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As a significant branch of solid-state cooling, elastocaloric and twistocaloric cooling achieve reversible temperature
changes through the mechanical deformation of functional materials. Compared to vapor-compression refrigeration, they
have emerged as promising alternatives because of high efficiency, environmental compatibility, and structural flexibil-
ity. Among various cooling strategies, twistocaloric cooling has recently attracted growing attention owing to its large
temperature changes under low driving stress through torsional deformation. Here, we summarize recent progress in flex-
ible twistocaloric and elastocaloric materials and devices, covering shape memory alloys, elastomeric polymers, and other
emerging polymers. We elucidate the cooling mechanisms from molecular levels and compare the cooling properties among
kinds of cooling materials. Then, large- and small-scale cooling devices driven by twisting, uniaxial stretching, and hy-
brid deformation are clarified, and critical discussions on heat-transfer efficiency, mechanical stability, and scalability are
emphasized. Finally, key challenges and future opportunities are outlined from material optimization, device engineering
and multi-mode integration, and theoretical modeling perspectives, highlighting pathways toward compact, durable, and
energy-efficient solid-state cooling technologies.
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1. Introduction

The rapidly increasing demand for cooling in buildings,
electronic systems, and individuals has placed growing pres-
sure on energy infrastructure worldwide.[1–3] With the global
stock of air-conditioning units exceeding 1.6 billion and cool-
ing already accounting for nearly 20% of global electricity
consumption, further increases in cooling demand are ex-
pected in the coming decades.[4,5] However, the efficiency of
conventional vapor-compression refrigeration is approaching
its thermodynamic ceiling, leaving limited room for substan-
tial performance improvement through incremental system
optimization.[6,7] Solid-state cooling has therefore emerged as
a promising alternative, leveraging phase transition and en-
tropy modulation in functional materials to achieve fast, re-
versible, and gas-free temperature changes.[8–11] Among the
various cooling strategies, mechanically driven twistocaloric
and elastocaloric effects are particularly appealing for flexi-
ble and miniaturized cooling platforms, which directly couple
mechanical deformation with thermal response and are imple-
mented in fiber-, ribbon-, or membrane-based structures.[12–15]

Recent studies have demonstrated that a wide range of
flexible materials can exhibit pronounced elastocaloric or
twistocaloric effects.[16–18] Shape memory alloys (SMAs),

particularly NiTi-based SMAs, remain the most powerful can-
didates due to their large latent heat and excellent mechan-
ical properties.[19,20] Microstructural engineering strategies,
such as gradient structures, doping, and secondary-phase re-
inforcement, have further improved their cooling efficiency,
reduced hysteresis, and enhanced fatigue resistance.[21,22] In
parallel, elastomeric polymers, including natural rubber (NR),
SEBS copolymers, and thermoplastic polyurethanes (TPUs),
offer entropy-driven elasticity, large reversible strain, and rela-
tively low driving stress.[23–25] Torsional deformation has fur-
ther expanded the accessible cooling window of these poly-
mers by activating large entropy changes at substantially re-
duced strain to realize lightweight and mechanically compliant
designs.[26,27] Additional polymer systems (including ferro-
electric polymers, rigid-chain fibers, and spin-crossover com-
posites) reveal new directions for molecular design.[28–30]

Progress in flexible cooling devices has evolved along-
side material development.[31] Uniaxial stretching-based de-
vices established the feasibility of the elastocaloric effect
but were limited in deformation strokes and inefficient in
heat transfer.[32] In contrast, twisting-based cooling devices
exploit radial shear-stress gradients and more uniform de-
formation fields to achieve high cooling efficiency under
lower driving forces, facilitating compact and scalable de-
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vice architectures.[33,34] More recently, hybrid deformation
modes that combine stretching, twisting, bending, or contact-
separation processes have been introduced to enhance heat-
transfer efficiency and reduce actuation requirements, en-
abling continuous-flow cooling and higher power density.[35]

Despite these advances, a comprehensive understanding
linking material structure, deformation mode, entropy modu-
lation, and device performance remains incomplete. Existing
reviews have focused on either material properties and funda-
mentals or device architectures and designs, but seldom inte-
grate both perspectives to reveal the relationships among struc-
ture, mechanism, and performance. This review therefore pro-
vides a systematic framework that bridges twistocaloric and
elastocaloric materials with flexible solid-state cooling device
architectures, highlighting key deformation principles, mate-
rial design strategies, device-level engineering, and emerging
opportunities for intelligent, low-energy thermal-management
technologies.

2. Properties of flexible cooling materials
The cooling behavior of flexible solid-state materials

is dictated by their phase-transition or entropy-modulation
mechanisms, deformation modes, and microstructural re-
sponses. Shape memory alloys exploit martensitic transfor-
mations to deliver a large adiabatic temperature drop, whereas
elastomeric polymers rely on entropy-driven chain alignment;
both of them exhibit enhanced cooling performance under tor-
sional loading. Additional polymer systems (including ferro-
electric, rigid-chain, and spin-crossover composites) provide
complementary cooling pathways through dipole, conforma-
tional, or spin-state rearrangements. The following subsec-
tions outline representative materials in each class and discuss
their cooling behaviors in relation to their molecular structure,
deformation modes, and entropy-modulation pathways.

2.1. Shape memory alloys

SMAs, particularly NiTi-based SMAs, are among the
most promising elastocaloric materials owing to the large
latent heat associated with the B2↔B19′ martensitic trans-
formation (Fig. 1(a)).[36] This transformation enables pro-
nounced adiabatic temperature changes and high energy-
conversion efficiency.[37] Specifically, the cooling effect in
NiTi-based SMAs originates from the stress-induced marten-
sitic transformation and the associated entropy changes. Upon
the application of external stress, the material undergoes a
structural transition from the high-symmetry cubic austenite
phase (B2) to the low-symmetry monoclinic martensite phase
(B19′), a process that drives the system toward a lower-entropy
state and triggers the release of latent heat, thereby increas-
ing the material’s temperature. Subsequently, during the adi-
abatic unloading process, the material experiences a reverse

transformation to the high-entropy austenitic state; this pro-
cess necessitates the absorption of substantial latent heat, re-
sulting in a significant drop in the material’s temperature and
enabling high-performance solid-state cooling. For example,
Takeuchi et al. reported a ∆Tad of −17.0 K in 3-mm-diameter
NiTi wires during recovery from 8.5% tensile strain, achiev-
ing a COP of 11.8 and a specific work of 78 MJ·m−3, which
was approximately six times higher than that of conventional
vapor-compression refrigerants.[38]

(a)

(c) (d)

(b)

Fig. 1. Cooling properties of NiTi-based SMAs. (a) Molecular mech-
anisms of elastocaloric and twistocaloric effects of NiTi-based SAMs.
Reproduced with permission from Ref. [36] Copyright 2021 Elsevier.
(b) Maximum and surface-average temperature changes of single-ply
and four-ply NiTi wires with various twist density at 0% strain. Repro-
duced with permission from Ref. [24] Copyright 2019 The American
Association for the Advancement of Science. (c) ∆Tavg of NiTi wires
(from 1-ply to 5-ply) as a function of twist density. (d) Cycle stability of
NiTi wires under various twist densities. Reproduced with permission
from Ref. [33] Copyright 2024 Wiley-VCH.

However, uniaxial tension demands a high driving stress
and large mechanical setups, and suffers from significant hys-
teresis and fatigue, which limit its applicability. Recent stud-
ies have shown that torsional loading can overcome these
issues by generating a nonlinear radial stress gradient that
activates phase transformation more efficiently under lower
stress.[27,39] The Liu group achieved a ∆Tad of−17.0 K in sin-
gle Ni51.3Ti48.7 wires and−20.8 K in four-wire bundles during
isometric untwisting (Fig. 1(b)).[24] When combining untwist-
ing with tensile unloading, an average cooling of−12.1 K and
a COP of 8.5 were obtained. Further, they demonstrated a ∆Tad

of −18.0 K using five-wire bundles (Fig. 1(c)) and an excep-
tional COP of 30.8 (≈ 82% of the Carnot limit).[33] Impor-
tantly, the torsion-induced periodic nonlinear stress distribu-
tion suppressed crack initiation and delayed fatigue, enabling
over 14752 stable cycles (Fig. 1(d)). Additional work on NiTi
rods and bent NiTi wires (∆Tad up to −15.0 K and −11.3 K,
respectively) further highlights the advantages of torsion over
bending and tension. The latter often produces incomplete
phase transformation or excessive hysteresis.[40,41]
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(a)

(c) (d)(b)

Fig. 2. The method of modifying NiTi-based SMA to increase fatigue durability. (a) Gradient grain size ranging from approximately 10 mm to 3500 mm
induced by laser local annealing. Reproduced with permission from Ref. [49] Copyright 2021 Elsevier. (b) For Cu-doped Ti54Ni34Cu12 alloy, Ti2Cu
phase enhanced the compatibility of the conversion interface. Reproduced with permission from Ref. [51] Copyright 2015 The American Association
for the Advancement of Science. (c) Ni51.5Ti48.5/Ni3Ti composite nano-precipitated phase alloy made by additive manufacturing. (d) Scanning electron
microscopy (SEM) image and bright-field transmission electron microscopy (TEM) image. Typical curved interfaces were delineated. Reproduced with
permission from Ref. [53] Copyright 2019 The American Association for the Advancement of Science.

Despite their excellent cooling potential, traditional NiTi
SMAs still suffer from large hysteresis and limited fatigue
life.[42] Several microstructural engineering strategies have
therefore been pursued.[43–47] The refinement of grains to the
nanoscale has emerged as an effective strategy for minimiz-
ing frictional dissipation during martensitic transformations,
thereby enhancing cooling performance. Specifically, the fab-
rication of nanocrystalline NiTi alloys with a grain size of
4 nm enables an exceptionally low stress hysteresis of 6.3 MPa
even under a high strain of 5%. This microstructural opti-
mization facilitates a maximum ∆Tad of−11.4 K and achieves
a COP of 11.8.[48] Gradient-structure NiTi fabricated by lo-
calized laser annealing (Fig. 2(a)) exhibited an 83% increase
in COP compared with coarse-grained NiTi, achieving a ∆Tad

of −13.6 K at 4% strain recovery with a reduced hysteresis
of 60 MPa.[49] Post-deformation annealing enabled PDAGS-
NiTi with a ∆Tad of −12.4 K and a COP of 42 while reducing
energy dissipation by 77% and maintaining stable superelas-
ticity over 100 cycles.[50] Alloy doping has also proven effec-
tive, such as Cu (Fig. 2(b)).[51] For example, nanocrystalline
Ti50Ni42Cu6Fe2 wires achieved a temperature span of ∼ 28 K
with an average hysteresis of only 180 MPa.[52] Introducing
a reinforcing intermetallic phase in NiTi/Ni3Ti nanocompos-
ites produced quasi-linear stress–strain behavior (80–90 GPa),
yielding a ∆Tad of −4.1 K and a Carnot-normalized COP
seven times that of cast NiTi (Fig. 2(c)).[53] These strategies

collectively enhance stiffness, load transfer, and resistance to
dislocation motion, offering viable pathways toward fatigue-
resistant NiTi elastocaloric materials (Fig. 2(d)).

Beyond NiTi alloys, copper- and cobalt-based SMAs pro-
vide additional advantages, including high thermal conductiv-
ity, large temperature spans, and small stress hysteresis.[54,55]

Single-crystal Cu70.5Al17.5Mn12 exhibited a ∆Tad of −8.4 K
during unloading from 10% strain,[56] while polycrystalline
Cu71Al18Mn11 microwires produced a ∆Tad of −5 K un-
der 150 MPa.[57] Subsequently, grain-engineered bamboo-like
Cu71.1Al17.2Mn11.7 microwires further increased the ∆Tad to
−11.9 K.[58] Using a similar fabrication route, Co49Ni21Ga30

microwires achieved a ∆Tad of−4.1 K.[59] These emerging re-
sults demonstrate that non-NiTi SMAs, despite lower entropy
change, offer complementary advantages such as lower driv-
ing stress and broader operational temperature ranges.

2.2. Elastomeric polymers

Elastomeric polymers have recently gained attention as
promising candidates for flexible solid-state cooling owing
to their entropy-driven elasticity, large reversible strain, and
low driving stress.[60,61] The rapid and reversible temperature
changes of elastomeric polymers during loading and unload-
ing can be directly observed through infrared thermal imaging
technology (Fig. 3(a)).[62] At the molecular level, the cooling
mechanism is fundamentally driven by the change in confor-
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mational entropy of the polymer chains. Initially, the elas-
tomer consists of randomly coiled molecular chains with a
high degree of disordered configurations, representing a high-
entropy state. Upon the application of external stress (such
as uniaxial stretching or twisting), the molecular chains are
forced to align along the direction of the applied load, leading
to a sharp decrease in entropy. This reduction in entropy trig-
gers the release of thermal energy, causing the increase of the
material’s temperature. When the external stress is removed,
the aligned chains spontaneously recoil to their original dis-

ordered state. This rapid increase in entropy necessitates the

absorption of heat and results in a pronounced and reversible

cooling effect, realizing high reversibility, minimal hysteresis,

and excellent fatigue resistance. For example, a 650 µm NR

foil achieved a ∆Tad of −10.3 K upon recovery from 700%

tensile strain and delivered a COP of ∼ 6.9 at a pre-strain

of 300%.[63] With a 10% enhancement in heat-exchange ef-

ficiency, the NR blend of 20 %wt ground tire rubber yielded

∆Tad up to −12.8 K and a COP of 3.8.[64]

(a)

(c) (d)(b)

Fig. 3. Cooling properties of elastomeric polymers and PBO fibers. (a) Infrared thermal images showed the temperature changes of elastomer
polymers during the loading and unloading process. (b) Surface ∆Tad evolution of TPEs-1 during 20 times cycles with 600% strain. Reproduced
with permission from Ref. [62] Copyright 2022 Springer Nature. (c) ∆Tavg as a function of twist density in supercoiled NR fibers under different
tensile strains (0–500%). Reproduced with permission from Ref. [24] Copyright 2019 The American Association for the Advancement of Science.
(d) ∆Tmax and ∆Tavg as a function of twist density in self-coiled PVDF fibers. Reproduced with permission from Ref. [28] Copyright 2021 Elsevier.

However, NR suffers from several intrinsic limitations,
including restricted fatigue life under extreme deformation
and relatively low thermal conductivity, which collectively
constrain its efficiency in practical cooling systems.[65] Re-
searchers have explored alternative polymeric elastomers with
reduced mechanical dissipation, tunable molecular architec-
tures, and improved processability, including SEBS copoly-
mers, thermoplastic polyurethanes (TPUs), and so on. Ow-
ing to their uniform chain architectures and reversible confor-
mational transitions, SEBS-based materials can deliver large
∆Tad values (such as −15.3 K and −16.3 K) and excellent
COP (15.7 and 16.2, respectively).[62,66] After 20 cycles under
a tensile strain of 600%, the ∆Tad and heat transfer capacity
remain stable (Fig. 3(b)). TPU-based fibers and films exhibit
∆Tad of −3.5 K to −8 K at strains around 400%–500%,while
maintaining stable performance over multiple cycles.[67,68]

Importantly, their compatibility with melt processing and 3D
printing enables precise structural design and facilitates inte-
gration into prototype cooling devices.

In spite of these advances, the uniaxial stretching-driven
mode relies on large deformation strokes and substantial pre-
strain, which limit device miniaturization and energy effi-
ciency. Consequently, increasing attention has turned to tor-
sional deformation as an alternative mode capable of gener-

ating large entropy changes at dramatically lower strain lev-
els. Recent studies demonstrate the strong twistocaloric po-
tential of polymeric elastomers. For example, low-crystallinity
TPU fibers produced a ∆Tad of −10.2 K under only 50% pre-
strain during untwisting, representing a 78.9% improvement
over their tensile response. Even without pre-strain, these
fibers achieved a twist density of 1.5 turns/mm and a ∆Tad of
−8.74 K.[67] Twisted TPE yarns with an effective diameter of
3 mm yielded a temperature drop of approximately−7 K with
a twist density of 4 turns·cm−1.[69] Liu et al. employed the
polybiurea elastomer fiber PpPU2000 with p-phenylene spac-
ers as the twistocaloric refrigerant. By adopting the coopera-
tive working mode of first applying a twist of 3.0 turns·cm−1,
then stretching to 350% strain, followed by equilibration and
subsequent untwisting prior to strain release, they achieved a
maximum cooling temperature drop of −17.1 K, with a cor-
responding cooling coefficient of performance (COP) of 39.1
and a Carnot efficiency as high as 89.7%. In addition to
the large entropy change provided by the soft segments, the
nanoknot-like domains in the hard segments offer structural
stability, enabling more than 120000 mechanical fatigue life
cycles.[70] In addition, supercoiled NR fibers similarly exhib-
ited enhanced cooling performance, reaching −15.5 K at only
100% isometric strain, which surpassed the stretching-release
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∆Tad of −12.2 K at much higher (600%) strain (Fig. 3(c)).[24]

The highest COP reached 8.3, highlighting improved energy-
conversion efficiency. Simultaneously, scaling the system by
untwisting a seven-fiber bundle (diameter 2.2 mm) further in-
creased the surface temperature drop to −19.1 K. When un-
twisting was combined with tensile unloading, the maximum
cooling increased to −16.4 K with a specific cooling energy
of 19.4 J·g−1. Also, a cylindrical NR specimen (5 mm diam-
eter, 50 mm mid-section length) achieved a ∆Tad of −41.3 K
and a cooling energy of 105.3 J.[71] Collectively, these results
highlight that torsional deformation offers a more compact,
energy-efficient, and mechanically stable route for elastomer-
based flexible solid-state cooling.

2.3. Other polymers

Several different categories of polymers, including fer-
roelectric polymers, rigid-chain polymers, and spin-crossover
(SCO) composites, have recently demonstrated promis-
ing elastocaloric and twistocaloric cooling effects, further
expanding the material landscape for flexible solid-state
refrigeration.[72]

Ferroelectric polymers, such as polyvinylidene fluoride
(PVDF), generate cooling via a strong coupling between
mechanical deformation, dipole polarization, and structural
reorganization.[73] Mechanical deformation of PVDF induces

phase transitions from α to β , accompanied by chain align-
ment and free-volume modification, which collectively drive
entropy changes.[74] The PVDF film achieved a ∆Tad of
−1.8 K under 15 MPa at 298 K. In addition to tensile loading,
untwisting the PVDF fiber at a twist density of 5.0 turns·cm−1

produced a ∆Tad of −1.1 K (Fig. 3(d)).[28]

For the first time, the Liu group identified a twistocaloric
effect in poly(p-phenylene-2,6-benzobisoxazole) (PBO)
fibers, where the intrinsic rigidity and high chain orienta-
tion facilitate stress-induced molecular rearrangement and
crystalline evolution during torsion. Under a twist density
of 7 turns·cm−1, PBO fibers achieved a temperature drop of
−1.3 K, illustrating that highly rigid polymer systems undergo
entropy-driven cooling under torsional deformation.[29]

In addition, spin-crossover (SCO) polymer composites
provide yet another pathway to mechanical cooling through
spin-state entropy modulation.[75] Specifically, external me-
chanical stress triggers a reversible transition between high-
spin and low-spin states, yielding spin entropy changes
and corresponding temperature variations under adiabatic
conditions.[76] For example, polyvinyl chloride (PVC) com-
posite films embedded with 〈Fe(L)2〉(BF4)2 microcrystals
(L = 2, 6-bis(pyrazol-1-yl) pyridine), achieved an isothermal
entropy change of up to 3.1 J·kg−1·K−1 under only 8 MPa and
0.3% strain.[30]

Table 1. Comparison of cooling strategy, cooling temperature, COP, cycle life, cycling cooling temperature among different cooling materials.

Cooling materials Cooling strategy
Cooling

COP
Cycle life Cycling cooling

Ref.
temperature (K) (time) temperature (K)

Ni52.6Ti47.4 wire Twist –14.3 30.8 14,752 –3.0 [33]
Co49Ni21Ga30 microwire Stretch –4.1 – 100 –3.3 [59]
Cu71Al18Mn11 microwire Stretch –5.0 – 275 –3.0 [57]

Ni50.75Ti48.74 wire Bend –11.3 21.7 – – [41]
Cu71.1Al17.2Mn11.7 microwire Stretch –11.9 – 200 –5.6 [58]

Ni52.6Ti47.4 rod Twist –15.0 – – – [40]
Ni50.8Ti49.2 spring Twist and stretch –16.8 – 1,505 –14.3 [39]

Ni50Ti50 wire Stretch –17.0 11.8 – – [38]
Ni52.6Ti47.4 wire Twist –17.0 8.3 1,000 ∼−14.5 [24]

NinjaFlex TPU fiber Stretch –5.6 3.2 1,000 –
[68]Ultimaker95A TPU fiber Stretch –2.0 1.0 – –

Z-Flex TPU fiber Stretch –2.8 3.0 – –
PVDF fiber Twist and stretch –3.0 8.8 2,000 –1.0 [28]

PE- MDI TPU fiber
Stretch –5.7 – 70 –3.0

[67]
Twist –10.2 – 100 ∼−4.0

self-coiled PBO fiber Twist and stretch ∼−4.0 5.8 200,000 ∼−2.0 [29]

Table 1 provides a summary and comparison of key cool-

ing performance for a diverse range of flexible solid-state

cooling materials, including shape memory alloys (e.g., NiTi-

based, Cu-based alloys) and polymers (e.g., TPU, PVDF,

PBO) under various driving modes. Notably, twistocaloric

strategies, particularly in NiTi wires, have achieved excep-

tional energy efficiency (with a COP up to 30.8) and superior

cyclic stability (exceeding 14752 cycles), significantly outper-

forming many conventional uniaxial tensile modes. To visu-

ally assess the competitive advantages of various flexible re-

frigeration materials, Ashby diagrams are shown in Fig. 4.

Figure 4(a) demonstrates that torsional loading modes exhibit

a significant advantage in enhancing energy conversion ef-

ficiency compared to traditional uniaxial stretching. Addi-

tionally, hybrid loading modes, such as the combination of

twisting and stretching, maintain a desirable system efficiency

while achieving a large temperature span by redistributing me-

chanical stress. Figure 4(b) reveals the critical trade-off be-
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tween cooling performance and fatigue life. Torsional de-
formation generates a nonlinear radial stress gradient that ef-
fectively mitigates macroscopic stress concentration and sup-
presses micro-crack initiation, thereby significantly extend-
ing the cyclic reliability of the materials. For instance, NiTi
alloys driven by twisting can operate stably for over 14752
cycles, whereas those under tensile modes often suffer from
rapid performance degradation due to functional fatigue. In
short, these results highlight the growing diversity of polymer-
based cooling materials, each leveraging distinct molecular
mechanisms (dipole reorientation, rigid-chain reorganization,
or spin-state transition) to achieve entropy-driven thermal re-
sponses. While the cooling magnitudes remain modest com-
pared to those of elastomers or SMAs, these emerging systems
reveal new mechanistic avenues and design principles for next-
generation solid-state cooling materials.

Fig. 4. Comparison of cooling performance and cyclic stability for representa-
tive cooling materials. (a) COP as a function of cooling temperature for vari-
ous materials under different mechanical loading modes, including stretching,
bending, twisting, and hybrid twisting-stretching. (b) Cycle life as a function
of cooling temperature for diverse cooling materials. The inset highlights the
exceptional cyclic stability of PBO fibers and NiTi-based SMAs.

3. Flexible cooling devices
The outstanding performance of flexible cooling materi-

als provides the fundamental basis for solid-state refrigeration,
yet material-level properties alone are insufficient to ensure ef-
ficient, stable, and durable cooling in practical applications.
Device-level design and optimization play an equally criti-
cal role, as appropriate architectures and actuation strategies
are required to fully activate elastocaloric, twistocaloric, or

barocaloric responses while simultaneously enhancing heat-
transfer efficiency, energy utilization, and cyclic mechanical
reliability. Therefore, building upon advances in flexible cool-
ing materials, this section focuses on the design principles and
application strategies of flexible solid-state cooling devices,
categorized according to uniaxial stretching, torsional loading,
and hybrid deformation modes.

3.1. Uniaxial stretching driven mode

Uniaxial stretching driven cooling devices represent the
earliest and most extensively studied category of flexible solid-
state cooling applications. However, despite their demon-
strated feasibility, their performance remains strongly con-
strained by heat-transfer limitations, large deformation re-
quirements, and structural inefficiencies.[77] Current research
therefore focuses on optimizing device geometry, improving
material utilization, and enhancing thermal management to
overcome these bottlenecks.

To address heat-management and mechanical-efficiency
issues, several groups have explored NiTi-based SMA cool-
ing architectures. Liu et al. used an inclined single-motor
controlled polycrystalline NiTi wires that were synchronously
stretched vertically and translated between a heat source and
a heat sink (Fig. 5(a)).[78] The design delivered a ∆Tad of
−6.6 K during unloading at 4.8% strain and produced a cool-
ing power of 3.1 W at zero temperature span, which was suf-
ficient for a 0.9-L refrigeration compartment. A roller-driven
SMA ribbon device further achieved 78% work-recovery effi-
ciency and a temperature span of 25.4 K by using two oppo-
sitely phased Ti49.2Ni44.8Cu6 ribbons working simultaneously
(Fig. 5(b)).[79] In addition, topology-optimized structures have
been demonstrated to double the heat-transfer efficiency and
achieve −15 K cooling of electronic heat flux at least.[80]

Komiya et al. established the feasibility of NR-based
cooling devices through multichannel tube bundles.[81] By re-
ducing tube diameter and optimizing bundle geometry, they
achieved a maximum temperature drop of −8.3 K, with a
COP of 6. Later, a miniature NR-foil refrigerator using
dual actuators to independently control mechanical loading
and thermal contact was developed (Fig. 5(c)).[63] The de-
vice achieved a COP of 4.7 and a specific cooling power
of 1.1 W·g−1, though the temperature drop remained mod-
est (≈ −2 K) due to the intrinsically low thermal conductiv-
ity of NR (∼ 0.15 W·m−1·K−1), which slows heat exchange
and limits power density. Therefore, Wang et al. intro-
duced a coaxial dual-unit stretching system employing GNS-
reinforced SEBS elastomers (Fig. 5(d)), achieving a COP of
8.3 and a temperature span of 3.7 K within 2500 seconds.[82]

The coaxial double-unit coupling enabled energy recovery, af-
fording a 56.3% energy-recovery efficiency.
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(a)

(c) (d)

(b)

Fig. 5. Compact elastocaloric stretching devices driven by uniaxial tension. (a) A compact heat pump driven by a motor-screw coupling
mechanism to control the stretching and reciprocating motion of SMAs. Reproduced with permission from Ref. [78] Copyright 2022 The
Innovation Press. (b) Utilizing a crank rod mechanism to induce torsion at both ends of SMA, generating cooling effects during cyclic
deformation. Reproduced with permission from Ref. [79] Copyright 2024 Springer Nature. (c) Schematic of flexible NR materials used in
thermal contact separation refrigeration cycles. Reproduced with permission from Ref. [63] Copyright 2024 IOP Publishing. (d) A heat pump
using an electric motor to stretch SEBS materials and exchange heat with fluids flowing through a serpentine channel. Reproduced with
permission from Ref. [83] Copyright 2024 Springer Nature.

3.2. Twisting driven mode

In uniaxial stretching refrigeration, large axial strain and
stress concentration limit both mechanical durability and heat-
transfer efficiency, motivating the exploration of alternative
deformation modes. Twisting loading offers a distinct me-
chanical pathway in which shear stress dominates the entropy
modulation process. Under comparable strain levels, twisting
activates more sufficient phase transitions and entropy changes
at significantly lower driving stress, while the radial shear-
stress gradient and longitudinally uniform deformation help
mitigate local stress concentration and facilitate more effec-
tive heat exchange.[83]

Multi-strand NiTi wires in twistocaloric refrigerators, for
instance, have achieved a water temperature drop of −7.7 K,
corresponding to a specific cooling energy of 6.75 J·g−1.[24]

Importantly, architectural refinements, such as periodic non-
linear stress profiles and physical separation of hot and cold
fluid channels, further enhanced performance gains (Fig. 6(a)).
In a multi-stage torsional heat-pump configuration (Fig. 6(b)),
optimization of twist density and wire length resulted in a wa-
ter temperature drop of−13.8 K and a cooling power of 5.0 W,
with a specific cooling power of 1.2 W·g−1 and a system COP
of 19.5.[33] Stable operation over more than 2000 cycles indi-
cates that torsional loading can sustain repeated cooling cycles
without severe mechanical degradation.

From a design perspective, the twisting-driven mode is
particularly suitable for fiber-based flexible cooling devices, as
it combines low driving stress with mechanically stable defor-
mation. Its advantages are most pronounced when the defor-
mation geometry, twist density, and thermal management are
carefully coordinated. Within these constraints, twistocaloric

devices provide a practical route toward compact and scalable
solid-state cooling systems, especially in applications where
flexibility and cyclic durability are required.

3.3. Hybrid loading driven mode

Hybrid deformation modes have been introduced to ad-
dress the intrinsic limitations of single-mode elastocaloric
loading, particularly the high actuation force and restricted
strain utilization associated with pure uniaxial stretching. By
combining tensile, torsional, bending, or volumetric deforma-
tion, hybrid loading redistributes mechanical stress and en-
ables thermal responses to be activated under reduced external
force.[84] At the device level, this approach also allows greater
flexibility in geometric design, which can be exploited to im-
prove heat exchange and system compactness, albeit often at
the cost of increased structural and control complexity.[85]

Current research demonstrates that hybrid-mode systems
not only enhance mechanical efficiency but also enable more
effective heat transfer through improved geometric coupling
and continuous-flow configurations. A representative example
is the coil-bending cooling device developed by Sun et al., in
which NiTi ribbons were actuated by rotary motors to realize
air cooling without liquid heat exchangers (Fig. 6(c)), afford-
ing a temperature drop of −10.6 K, a COP of 3.7, and a spe-
cific cooling power of 2.5 W·g−1.[86] This architecture elimi-
nated the need for liquid heat exchangers or sealed fluid loops,
significantly reducing system size and operational complex-
ity. The low driving force enabled by coil-bending produced
a substantial temperature drop in air, while serial and parallel
air-channel layouts allowed separate optimization of tempera-
ture span and specific cooling power. This work demonstrates
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that hybrid bending modes can translate mechanical advan-
tages into functional air-cooling performance, particularly in
compact configurations.

Hybrid deformation strategies have also been extended
to polymer-based cooling devices. Wang et al. reported a
rotary-motion cooling device based on SEBS elastomers, in
which cyclic stretching, rotation, and intermittent mechanical
contact were synchronized to promote heat separation during
each cooling cycle (Fig. 6(d)).[62] The coordinated motion im-
proved thermal interface stability and enabled partial energy
recovery, resulting in stable cooling operation and measurable
temperature differentials in flowing water (a water temperature
drop of−3.7 K). These results suggest that hybrid loading can
mitigate the slow heat-exchange kinetics commonly encoun-
tered in tensile-only polymer devices. In addition, an all-soft
elastocaloric heat pump based on thin latex membranes under-
going cyclic inflation and deflation was designed (Fig. 6(e)),
which achieved a temperature drop of −7.9 K, a COP of 4.7,
and a specific cooling power of 20.9 W·g−1.[87] The spheri-
cal membrane geometry minimized frictional losses and en-
abled quasi-adiabatic deformation on sub-100 ms timescales,

leading to high specific cooling power. This example high-
lights how unconventional hybrid deformation pathways can
leverage instability-driven mechanics to access performance
regimes that are difficult to achieve with steady, single-mode
loading.

Table 2 summarizes the system-level cooling perfor-
mance of representative twistocaloric and elastocaloric re-
frigeration devices driven by linear and non-linear stresses.
Notably, NiTi wires utilizing torsional loading achieve supe-
rior energy efficiency (with a COP of 19.5), whereas latex
membranes demonstrate exceptional specific cooling power
(20.9 W·g−1), illustrating the diverse potential of flexible
materials in meeting specific thermal management require-
ments. Overall, hybrid-mode elastocaloric devices reveal a
promising route toward high-performance cooling at low ac-
tuation force, offering improved strain utilization, enhanced
thermal exchange, and greater architectural freedom compared
with single-mode loading schemes. These advantages posi-
tion hybrid deformation strategies as an important bridge be-
tween material-level elastocaloric effects and practical, com-
pact solid-state refrigeration technologies.

(a)

(c) (e)

(d)(b)

Fig. 6. Cooling devices driven by periodic torsional stress and other hybrid driven modes. (a) Schematic of a twistocaloric cooling system realizing
the alternating switching of cold and hot fluids through a three-way valve. (b) Schematic of a multi-stage twistocaloric device with serially connected
modules. Reproduced with permission from Ref. [33] Copyright 2024 Wiley-VCH. (c) Compact cooling unit with coiled NiTi ribbons under torsional
and bending loading modes. Reproduced with permission from Ref. [86] Copyright 2023 Springer Nature. (d) The SEBS elastomer rotary motion
cooling device achieved thermal separation through stretching, rotation and mechanical contact. Reproduced with permission from Ref. [62] Copyright
2022 Springer Nature. (e) membrane-based elastocaloric refrigerator operated in mechanical contact with heat sink and heat source, illustrating the
temperature decrease during adiabatic contraction. Reproduced with permission from Ref. [87] Copyright 2021 Springer Nature.

Table 2. Summary of the cooling materials driven by non-linear stress and linear stress used for twistocaloric and elastocaloric refrigeration,
involving heat exchange medium, ∆Tdrop of device, COPsys, specific cooling power.

Cooling materials Heat exchange medium ∆Tdrop of device (K) COP SCP (W·g−1) Ref.
Ni52.6Ti47.4 wire Water −13.8 19.5 1.2 [33]

NiTi ribbon Air −10.6 3.7 2.5 [86]
Latex membrane Mechanical contact −7.9 4.7 20.9 [87]

TPEs-1 SEBS film Water −1.1 9.3 1.9 [82]
GNS-SEBS Mechanical contact −3.7 8.3 – [62]

Natural rubber tube Air −8.3 6.0 0.14 [81]
Natural rubber foil Mechanical contact −4.1 4.7 1.1 [63]
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4. Conclusion and future perspective

In this review, we have systematically summarized re-
cent advances in flexible solid-state caloric cooling, with a
focus on high-performance materials and device architectures
driven by diverse mechanical loading modes: uniaxial stretch-
ing, pure twisting, and hybrid deformation. We have de-
tailed the molecular- and microstructure-level mechanisms, in-
cluding martensite phase transitions in SMAs, entropy-driven
chain alignment in elastomeric polymers, and novel entropy
modulations in other polymer systems.

The core findings highlight that torsional deformation
provides a structurally and energetically efficient pathway for
both SMAs and elastomers, enabling large adiabatic temper-
ature changes under dramatically lower driving stress, which
significantly enhances the material’s fatigue life and the sys-
tem’s COP. Concurrently, hybrid loading modes further ex-
pand the design freedom, offering enhanced heat transfer and
energy recovery compared to single-mode systems. The de-
velopment of corresponding cooling devices across uniaxial,
twisting, and hybrid modes has demonstrated the feasibility of
highly integrated, flexible, and efficient thermal management
systems.

Despite significant progress, several key challenges must
be addressed to transition flexible solid-state cooling technolo-
gies from lab prototypes to large-scale commercial applica-
tions. The future development of flexible cooling technology
will rely on the synergistic advancement of materials science,
device engineering, and interdisciplinary integration.[88–93]

The future advancement of flexible cooling technology
will critically depend on the exploration and optimization
of high-performance flexible materials. The integration of
emerging material systems, such as nanomaterials and com-
posite materials, is expected to significantly enhance the ther-
mal response rate, durability, and mechanical properties of
flexible cooling materials. The construction of novel gradi-
ent and hierarchical structures can effectively reduce thermal
hysteresis and improve energy conversion efficiency. More-
over, the development of sustainable and cost-effective flexible
cooling materials has garnered increasing attention. The adop-
tion of bio-based polymers and recyclable high-molecular-
weight materials is anticipated to mitigate environmental im-
pact and lay the foundation for the large-scale application of
flexible cooling technologies in sustainable energy systems.

Further progress in flexible cooling systems necessitates
a focus on achieving larger cooling temperature differences
and enhancing long-term operational stability. Optimizing the
thermal conductivity and phase transition properties of materi-
als to achieve greater adiabatic temperature changes is essen-
tial for improving cooling capacity. Additionally, the long-
term stability of flexible cooling materials under prolonged

cyclic loading with large strain amplitudes remains a chal-
lenge, requiring further improvements to prevent degradation-
induced efficiency loss. Moreover, adaptability to diverse en-
vironmental conditions and the ability to meet various applica-
tion demands impose higher requirements on flexible cooling
technologies. These include maintaining high-performance
cooling under different temperature and humidity conditions
and ensuring applicability in wearable devices and microelec-
tronic cooling systems.

The future development of flexible cooling technologies
will heavily rely on interdisciplinary integration, promoting
their convergence with other advanced thermal management
strategies to further enhance overall system efficiency and ex-
pand the operational temperature range. The incorporation of
intelligent sensing and adaptive control systems will enable in-
telligentization and precise thermal regulation of flexible cool-
ing devices. Furthermore, in specialized application scenarios
such as healthcare and aerospace, flexible cooling systems can
be integrated with bio-thermal management and phase-change
energy storage technologies to provide more competitive so-
lutions for temperature control under extreme environmental
conditions.
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