator and,
thus, a good airtightness of the sample. The volume change measure-
ments are performed under cyclic operation along X-axis at different
strain rates for a strain range of 200%–600% to avoid creep. The vol-
ume change ratio as a function of strain at rates of 0.1 and 1 s�1 is
shown in Fig. 4(d) along with the simulation results normalized to
200% strain to remove the creep regime. From the experimental results
at different loading rates, the higher loading rate shows a larger volume
change ratio. From the experimental results, we noticed that the regen-
erator subjected to a higher loading rate exhibited a larger volume
change ratio. This is because the lower loading rate allows more creep
deformation to occur.33,45 The simulation results at 1 s�1 were slightly
lower than the experimental results overall. This difference could be
because the simulations did not include certain connecting structures
between the regenerator fluid channels and the fluid inlet and outlet,
which were present in the experiments and could also be that in

FIG. 4. Pneumatic experimental setup and simulation validation. (a) Fluidic circuit for pressure difference measurements (P1: regenerator pressure, P2: air tank 2 pressure). (b)
Physical picture for the setup. (c) Airtight examination by monitoring pressure holding. (d) Comparison of volume change ratio as a function of strains at different loading rates
(simulations performed at 1 s�1 loading rate).
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experiments the cross section is different due to the printing accuracy.
Here, the Ogden model was applied to the simulation for comparison.
It is noteworthy that the Ogden 3 and 5 models provide satisfactory
predictions for the regenerator volume change in our desired operating
range. When strains exceed 500%, there is an over estimation for
Ogden 3 due to the constrained strain range (500%) employed for the
hyperelastic fittings in Fig. 2. It can be anticipated that by employing a
larger strain range during the hyperelastic model fitting, more accurate
predictions can be obtained.

Operating in an eCE cycle, the ratio (V�) of displaced fluid vol-
ume (Vdisp) and regenerator volume (VR) or utilization is one of evalu-
ating factors for the eCE regenerator performance to measure how
much heat extracted from the regenerator by heat-transfer fluids.12,46,47

The V� shows to be 1 for the best COP in a NiTi-based prototype at
1.7%,46 which means the same Vdisp and VR. In this volume increased
case, the V� can be rewritten as

V� ¼ Vdisp

0:5� ðVR;i þ VR;f Þ ¼
Vdisp

VR;i þ 0:5VR;idVR
: (8)

For the PP regenerator, with a dVR of 66.7%, the equivalent V� will be
0.74, indicating decrease in V� when the fluidic channel volume
increases by large deformation. In previous regenerative coolers,12,24 it
has been demonstrated that the optimizedV�/utilization ratio provides
enhanced cooling power and temperature span. However, this strain-
induced volume change leads to the deviatoric V� and asymmetric
hot-cold blows and further will reduce the temperature span. It sug-
gests a tailored flow system allowing compensating this volume change
to maintain a satisfactory temperature span during practical operation.

In an actual 3D printed elastocaloric regenerator, the volume
change also may be position-dependent. Simulation results can
quantify the volume change distribution along the tensile direction.
We consider the fluid channels segmented into 15 segments to
examine the volume change distribution along the tensile axis.
Figures 5(a) and 5(c) show the results for the PP channels and
square channels under 600% strain, and the volume change ratio of
each segment is plotted in Figs. 5(b) and 5(d). We observed after
20mm of regenerator length the volume change ratio gradually
decreases in a certain coordinate range for both PP channels (up to
48mm) and square channels (up to 40mm) and then slightly
increases. This decrease in volume change along the regenerator
length direction is due to the compression exerted by the rounded
section of the dogbone-shaped regenerator, by observing deformed
structures in Figs. 3(a) and 3(c). The volume change ratio increases
at the channel end could be attributed to the boundary effect near
the clamped side.

In conclusion, Ogden hyperelastic models achieve a good fit for
the stress–strain response of eCE TPU elastomers and corresponding
FE simulations for the prediction of regenerator volume compensa-
tions exhibit excellent agreement with experimental results. The PP
regenerator shows higher volume change compared to the square-
channel regenerator under significant deformation, due to thin-plate
buckling instability. Subjecting the PP regenerator to a 200%–600%
strain results in a 66.7% volume change ratio. A nonuniform volume
change behavior is observed along the stretching direction, particularly
in the rounded region of the dogbone-shaped regenerators. These
results hold promise for accurately predicting volume compensation in

FIG. 5. Volume change distribution (volume change as a function of the X coordinate at 600%) along the tensile direction for the different volume channels: (a) and (b) for the
parallel-plate channel; (c) and (d) for the square channel; in the figure of 3D-fluid channels, Y–Z is symmetric plane and X¼ 85.5 mm is clamped area. (Actually, there is a
7.5 mm distance between the channel end and clamped area.)
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soft, large-deformation eCE regenerators and inspiring the design and
modeling of active large-deformation regenerators.

See the supplementary material for experimental details and
methods for the hyperelastic model fitting. The modeling conditions
and calibrations of pressure change measurements are also included.
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ABSTRACT
Two different heat treatments have been carried out on similar Mn1−xNi1−xFe2xSi0.95Al0.05 compositions with magnetostructural transitions
between hexagonal and orthorhombic crystal structures around room temperature. The samples were analyzed concerning their structural,
microstructural, magnetic, and caloric properties. The results show that the introduction of a high-temperature step, before the heat treatment
(1073 K/7 days) usually used in the literature for such compounds modifies the microstructure, leading to sharper transitions with shorter
transition widths, and stronger latent heat peaks. Magnetic field-assisted calorimetry and vibrating sample magnetometry provide methods
to assess the effect of magnetic field on the broad transitions for the sample with x = 0.32 and the sharp transitions seen in the sample with
x = 0.31.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000511

INTRODUCTION

To fully realize solid-state cooling by magnetic refrigeration,
further understanding of the impact of microstructure on the mag-
netocaloric effect is required. Modification of the microstructure
can influence transition kinetics, leading to stronger, more efficient
transformations, while lowering hysteresis.1 Besides microstructure,
new compositions that modify the intrinsic aspects of transitions
and allow for higher reversibility also need to be explored.

In this context, the MM’X compounds (where M and M’ are
transition metals and X is a p-block element) are promising candi-
dates for use with room temperature (RT) magnetic heat conversion
technologies.2–5 This is due to their versatile martensitic (diffusion-
less) transitions between a ferromagnetic martensite orthorhombic
(TiNiSi structure-type, space group: Pnma) crystal structure and a
paramagnetic austenite with a hexagonal structure (Ni2In structure-
type, space group: P63/mmc). This can lead to a strong isothermal
entropy change (ΔSm) and reasonable adiabatic temperature change
(ΔTad). Such magnetostructural transitions (MSTs) are only possible

by substituting one or more elements from the parent MM’X com-
pound, which in turn modifies the structural transition temperature
(Tstr) and Curie Temperature (TC) of both structures, making them
coincide.

Recently, modifications of the (2a) Mn site by Fe and (2c) Si site
by Al (when referring to the hexagonal crystal structure) successfully
induced Tstr towards RT.2,4,6 Similarly, (2d) Ni site substitution by
Fe has also been discussed.7 In previous reports, MM’X materials
have been produced by arc melting succeeded by thermal treatment
at temperatures around 1073 K (800 ○C) for an extended period of
time (4–7 days), followed by quenching to RT.2,4,8,9 However, little
attention has been given to alternative heat treatment procedures for
this kind of materials.

In this article, we report on the properties of two
Mn1−xNi1−xFe2xSi0.95Al0.05 compounds synthesized by arc melting
which are heat treated by two different methods: with a single
1073 K step for 168 hours (sample A), and a 1073 K step for
168 hours preceded by a high temperature step at 1323 K for 5
hours (sample B), being quenched in water afterwards. Further

AIP Advances 13, 025215 (2023); doi: 10.1063/9.0000511 13, 025215-1
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FIG. 1. Temperature-dependent magne-
tization for sample A and B evidencing
the change in the magnetic transition
due to the two different heat treatment
procedures.

description of experimental and characterization methods is given
in the supplementary information.

RESULTS

The magnetic transitions with an applied field of 0.5 T are
presented in the temperature-dependent curves in Fig. 1. They are
characterized by a decrease (or increase) of the magnetization during
heating (or cooling) of the ingots. Transition values obtained from
VSM are summarized in Table S1 in the supplementary material.
The Tstr value is determined from the derivative of the magnetiza-
tion. The transitions in sample A (Fig. 1(a)) are broad and occur at
314 and 286 K during heating and cooling, respectively. The magne-
tization values during heating are changing from 55 to 8 Am2/kg
(ΔM = 47 Am2/kg) in a temperature range of 57 K, from 272 to
329 K. The hysteresis values are also very high, reaching up to 27 K
between the two transformations. In sample B, the transitions occur

at 290 and 278 K during heating and cooling respectively, and are
sharper, as indicated by the higher derivative of magnetization with
temperature, seen in the inset of Fig. 1(b). The hysteresis values for
sample B are also smaller than for sample A, reaching up to 11.3 K.
An interesting feature of the cooling curve is the presence of two
derivatives, indicating two different values for Tstr. During the heat-
ing procedure, the magnetization in sample B changes from 66 to
17 Am2/kg (ΔM = 49 Am2/kg) in a temperature interval of 15 K,
between 282 and 297 K. Therefore, the shifts in magnetization occur
within smaller temperature spans in sample B, compared to sam-
ple A. To understand the difference between the transitions for the
two samples, Powder X-ray Diffraction was carried out at RT, and
is referred to in the supplementary material. The results indicate
very similar phase contents between sample A and B. The way that
such phases are distributed along the microstructure could shed light
on its magnetic behavior. Therefore, optical microscopy and SEM
measurements were performed.

FIG. 2. Back-scattered SEM micro-
graphs for (a) sample A and (b) sample
B with 100 times magnification. Polar-
ized optical microscopy images in (c)
sample A and (d) sample B with 31.5 x
magnification.
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TABLE I. Chemical composition of Mn1−x Ni1−x Fe2x Si0.95 Al0.05 with x = 0.32 (sample A) and 0.31 (sample B) as measured by EDS.

Nominal composition Main phase Nominal composition Main phase
Sample of the alloy Area comp. composition Sample of the alloy Area comp. composition
A (formula units) (formula units) (formula units) B (formula units) (formula units) (formula units)

Mn(1 − x) 0.68 0.69 ± 0.01 0.67 ± 0.01 Mn (1 − x) 0.69 0.72 ± 0.01 0.69 ± 0.01
Ni(1 − x) 0.68 0.69 ± 0.01 0.66 ± 0.01 Ni (1 − x) 0.69 0.68 ± 0.01 0.64 ± 0.01
Fe(2x) 0.64 (x = 0.32) 0.64 ± 0.01 0.68 ± 0.01 Fe (2x) 0.62 (x = 0.31) 0.61 ± 0.01 0.66 ± 0.01
Si(0.95) 0.95 0.93 ± 0.01 0.94 ± 0.01 Si (0.95) 0.95 0.94 ± 0.01 0.95 ± 0.01
Al(0.05) 0.05 0.05 ± 0.01 0.05 ± 0.01 Al (0.05) 0.05 0.05 ± 0.01 0.06 ± 0.01

Back-scattered SEM micrographs for samples A and B are
shown in Fig. 2. The ingots were prepared to display the solidifi-
cation front of the alloys, i.e., the cross-section parallel to the arc
direction during the arc melting process. For sample A (Fig. 2(a))
two phases can be seen from the contrast in the images, which
correspond to the Ni2In/TiNiSi (dark areas, the main phase) and
MgZn2 hexagonal (clear areas) phases, respectively. Additionally, the
secondary MgZn2 hexagonal phase can be seen inside the grains
in different morphologies: as lines in sample A, and as lines and
rounded precipitates in sample B (seen in Fig 2(b)).

The average composition for sample A and B as determined
by area EDS measurements is similar to the nominal composition
(see Table I). Regarding the area composition of the main phase
(Ni2In hexagonal/TiNiSi orthorhombic structure-type), the results
display some differences from nominal compositions regarding the
Ni content, which is slightly smaller than the nominal alloy composi-
tion. This can be correlated to the effect of different heat treatments,
which might induce different phase fractions. The composition of
the hexagonal Ni2In phase is correlated to Tstr, where higher modifi-
cations of the parent compound (Fe and Al modification) bring Tstr
to lower values. Between Fe and Al, Al has a stronger influence on
the modification of Tstr, which could explain the slightly lower Tstr
observed in sample B.

Due to the large grain sizes, the effect of the two different heat
treatments can be better understood under lower magnifications in
polarized light microscopy, see Figs. 2(c) and 2(d). The microstruc-
ture yielding from the regular heat treatment process is shown in
Fig. 2(c), with columnar long grains yielding from the arc melting
process. Different grey hues seen in the image represent different

orientations in the grains, making it possible to estimate the grain
sizes. The grain sizes feature great dispersion, ranging in length from
tens of microns to several hundred microns.

The additional high-temperature step for sample B modifies
the microstructure, as seen in Fig. 2(d). The grains have smaller
variations in their crystallographic orientations, which leads to a
smaller grey hue variation. Furthermore, the grains are larger com-
pared to sample A, but with smaller size dispersion. Therefore, the
higher temperature step of 5 hours at 1323 K creates substantial
grain growth before the 168 hour (1 week) step. With bigger grains, a
smaller amount of grain boundary areas is present in sample B com-
pared to sample A. To further the understanding of the differences
between the two samples, the transitions were analyzed with in-field
DSC experiments.

Two ingots were selected, with masses of 6.41 and 4.41 mg for
sample A and B, respectively. These small masses were chosen in
order to minimize the risk of sample movement due to the applied
field. A comparison of the transitions observed in both samples with
a heating rate of 1 K/min is shown in Fig. 3, for applied fields of
0 and 1.3 T. The Tstr and the hysteresis values for both samples
are displayed in Table S1. It is possible to observe larger transi-
tion widths during cooling transformations than on heating for
both samples. A broad transition spanning between 25–30 K is
observed for sample A, with the cooling transformation temper-
ature (Tstrh-o) occurring at 287.8 K. The heating transformation
temperature (Tstro-h) occurs at 302.0 K. Sample B features a sharper
transition, with a width of 7–10 K occurring at Tstrh-o of 271.5 upon
cooling and Tstro-h of 287.8 K during heating. The absolute latent
heat peak associated with the transitions in sample A is between

FIG. 3. Specific heat curves for sample
A and B obtained from in-field DSC with
applied fields of μ0H = 0 and 1.3 T.
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600–700 J/K−1kg−1, compared to 4000–5000 J/K.kg in sample B,
which is a remarkable difference. Both samples appear to display a
large thermal hysteresis of around 16 K between heating and cooling
transformations.

A shift of peak positions to higher temperatures as the mag-
netic field is increased occurs for both transitions, with smaller shifts
occurring during the heating transformation than compared to the
cooling, for both samples. In both samples, the shift of Tstro-h is
around 1 K/T, whereas Tstrh-o is 2.9 and 3.9 K/T for samples A and
B, respectively. This leads to smaller hysteresis values with higher
applied fields.

DISCUSSION

The transformations during cooling and heating need to be
analyzed separately. During heating transformation (ortho-to-hex),
an anisotropic contraction occurs, with the compression along the a
direction and an expansion in the c direction (based on the hexag-
onal unit cell).10 This leads to an overall compression of the lattice,
which induces a residual tensile stress. This residual stress impacts
the material in addition to the expansion of the lattice during the
hexagonal to orthorhombic (cooling) transformation, creating new
surface area (cracking) to accommodate for the stresses in the brittle
material. After several cycles, this will lower the cohesion between
the particles, eventually pulverizing them, lowering the reversibil-
ity. However, some recent studies show promising results employing
ductile metal composites that can keep cohesion of the particles and
accommodate for the transformation stresses appropriately.11

Regarding the larger width of cooling transformations com-
pared to heating, the release of residual tensile stress during the
cooling transformation could contribute to lower the nucleation
threshold of the orthorhombic phase, thus acting differently on
the transitions during cooling than during heating. With a lower
nucleation threshold for the martensitic phase, each grain would
transition more easily, thereby spreading the transformation during
cooling.

The sharp peaks in the specific heat curves for sample B (Fig. 3
and S3) can be associated to more homogeneous (lower) dispersion
of the elements in the lattice (at the local level, not easily detectable
by regular EDS techniques), since Mn, Ni and Fe can interchange-
ably occupy 2a and 2d sites in the Ni2In crystal structure. This
would lower the dispersion of the Tstr values. A second reason is the
increase of average grain sizes and decrease of its dispersion, which
could modify the growth of new orth./hex. phases. As the mecha-
nism of the growth of martensitic phase fronts is only deterred by
interphase and grain boundaries, it would lead to a smaller volume
of inhibiting agents during the transformation of sample B (with
decreased volume of grain boundary areas) compared to sample A,
and therefore easily transforming bigger volumes at once.

A more homogeneous structure and bigger grain sizes results
in higher latent heat spikes (up to 5000 J/K−1kg−1), higher mag-
netization derivatives, and sharper transitions widths (7–10 K) for
sample B. In comparison, the transitions measured by DSC for sam-
ple A span between 20–25 K, with a much smaller latent heat peak.
While the transition appears broader, it is of first order, as a large
thermal hysteresis is observed. A supporting evidence for the effect
of grain size on the transition width is that in other MM’X system,
(Mn,Fe)Ni(SiAl), melt-spun ribbons with small grain size in range of

10 microns feature much wider transition width, and subsequently,
lower ΔSm than arc-melted/bulk (Mn,Fe)Ni(Si,Al) samples under-
going long heat-treatment steps with large grain sizes.6,9 Another
method to compare both samples could be by analyzing the struc-
tural transition by temperature-dependent PXD. As the sample is
typically grinded to submicrometric particles, they are not suscep-
tible to the influence of different grain sizes, allowing each particle
to transition on its own. If a sample features better homogeneity, all
particles will transition within a smaller transition width.

CONCLUSION

The MST of Mn1−xNi1−xFe2xSi0.95Al0.05 alloys was studied as a
function of two different heat treatment procedures. The conven-
tional heat treatment plateau at 1073 K (sample A) has been com-
pared to a heat treatment where a high temperature step (1323 K)
is introduced right before the regular heat treatment plateau, also at
1073 K (sample B). Temperature-dependent magnetization results
reveal that sample A features a broad magnetization change across
RT, with transitions occurring between 314 to 286 K, for heating and
cooling transformations, while sample B features a sharper magneti-
zation variation, occurring at 290 and 280 K for heating and cooling,
respectively.

Despite similar phase presences, average structures and com-
positions as measured by PXD and SEM/EDS, much larger grains
are observed for sample B than for sample A. The results indi-
cate that the high temperature step induced better homogeneity
and increased grain sizes, which would induce higher volume frac-
tions to transform at once, leading to increased latent heat spikes.
Nevertheless, a more detailed study on the isothermal entropy
changes of heating and cooling transitions is required to obtain
a full picture of the effect of heat treatment on the properties of
Mn1−xNi1−xFe2xSi0.95Al0.05 compounds.

SUPPLEMENTARY MATERIAL

See supplementary material for the description of experimental
methods and further data analysis.
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