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Advances in Soft Mechanocaloric Materials

Xiujun Fan, Songyue Chen, Farid Manshaii, Zhaoqi Duan, Guorui Chen, Xun Zhao,
Yihao Zhou, and Jun Chen*

The development of soft mechanocaloric materials is becoming increasingly
important due to the growing demand for energy-efficient and
environmentally friendly thermoregulation solutions. Here the
mechanocaloric effects in soft materials, which can convert mechanical
energy into heat energy, is discussed, and their applications in sensing,
therapeutics, and thermoregulation is explored. It begins by introducing the
principles of the mechanocaloric effect and recent advances in its study within
soft materials’ systems. Then applications of mechanocaloric effects in
personalized healthcare and sustainable energy is explored. Finally, the
importance of identifying soft materials with high mechanocaloric coefficients
and low manufacturing costs is emphasized to broaden their applicability.
Additionally, a comprehensive perspective on mechanocaloric effects is
provided for both heating and cooling applications, emphasizing the
transformative potential of soft mechanocaloric materials in various fields.

1. Introduction

Humans, as homeothermic beings, rely significantly on the ef-
ficiency of our bodies’ energy conversion systems to maintain a
stable internal temperature. For instance, in cold environments,
shivering and the metabolic breakdown of glucose through gly-
colysis can collectively generate between 2000 and 2500 calories
per day. This energy output is equivalent to powering a 50 W
light bulb for over 45 h. On the one hand, body thermal energy
harvesting is a popular approach toward personalized health-
care and sustainable energy.[1–4] Meanwhile, body thermoregu-
lation occurs in nature, exemplified by the magnetocaloric effect,
where significant temperature changes arise when materials are
exposed to magnetic fields.[5] These phenomena could be har-
nessed to enhance energy efficiency and promote sustainability.

Despite technological advancements, thermoregulation—
particularly methods that rely on outdated technologies—
continues to present sustainability challenges.[6–8] For example,
refrigeration accounts for 20–30% of global electricity con-
sumption. Moreover, traditional gas compression technologies,
which utilize hydrofluorocarbon compounds (such as Freon
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and HCFCs), not only severely damage
the ozone layer but also contribute signifi-
cantly to global warming. In contrast, solid-
state thermoregulation technologies gen-
erally provide a higher coefficient of per-
formance (COP) compared to conventional
systems, allowing for efficient cooling even
at lower temperature differentials.[9–11]

Amid these challenges, mechanocaloric
technology has emerged as a promising
thermoregulation method. This innova-
tive approach induces phase transitions in
materials through external forces, induc-
ing substantial thermal fluctuations. When
subjected to stress, mechanocaloric mate-
rials undergo transformations that mod-
ify their internal structure and energy
state, resulting in notable thermal varia-
tions. During cycles of stress application
and release, these materials typically absorb

energy when under stress and release it upon returning to
their original state. It is important to note that the mechanical
forces applied must be sufficient to overcome the phase trans-
formation barriers, such as the transition from martensite to
austenite.[12] A key challenge in mechanocaloric technology is the
phenomenon of hysteresis, similar to the hysteresis curve that
describes the lag in magnetization after exposure to a magnetic
field. In mechanocaloric materials, hysteresis refers to the energy
loss that occurs during mechanical loading and unloading cycles.
This phenomenon prevents the material from fully recovering its
original state during pressure changes, thereby affecting the con-
version efficiency of the thermal effect and the energy storage and
release processes. Such an energy loss significantly impacts the
efficiency of the mechanocaloric effect, especially during rapid cy-
cles, as the material’s energy loss cannot be fully converted into
temperature changes in each loading and unloading cycle. This
limitation further restricts its performance in practical applica-
tions. Therefore, identifying and optimizing materials with low
hysteresis is crucial to enhancing the overall energy conversion
efficiency of mechanocaloric technologies. This review primar-
ily focuses on minimizing hysteresis through material selection,
aiming to enhance the thermoregulation efficiency and practical
applicability of the mechanocaloric effect.[13]

Another challenge is that current thermal energy harvest-
ing devices are predominantly constructed using metal sys-
tems, primarily shape memory alloys (SMAs) such as Ni–Ti and
Cu–Zn–Al,[14] as well as magnetic shape memory alloys.[15] Al-
though these alloys can produce significant adiabatic tempera-
ture changes, sometimes exceeding 20 K,[16,17] their high Young’s
modulus renders them incompatible with biological tissues,
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thereby limiting their application in soft bioelectronics.[18,19]

Luckily, recent discoveries indicate that the mechanocaloric ef-
fect can also occur in soft systems, such as elastomers and poly-
mers. This development opens up new opportunities for de-
signing smart textiles that leverage the elastocaloric effect.[20]

Besides, innovations like active cooling textiles, thermoelectric
units, nanoporous metalized polyethylene fabric, and moisture
transport fabrics all play a significant role in thermal manage-
ment in everyday life.[6–8] Similar to the transition from marten-
site to austenite, which involves distinct energy states, soft sys-
tems undergo varying internal energy conditions, resulting in
warming or cooling during these transitions.[11]

In addition to these advancements, considerable efforts have
been directed toward the exploration of novel materials for ther-
moregulation and the investigation of their underlying funda-
mental sciences. For instance, a recently developed class of
mechanocaloric materials can convert mechanical energy ob-
tained from various forms of applied force—such as tension,
compression, and torsion.[9–11] This leads to alterations in the
material’s internal structure or phase transformation. These phe-
nomena are commonly referred to as the elastocaloric effect, the
barocaloric effect (BCE), and the twistocaloric effect. Addition-
ally, the integration of 2D materials has significantly enhanced
heat conductivity properties. These strategies indicate a promis-
ing path toward a sustainable energy future.

In this review, we primarily focus on the mechanocaloric ef-
fect in soft materials’ systems, particularly in the contexts of ther-
apeutics and thermoregulation. We begin by examining the prin-
ciples of the mechanocaloric effect and then transition to the
discovery of this phenomenon in soft systems. We then exam-
ine the current applications of the mechanocaloric effect in soft
systems within personalized healthcare and energy sectors. Fi-
nally, we emphasize the importance of identifying soft materi-
als with high mechanocaloric coefficients and low manufactur-
ing costs to broaden their applicability. This advancement would
not only support green energy initiatives but also address is-
sues related to the low heat conversion efficiency and durability
of mechanocaloric soft materials under repeated stretching and
compression cycles.

2. Principles of Mechanocaloric Effect

The mechanocaloric effect was first discovered in rigid metal sys-
tems, leading to the development of well-established theories that
explain its mechanisms. This effect includes both warming and
cooling processes, which together form a cycle typically referred
to as endothermic and exothermic circulation. In an endother-
mic process, the material absorbs heat from its surroundings dur-
ing deformation. This generally occurs when the material is sub-
jected to tensile stress, leading to a phase transformation, such as
the transition from austenite to martensite in SMAs. As the ma-
terial deforms, energy is required to facilitate the phase transfor-
mation, resulting in a decrease in temperature. Conversely, dur-
ing unloading or compression in an exothermic process, the ma-
terial releases heat to its surroundings.[21,22] This energy release
causes an increase in temperature, which can be advantageous
in applications where heat generation is desired (Figure 1a).

Rigid systems exhibiting the mechanocaloric effect, such as
SMAs and ferroelectric materials, consist of a crystal lattice.

When mechanical forces are applied, these forces act as a cata-
lyst for the transformation from a parent crystal structure to a
product crystal structure. Initially, the lattice is organized in a
regular 3D arrangement. However, when external forces exceed
the lattice energy, deformation occurs.[23] In contrast, soft sys-
tems such as polymers do not possess a crystal lattice but still
require energy to overcome barriers for deformation.[18,19,24–27] In
mechanocaloric polymer materials, the polymers are typically ar-
ranged in an amorphous (noncrystalline) state under no stress.
However, when subjected to stress, they reorganize to form crys-
talline domains. This process is known as strain-induced crystal-
lization (SIC). These changes enhance the strength and tough-
ness of the materials, enabling them to recover their original
shape after the load is removed (Figure 1b). However, traditional
polymers are formed through random crosslinking processes, re-
sulting in trapped entanglements and inhomogeneities. These
factors increase the minimum force required for SIC and reduce
its overall extent. To address this limitation, a novel approach in-
volves constructing a deswollen end-linked star elastomer system
with a homogeneous architecture. This configuration facilitates
improved chain alignment during stretching (Figure 1b).[28]

The extent of the mechanocaloric effect is governed by the
Clausius–Clapeyron equation, as shown in Equation (1). This
equation describes the relationship between the pressure and
temperature of a substance during a phase transition—such as
between liquid and vapor (boiling) or solid and liquid (melting)—
based on thermodynamic principles.[17] Materials can exist in
two phases depending on their levels of structural symmetry.
When a transition occurs between these two phases, the stress–
temperature response changes. A stress–temperature diagram
is used to specifically characterize the temperature change cycle
during phase transitions (Figure 1c). Due to the phase transition
of a material’s thermodynamic state (such as changes in lattice
structure or crystallized regions), energy barriers are overcome,
shifting the equilibrium point. This is also evident in the changes
to the entropy–temperature relationship during the phase tran-
sition. As a result, mechanical forces can influence the mate-
rial’s entropy, and when a phase change occurs, the temperature
change cycle is directly affected (Figure 1d):

dP
dT

= ΔH
TΔV

(1)

where P is the pressure, T is the temperature, ΔH is the enthalpy
change during the phase transition, andΔV is the volume change
during the phase transition. This formulation of the Clausius–
Clapeyron equation highlights the relationship between enthalpy
change and temperature during a phase transition.

It is also important to note that a material’s response to me-
chanical stress during a phase transition is path dependent, a
phenomenon known as hysteresis (Figure 1e). The stress–strain
graph forms a loop, and the area enclosed by this hysteresis
loop represents energy losses due to internal friction and other
dissipative processes during the phase transition. These losses
can decrease the efficiency of cooling systems that utilize the
mechanocaloric effect. Furthermore, the presence of the hys-
teresis loop indicates that a material may remain in a high-
temperature phase even after the stress is reduced, especially
if it has previously been subjected to high stress. Therefore,
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Figure 1. Principles of the mechanocaloric effect. a) Endothermic and exothermic circulation in rigid systems: 1) beginning state, 2) application of
stress, with pressure release as an exothermic phenomenon, 3) pressure release, and 4) after returning to its original state, the material absorbs heat. b)
Strain-induced crystallization (SIC)in elastomers. Left: Physical barriers like trapped entanglements negatively impact SIC. Right: Homogeneous archi-
tecture initiates SIC. Reproduced with permission.[28] Copyright 2023, American Association for the Advancement of Science. c) Stress and temperature
relationship based on the Clausius–Clapeyron equation. Reproduced with permission.[11] Copyright 2022, Springer Nature. d) Entropy changes during
temperature increase and decrease cycles. Two purple lines indicate heating and cooling, marked as red and blue cycles, respectively. Reproduced with
permission.[33] Copyright 2021, Springer Nature. e) Applied stress (𝜎) versus strain (𝜖) changes between two states. Reproduced with permission.[11]

Copyright 2022, Springer Nature.

optimizing materials to achieve a smaller hysteresis loop is cru-
cial for enhancing the performance of thermoregulation, as it
can help enhance energy saving and improve overall system
efficiency.[29]

Therefore, mechanocaloric effects refer to the phenomenon
where structural changes and accompanying temperature vari-
ations occur in materials under external mechanical stimuli. The
main mechanocaloric effects include elastocaloric, twistocaloric,
and barocaloric effects. The elastocaloric effect involves deform-
ing the material by applying uniaxial stress, leading to struc-
tural changes or phase transitions within the material, resulting
in temperature changes. In contrast, the twistocaloric effect re-
lies on the torsional deformation of the material, i.e., applying a
rotational strain to deform the material, which in turn triggers
a change in temperature. Lastly, the barocaloric effect induces
phase transitions or structural transformations in the material
by applying or releasing pressure, leading to heat absorption or
release.[28–31]

These three effects differ significantly in their mechanisms.
The elastocaloric effect primarily relies on deformation and
phase changes induced by uniaxial stress, typically occurring in
simpler stress states. The twistocaloric effect emphasizes defor-
mation under torsion. Compared to the uniaxial stress of the
elastocaloric effect, the torsional strain involves more complex
mechanical operations and exhibits distinct temperature change

characteristics. On the other hand, the barocaloric effect regu-
lates temperature through pressure changes and usually involves
phase transitions or crystallization processes in the material. Sec-
tion 3 will further explore how these three effects perform, ana-
lyzing their respective advantages and disadvantages to provide
valuable insights for future research and applications.

3. Mechanocaloric Effects in Soft Materials’
Systems

3.1. Elastocaloric Effect in Soft Materials’ Systems

The elastocaloric effect refers to the temperature change that oc-
curs in a material when it undergoes mechanical deformation.
While this effect can also be observed in shape memory alloys,
this section specifically focuses on its manifestation in polymers.

Unlike metals, which are composed of atoms arranged in
a crystalline structure, many soft elastomers consist of amor-
phous chains. Under stress, these chains can align and reor-
ganize, leading to crystallization. Energy changes occur during
crystallization, leading to corresponding temperature changes.
Three primary factors influence the efficiency of SIC. According
to the Clausius–Clapeyron equation Equation (1), the tempera-
ture (T) at which deformation occurs can impact the crystalliza-
tion process. Higher temperatures may enhance polymer chain
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mobility, promoting crystallization. Strain rate measured by vol-
ume change (ΔV) represents the rate at which the material is de-
formed and influences the crystallization process. Faster defor-
mation can increase the rate of the crystallization process. The
composition of the polymer, including its chemical structure and
molecular weight, impacts the enthalpy change (ΔH) during crys-
tallization. Therefore, different polymers and copolymers exhibit
varying tendencies for SIC.[28–30]

To optimize a material for the elastocaloric effect, it is crucial
to perform mechanical testing to determine the elastic deforma-
tion ranges, thermal analysis to evaluate heat flow during de-
formation, and phase transition analysis to identify phase trans-
formation temperatures. Adjusting polymer composition—from
single compositions such as natural rubber (NR), synthetic rub-
ber, or thermoplastic elastomers (TPEs) to blends of different
polymers, additives, or fillers—can achieve dual elasticity. Com-
pared to conventional elastocaloric elastomers, dynamic elastic-
ity and low stiffness elastomers (DELSE) exhibit lower stiffness
and higher elasticity, enabling them to deform more easily under
stress while returning to their original shape. This is attributed
to DELSE’s unique gelation process, which enables a more con-
trolled and rapid transition from a liquid to a gel state, making
it suitable for applications that require high flexibility and dy-
namic performance (Figure 2a,b). Temperature changes during
adiabatic stretching, measured by an infrared camera, are three
times greater than those observed in conventional elastocaloric
elastomers (Figure 2c).[28]

Furthermore, DELSE exhibits minimal stress–stretch hystere-
sis due to its dynamic crosslinking mechanism, which enables its
internal structure to quickly revert to its original state, thus min-
imizing energy loss. The material’s high elasticity and low stiff-
ness facilitate easy deformation, resulting in lower energy dis-
sipation during loading and unloading cycles. Notably, this low
hysteresis remains stable even when the material is stretched to
12 times its original length (𝜆 = 12, Figure 2d,e). A heat pump
extracts heat from a source—such as air, ground, or water—
and transfers it to a different location, typically against the nat-
ural flow of heat.[31] Heat pumps operate using a refrigera-
tion cycle consisting of four main components. The evapora-
tor absorbs heat from the source (e.g., outdoor air) as the re-
frigerant evaporates. The compressor then compresses the re-
frigerant gas, which raises its pressure and temperature. The
condenser releases the absorbed heat into the desired space
(e.g., indoors) as the refrigerant condenses back into a liquid.
The expansion valve then reduces the pressure of the refrig-
erant, allowing it to expand and cool before re-entering the
evaporator.[32]

Traditional heat transfer devices encounter significant chal-
lenges related to sustainable energy, and materials that exhibit
the mechanocaloric effect are primarily rigid, which restricts
their use in heat pumps. However, a novel soft system developed
from natural rubber effectively combines SIC with snap-through
instability. This phenomenon occurs in certain mechanical sys-
tems, where a nonlinear response to applied loads leads to a
rapid change in configuration. This combination enables the ma-
terial to demonstrate a fast transition rate with minimal energy
loss. The elastocaloric modulus can be fabricated as a membrane
structure, making it suitable for compact spaces (Figure 2f). Ad-
ditionally, optimized rubber membranes facilitate the direct con-

version of electrical energy into low-noise pneumatic actuation
(Figure 2g,h).[33,34]

Enhancing energy conversion efficiency in the elastocaloric ef-
fect can be achieved through various strategies, including op-
timizing materials that exhibit greater entropy changes during
deformation. This results in increased adiabatic temperature
changes, contributing to significant thermoregulation in appli-
cations. For instance, polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene has demonstrated exceptional elastocaloric perfor-
mance. However, the presence of the ethyl side group restricts
internal rotation and conformational changes. By reducing the
ethyl group ratio from 33% to 8 mol%, the adiabatic temperature
change increases from −4.3 to −16.3 K, and the isothermal en-
tropy change increases from 38.5 to 173.3 J kg−1 K−1. Another
improvement can be achieved through the use of advanced de-
vice designs. Kirigami structures, renowned for their stretchabil-
ity and flexibility, offer significant advantages in harvesting me-
chanical energy. Due to the inherent anisotropy of these struc-
tures, they are well suited for versatile control of localized elas-
tocaloric thermoregulation (Figure 2i).[34]

It is important to note that the elastocaloric effect also oc-
curs in isotropic materials, such as liquid crystalline elastomers
(LCEs), which broadens its potential applications beyond solid-
state systems and into soft materials and bioelectronics. The
order–disorder transitions that occur during deformation disrupt
the alignment of mesogenic segments, resulting in significant
entropy changes. Compared to anisotropic LCEs, isotropic LCEs
exhibit lower yield forces and can achieve temperature changes
up to seven times greater than those of natural rubber, mak-
ing them particularly promising for energy-efficient bioelectronic
applications.[35]

3.2. Barocaloric Effect in Soft Materials’ Systems

In 2019, Li et al.[36] reported on a class of disordered solids known
as plastic crystals that exhibit a tremendously colossal barocaloric
effect (CBCE). The barocaloric effect refers to the phenomenon
in which a phase or structural transformation of a material, trig-
gered by the application or release of pressure, leads to an en-
tropic change that can absorb or release heat. This contrasts with
the elastocaloric effect, which involves an entropic change due to
a phase change or structural transformation when strain is ap-
plied or released, also resulting in the absorption or release of
heat.

As an active barocaloric storage thermoregulation method, the
BCE leverages the phase change processes that materials un-
dergo in response to pressure changes—such as magnetic phase
transitions and structural changes in solid-state materials—to
absorb or release heat. This phase change thermal effect facili-
tates significant temperature changes during pressure variations,
making it advantageous for cooling or heating applications. The
barocaloric regenerative refrigeration cycle operates on a four-
step thermodynamic process. Under adiabatic conditions, an in-
crease in pressure results in a rise in temperature within the sys-
tem. The heat transfer fluid is then directed to the warmer side at
a constant pressure (P2), resulting in cooling of the system. Un-
der isentropic conditions, the system’s temperature continues to
decrease. Finally, the heat transfer fluid flows from the hot side
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Figure 2. Elastocaloric effect in soft materials’ systems. a) Schematic of homogeneous crosslinked polymers (DELSE) optimized for the elastocaloric
effect. b) Schematics of the traditional random crosslinking process. c) Thermal images of the DELSE during retraction. d) Loading and unloading
experiments, indicating negligible hysteresis at 60 °C. e) Mechanical performance comparisons between DELSE and natural rubber (NR). Reproduced
with permission.[28] Copyright 2023, American Association for the Advancement of Science. f) Utilizing the giant elastocaloric effect in a heat pump,
combining it with a heat target (HTR) and a cooling target (LTR). g) Schematic illustration of the dielectric elastomer actuators (DEA)-actuated ther-
moregulation design and functional principle. h) Pressure–volume diagram of one actuation cycle. Reproduced with permission.[33] Copyright 2021,
Springer Nature. i) Schematic of utilization of origami metamaterials to enhance the elastocaloric effect. Reproduced with permission.[34] Copyright
2024, ACS Publications.

to the cold side at a constant pressure (P1), further lowering the
system temperature to facilitate heat transfer from the cold side
to the warm side.[9,10,37]

Phase transitions in matter can be categorized as first-order
(primary) and second-order (secondary) transitions. A first-order
phase transition is characterized by a discontinuity in the sys-
tem’s free energy, such as Gibbs free energy, at the transition
point. This phase transition is accompanied by the release or ab-
sorption of latent heat, as two distinct equilibrium phases coexist
simultaneously. In crystal structure science, a first-order phase

transition can manifest as an abrupt change in lattice parame-
ters or a significant alteration in crystal structure.[38]

In first-order phase transition materials, phase transitions are
typically accompanied by volume changes due to internal struc-
tural changes. For instance, a transition from a paramagnetic to a
ferromagnetic state may cause a change in crystal structure, and
this structural change triggers an abrupt volume change in the
material.

Volume changes are generally closely related to variations
in temperature and pressure. When the external pressure (Δp)
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changes, especially near the phase transition temperature, the
volume of the first-order phase transition material also under-
goes significant changes. There is a strong relationship between
the entropy change (ΔS) and the volume change (ΔV) during a
first-order phase transition, which can be expressed by the fol-
lowing basic thermodynamic equation:

ΔS = ∫
ΔV
T

dp (2)

whereΔS is the entropy change that occurs in the material during
the phase transition, ΔV is the change in volume of the material
during the phase transition, and p is the pressure. This describes
the relationship between entropy change and volume change
when pressure changes are applied. In a first-order phase transi-
tion material, a change in pressure not only causes a significant
change in volume but also affects the temperature through the
entropy change. The temperature response becomes especially
pronounced as the phase transition temperature is approached.

In contrast, a secondary phase transition is characterized by
the continuity of the system’s free energy and its derivatives at the
transition point. Unlike first-order transitions, secondary phase
transitions do not involve the release or absorption of latent heat,
and only one equilibrium phase exists at the transition point. In
the context of crystal structure science, a secondary phase tran-
sition is observed as a continuous change in lattice parameters,
which may involve alterations in crystal symmetry without sig-
nificant structural remodeling.[39–42]

In certain magnetic materials, variations in hydrostatic pres-
sure can induce changes in magnetic properties, often accom-
panied by structural crystallographic transitions or significant
volume discontinuities. These factors can contribute to hystere-
sis in the BCE. Based on their microstructure, barocaloric ma-
terials can be categorized into several types, including plastic
crystals, SMAs, ferroelastic materials, hybrid organic–inorganic
chalcogenides, ferroelectric materials, molecular crystals, and n-
alkanes.

Plastic crystals represent a promising next generation of
barocaloric materials, showcasing significant entropic changes
even at relatively low pressures. This unique behavior can be
attributed to their highly disordered structure, which allows
for large compressibility and unconventional lattice dynamics.
These materials, often referred to as “oriented disordered crys-
tals”, exhibit significant changes in entropy. This property makes
them promising candidates for advanced thermoregulation ap-
plications. For example, the entropy change of the plastic crystal
neopentyl glycol (NPG) near room temperature is about 389 J
kg−1 K−1. This value is ten times greater than that observed in
currently known heat-generating materials (Figure 3a,b).[36] The
substantial entropy change observed in plastic crystals highlights
their potential as soft systems, particularly in the context of bio-
electronics and environmentally friendly thermoregulation tech-
nologies. Their adaptability and significant entropic changes po-
sition plastic crystals as promising candidates for efficient cool-
ing solutions, underscoring their importance in the development
of innovative and sustainable thermoregulation approaches for
bioelectronic devices.

To achieve clean and sustainable energy at large scale and room
temperature, Qian et al.[43] designed a neopentyl glycol-based re-

frigeration cycle that utilizes its BCE. They proposed two poten-
tial schemes: a reverse Stirling cooling cycle and a reverse Bray-
ton cooling cycle. The reverse Stirling cycle comprises two iso-
baric and two isothermal processes. During the phase from t4
to t1′, the heat source is cooled by harnessing the latent heat
released during the phase transition of neopentyl glycol from a
monoclinic to a cubic phase (CP) under high pressure (Figure 3c).
The reverse Brayton cycle, in contrast, consists of two isobaric
and two adiabatic processes. In the phases from t1 to t2, the phase
transition of neopentyl glycol from the monoclinic phase to the
CP at low pressure is utilized to cool the heat source to a temper-
ature lower than that of the source itself by adiabatically releas-
ing pressure (Figure 3d). To validate these theoretical models, the
research team designed and built a prototype for pressure card
measurement. Through a cyclic pressurization and depressuriza-
tion process, they varied the pressure from ambient conditions
to 231 MPa at a temperature of 325 K, allowing them to observe
the material’s BCE. Specifically, they recorded an adiabatic 10 K
pressurization ramp-up and a −16 K pressurization ramp-down
in each of the 10 “pressurization–release” cycles, demonstrating
that the BCE is both reversible and stable (Figure 3e–h).

Inspired by the enormous BCE found in plastic-crystalline
materials, researchers have proposed the concept of a reverse
BCE. This involves reverse barocaloric materials that release heat
when pressurized, as opposed to conventional barocaloric mate-
rials. Zhang et al.[44] introduced high reverse barocaloric batter-
ies based on ammonium thiocyanate (NH4SCN), which realizes
the reverse barocaloric effect through a pressure-induced phase
transition from an ordered to a disordered state (Figure 3i). Un-
der pressure, NH4SCN undergoes a continuous phase transition
from a monoclinic to an orthorhombic phase, and finally to a
tetragonal phase (Figure 3j,k,l). In the monoclinic phase, ND4

+

and SCN− ions are ordered, particularly with SCN− ions being
oriented in an antiparallel manner. In the orthorhombic phase,
the D atoms of the ND4

+ ions become disordered, forming a sim-
ple cubic lattice structure. These phase transitions are accompa-
nied by an abrupt contraction of the unit cell volume by about
5%, leading to a significant change in a specific volume of about
−3.8 × 10−5 m3 kg−1. This large change in specific volume is a
typical feature of the inverse BCE. In experiments, NH4SCN ab-
sorbed heat during pressurization and released heat during de-
pressurization, with the latent heat of charging being comparable
to the latent heat of discharging, demonstrating high efficiency in
converting mechanical energy—≈11 times that of a conventional
thermal battery (Figure 3j). This study not only showcases the
novel application of the reverse barocaloric effect but also high-
lights NH4SCN’s potential as a high-efficiency thermoelectric
material, particularly in harnessing pressure changes for energy
conversion and saving. Its unique properties make it a promis-
ing candidate for thermoregulation applications, contributing to
sustainable energy solutions by enhancing energy efficiency and
reducing environmental impact.

Natural rubber, a chain polymer formed from the organic com-
pound polypentadiene, is a low-cost, environmentally friendly
elastomeric material. It exhibits BCEs and shows significant tem-
perature changes when subjected to pressure. As a naturally soft
system, NR’s flexibility and responsiveness make it an excel-
lent candidate for barocaloric technology applications. In 1805,
Gough[45] discovered that rubber undergoes a heat-absorbing
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Figure 3. Barocaloric effect in soft materials’ systems. a) Fusion enthalpy and solid-state transition enthalpy for typical regular solids and plastic crystals:
neopentyl glycol (NPG), pentaglycerin (PG), pentaerythritol (PE), 2-amino-2-methyl-1,3-propanediol (AMP), tris(hydroxymethyl)aminomethane (TRIS),
2-methyl-2-nitro-1-propanol (MNP), 2-nitro-2-methyl-1,3 propanediol (NMP), tin selenide (SnSe), iron (Fe), manganese (Mn), titanium (Ti). b) Absolute
values of maximum entropy changes, |ΔSmax|, for leading caloric materials. Reproduced with permission.[36] Copyright 2019, Springer Nature. c) The
reverse Stirling cooling cycle, consisting of two isobaric processes and two adiabatic processes that exchange heat with a heat source and a heat sink,
respectively. d) The reverse Brayton cooling cycle, consisting of two isobaric and two adiabatic processes that exchange heat with the heat source and
heat sink, respectively. e) Temperature profiles for the reverse Stirling and reverse Brayton cooling cycles. The heat source temperature is TL, and the
heat sink temperature is TH. f) Schematic of the pressure-driven barocaloric cooling cycle. Crystal structures of g) monoclinic phase (MP) and h) cubic
phase (CP) NPG. Reproduced with permission.[43] Copyright 2024, Cell Reports Physical Science. i) Schematic diagram for barocaloric thermal batteries
including thermal charging at pressurization, storage, and thermal discharging at depressurization. j) Heat flow variations as a function of time for a
barocaloric thermal battery process. k) Rietveld refinements of the neutron powder diffraction patterns of ND4SCN at 300 K based on the P21/c model
and l) at 375 K based on the Pbcm model (in the insets). Reproduced with permission.[44] Copyright 2023, American Association for the Advancement
of Science.

reaction when released after rapid stretching. Later, in 1942,
Dart et al.[46] observed a temperature change of about 12 K
by rapid stretching. To explore NR’s potential commercial ther-
moregulation, Bom et al.[10] investigated its normalized tem-
perature change and refrigerant capacity. Their results showed
that the temperature change could reach up to 25 K under a
pressure of about 390 MPa and a temperature of 314 K, with a
strong dependence on the BCE related to NR’s glass transition
temperature.

SMAs typically undergo a martensitic transformation from
a high-temperature, high-symmetry CP (austenite) to a low-
temperature, low-symmetry, densely packed phase (martensite).
This transformation includes alloys such as La–Fe–Si, Ni–Mn–Z
(where Z can be Ga, Ti, In, Sn, or Sb), and Mn–Co–Ge.[42,47–51] For
example, Aznar et al.[52] investigated the shape memory Heusler

alloy Ni50Mn31.5Ti18.5, composed entirely of d-metal elements. By
adjusting the composition, they eliminated the ferromagnetic or-
der in this sample and achieved a maximum reversible isother-
mal entropy change of 35 J kg−1 K−1, demonstrating excellent
barocaloric performance.

Typical ferroelectric materials, such as PbTiO3, (NH4)2SO4,
and BaTiO3, exhibit the BCE due to the coupling between lat-
tice structures and electric dipole moments. Applying pressure
can modulate the order of these electric dipole moments, thereby
generating a barocaloric effect. For example, ammonium sulfate
exists as a nonpolar crystal with an orthorhombic crystal struc-
ture at low temperatures. As the temperature approaches the fer-
roelectric phase transition temperature, ammonium sulfate un-
dergoes a transition to a rhombohedral structure, accompanied
by changes in polarization.

Adv. Funct. Mater. 2025, 2420997 © 2025 Wiley-VCH GmbH2420997 (7 of 18)
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Perovskite materials, characterized by a basic structure of
ABX3 (where A is typically a large cation, B is a transition metal
ion, and X is a small anion), demonstrate high responsiveness to
changes in external pressure. In hybrid organic–inorganic per-
ovskites, pressure changes can modulate both the electric dipole
vector and the crystal structure, affecting the phase transition
temperature and associate thermal effects.[40,52–54]

These properties highlight the potential for mechanocaloric
effects in soft materials, where the ability to manipulate pres-
sure not only enhances energy conversion but also opens av-
enues for advanced thermoregulation solutions. By leveraging
these mechanocaloric effects, BCE materials can play a crucial
role in developing sustainable energy technologies.

3.3. Twistocaloric Effect in Soft Materials’ Systems

Currently, thermoelectrics are the only commercially available
solid-state thermoregulation technology. Vapor compression re-
frigeration typically has a Carnot efficiency of about 60%, whereas
NiTi shape memory alloy-based tensile refrigeration can achieve
a Carnot efficiency of ≈84%. To further enhance energy conver-
sion efficiency and reduce costs, it is essential to advance the re-
search and commercialization of mechanocaloric effect, particu-
larly in soft systems.[11,55] In 2019, Wang et al.[56] proposed a tor-
sional thermoregulation method based on twisting and coiling.
Unlike elastocaloric effect, which involves uniaxial stress varia-
tion, and barocaloric effect, which involves hydrostatic pressure
variation, torsional refrigeration originates from the twistocaloric
effect. This effect results in temperature changes due to twist-
ing in materials such as SMAs, polymers, and natural rubber.
NR was selected as a typical twistocaloric material, and constant
strains (100%, 250%, 300%, and 450%) were applied during the
twisting process (Figure 4a). As shown in Figure 4b, under a
300% isometric strain, the average surface temperature changes
of highly twisted, coiled, and partially supercoiled fibers were 3.3,
6.5, and 7.7 °C, respectively, while that of nontwisted fibers was
2.4 °C. Furthermore, by first releasing the twist and then apply-
ing a stretch, a greater maximum cooling effect of −16.4 °C and
an average cooling effect of −14.5 °C were achieved. When using
NR fibers composed of seven strands, each with a diameter of 2.2
mm, a maximum surface cooling temperature of −19.1 °C was
attained.

The twistocaloric effect results of polyethylen demonstrated
that the polyethylen braided fishing line was twisted at 6.5–
7.3 rpm cm−1 under isobaric loads ranging from 37.1 to 74.2
MPa, with spring indices varying from 1.4 to 0.5. The maxi-
mum surface cooling temperature was −5.1 °C, while the aver-
age surface cooling temperature was −3.2 °C when a strain of
22.7% was released and the spring index was 0.8 (Figure 4c).
The observed cooling effect is attributed to the entropy reduc-
tion caused by twisting, which leads to a partial transformation
of the orthorhombic phase to the monoclinic phase in crystalline
polyethylen fibers (Figure 4d,e).

While the temperature change is primarily induced by me-
chanical torsion, it still fundamentally involves the microstruc-
tural changes in the material under strain, similar to the entropy
and volume changes in first-order phase change materials de-
scribed by Equation (2). Specifically, the material’s internal struc-

ture changes during torsion, leading to variations in both its vol-
ume and entropy, which, in turn, cause temperature changes.

According to the thermodynamic relation:

ΔT = ΔS
Cp

(3)

The temperature change resulting from entropy change depends
on the material’s specific heat capacity (𝐶𝑝). During torsion,
the entropy change of the material influences the temperature
through this equation. For instance, at high strains, the mate-
rial may undergo a larger entropy change, leading to a more pro-
nounced temperature change.

For NiTi SMAs, reversible transformations between marten-
site and austenite occur during repeated cycles of twisting and
untwisting. The twistocaloric efficiency remains stable, with a
maximum surface cooling temperature of −17.0 °C achieved by
isotropically untwisting a single NiTi filament at a torsional rate
of 50 rpm at 0% strain. The cooling cycle of three strands of NiTi
fibers is depicted in Figure 4f. Enhancing thermal insulation, en-
larging the diameter of the channels, and increasing the rate of
water flow can improve water cooling efficiency, resulting in a
cooling effect of −7.7 °C (Figure 4f).

Poly(p-phenylbenzobisoxazole) (PBO) is an ideal material for
mechanocaloric effect due to its ultrahigh thermal modulus and
excellent thermal stability. However, because of the extreme rigid-
ity of the PBO molecular chain, achieving better thermoregula-
tion efficiency in elastocaloric refrigeration has been challeng-
ing. Feng et al.[57] applied PBO fibers to torsional refrigeration to
enhance cooling efficiency. They observed that increasing twist
density led to higher surface temperature changes: the maxi-
mum heating temperature reached 7.2 K at 7 rpm cm−1, with
an average of 2.3 K. Similarly, the maximum cooling tempera-
ture change occurred at the same twist density, with peak val-
ues reaching −1.3 K and an average of −0.6 K. At a constant
twist density, the temperature change of the fiber bundle in-
creased with more twisting, although the maximum achievable
twist density decreased. The molecular chains of pristine PBO
fibers are aligned along the axial direction, and twisting enhances
the crystallinity of the fibers. This helical arrangement reduces
axial alignment, decreasing structural entropy and resulting in
increased temperature. These properties highlight the potential
of PBO as a soft material in bioelectronics, where efficient ther-
moregulation is critical. By leveraging the mechanocaloric effects
in PBO, advancements can be made in developing technologies
for sensitive bioelectronic devices, promoting both performance
and sustainability.

Twisted fibers can induce temperature changes through tor-
sional rotation or plying, while also possessing excellent mechan-
ical stability, making them suitable for applications such as ar-
tificial muscles, wearable bioelectronics, thermoregulation, and
biomedicine.[58] For example, ions can be introduced into arti-
ficial muscles to control the dissociation of polymer chains and
induce self-assembly through evaporation under external stress,
resulting in high thermally driven supercontraction capabilities
(Figure 4g,h).[59] These unique properties not only inspire new
designs for high-performance fiber materials and artificial mus-
cles but also open up exciting possibilities for bioelectronics.
By integrating twisted fibers into bioelectronic devices, we can
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Figure 4. Twistocaloric effect in soft materials’ systems. a) Photographs of twisted, partially coiled, fully coiled, and fully supercoiled 2.5 mm diameter
NR fibers at 100% strain. b) Surface-average temperature changes versus strain for 0, 1, NR fibers with twists of 0, 1, 10, and 14 turns cm−1 (nontwisted,
highly twisted, fully coiled, and partially supercoiled, respectively, in the nonstretched state). Scale bar: 0.5 mm. c) Surface-averaged temperature changes
during equal-strength twisting and untwisting of NR fibers at 200% strain, measured continuously during an increasing and a decreasing twist scan. d)
Maximum surface temperature change of NR fibers during continuous stretching and isometric twisting and during continuous isometric untwisting
and stretch release. e) Photographs of an initially nontwisted, 3 cm long, 3 mm diameter NR fiber that was (from left to right) stretched to 100% and
painted with a white line along its length, highly twisted, fully coiled, painted red on the coil’s exterior, and then fully untwisted. f) Temperature change of
effluent water as a function of time after isometric torsion insertion and removal of torsion from a triple-layered nickel–titanium wire. The device consists
of a) motor, b) nitinol wire, c) polypropylene tubing with flowing water, d) thermocouple, e) rubber tubing, and f) epoxy resin for sealing the end of the
tubing. Reproduced with permission.[56] Copyright 2019, American Association for the Advancement of Science. g) Schematic of the spinning of spider
silk and polyacrylic acid fiber (PAF𝛼) artificial spider silk. h) Photographs of a 95 μm diameter PAF𝛼 4.75% fiber before and after actuation (lifting a 2.0
g load). i) Dissociation (𝛼 value) corresponding to the actuation strain, workability, molecular chain orientation (fm), and nanofiber orientation (fn) of
PAF𝛼. Reproduced with permission.[59] Copyright 2024, Springer Nature.

enhance their functionality and efficiency, paving the way for in-
novative solutions in soft robotics and responsive systems that
require precise thermoregulation (Figure 4i).

It is important to emphasize that the three effects—
elastocaloric, barocaloric, and twistocaloric—are fundamentally
distinct in their mechanisms. Regarding the type of mechanical
force, the elastocaloric effect occurs in solids subjected to uniaxial

forces such as stretching, compression, or tension. In contrast,
the twistocaloric effect is induced by torsional stress, involving
twisting, coiling, or rotational deformation. This type of stress
generates force moments within the material, with significant
effects being concentrated on the outer edges and minimal
changes near the center, introducing a geometry-dependent
behavior. However, the torsional forces also impose higher shear
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Table 1. Physical properties for mechanocaloric materials.

Mechanocaloric materials ΔT Capability of cooling and heating Δp [GPa] Δs [J K−1 kg−1] Refs.

Elastocaloric effect

Natural rubber Heating and cooling [28–30]

Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene 500 K Heating and cooling 0.26 326 [34]

Liquid crystalline elastomers 6 °C Heating and cooling 0.001 [35]

Barocaloric effect

Neopentyl glycol 14 K Cooling 0.091 389 [36]

2-Amino-2-methyl-1,3-propanediol Cooling 629 [36]

Ammonium thiocyanate 50 K Heating and cooling 0.02 144 [44]

Natural rubber 25 K Heating and cooling 0.39 59.0 [10]

La–Fe–Si 185–330 K Cooling 0.1–0.32 5–17 [44,47–51]

Ni–Mn–Z (Z = Ga, Ti, In, Sn, or Sb) 12 K Heating and cooling 0.4 85 [52]

Mn–Co–Ge 300 K Cooling 0.05 23.5 [51]

PbTiO3 120 K Cooling 0.1 1.6 [9,10,36]

BaTiO3 890 K Cooling 0.26 2.7 [9,11,36]

(NH4)2SO4 160 K Cooling 0.03 80 [10,11,36]

Perovskite materials 5 K Cooling 0.007 30.5 [40,53,54]

Spin-crossover materials 11 K Cooling 0.001 78 [11]

Twistcaloric effect

NiTi 14 K Cooling 8.31 [55]

Natural rubber 19.1 °C Cooling [56]

Polyethylene 5.1 °C Cooling 0.074 [56]

Poly(p-phenylbenzobisoxazole) 7.2 K Heating and cooling 0.092 [57]

stress, leading to increased material fatigue. As a result, brittle
or low-ductility materials are unsuitable for use in twistocaloric
applications. To provide a clearer understanding of the mechan-
ical forces invloved and their impact on material properties,
Table 1 summarized the physical properties of various
mechanocaloric materials.

4. Applications of Soft Mechanocaloric Materials

4.1. Sensing

The mechanocaloric effect, which connects mechanical energy
with thermal energy, offers a unique approach to sensing small
mechanical deformations. In recent years, there have been sig-
nificant advancements in pressure sensors, such as piezoelec-
tric sensors,[60,61] triboelectric sensors,[62,63] and magnetoelastic
sensors.[11,64] However, piezoelectric sensors predominantly rely
on rigid materials, while triboelectric sensors depend on surface
interactions and contact electrification, limiting their efficacy in
detecting static mechanical stress. Although magnetoelastic ma-
terials can generate some heat due to the central area in the mag-
netic hysteresis loop, they are less efficient at converting me-
chanical energy into heat compared to mechanocaloric materials,
which can directly convert mechanical energy into temperature
changes.

Consequently, the mechanocaloric effect has broad applica-
tions in areas where temperature response is desired. For in-
stance, elastic thermoelectric aerogels can monitor temperature
changes and act as intelligent fire-warning systems. The applied
pressure affects the structural integrity of the aerogels, altering

their heat generation efficiency. Enhanced aerogels, with their
improved thermal properties, can serve as highly effective ther-
mal insulation, protecting building structures from heat damage
in extreme temperature environments.[65] Temperature changes
can also be detected by temperature sensors or captured by the
thermoelectric effect,[66,67] enhancing detection sensitivity and ef-
ficiently utilizing low-grade heat energy.[68]

In addition, the mechanocaloric effect shows great potential
in the field of bioelectronics. For example, sensors based on the
mechanical thermoelectric effect can be used for real-time mon-
itoring of human body temperature or other biological signals,
and these sensors are not only highly sensitive, but also capable
of providing noninvasive, wearable temperature control solutions
in biomedical devices.

4.2. Therapeutics

Another promising application is personalized healthcare, offer-
ing comfort and health benefits by tailoring temperature settings
to individual preferences.[69] This can be achieved through either
internal (active) or external (passive) thermoregulation. Internal
temperature control uses therapeutic agents to adjust the body’s
physiological mechanisms, inducing heat generation.[70] How-
ever, excessive reliance on internal regulation may lead to hyper-
thermia or hypothermia. Conversely, external temperature regu-
lation employs wearable smart textiles and implantable devices to
modulate temperature by absorbing or releasing heat, providing
shade, controlling sweat evaporation, or converting other energy
sources (such as mechanical energy) into heat.[71] On the other
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hand, the heat generated from the mechanocaloric effect can also
be harnessed for thermal therapy or controlled drug release in
cancer treatment.

The potential applications of bioelectronics in this field are
vast.[27,72] For example, wearable bioelectronic devices can inte-
grate the mechanical thermal effect technology to achieve real-
time temperature monitoring and regulation. These devices not
only provide a comfortable temperature control experience but
also provide real-time feedback on the user’s physiological body
temperature information, further promoting the development of
personalized healthcare. On the other hand, the heat generated
by the mechanothermal effect can also be used for controlled re-
lease of drugs in thermotherapy or cancer treatment, which pro-
vides new application prospects in the field of bioelectronics.

Given the high cooling performance of mechanocaloric de-
vices compared to other solid-state cooling effects, such as mag-
netocaloric devices,[73] mechanocaloric devices hold significant
potential in the field of implantable devices. Excess heat gen-
eration is a critical issue in implantable brain–computer inter-
faces (BCIs), especially with the high integration and density of
chips.[74,75] Some BCI devices can reach temperatures as high as
330 K, well above the safe temperature limit for human brains
(311 K),[76] leading to hyperthermia and potential permanent
structural damage. Implementing mechanocaloric systems in
BCIs can ensure the long-term safety of these devices.

When comparing magnetocaloric and mechanocaloric effects,
both adhere to the Clausius–Clapeyron equation and convert
high-order energy to low-order energy (heat). In magnetocaloric
materials, applying and removing magnets can induce tempera-
ture changes for cooling purposes, while in some cases, an alter-
nating magnetic field can increase the overall temperature of the
material.[77,78] In contrast, mechanocaloric materials can achieve
both heating and cooling by controlling stretching and releasing
processes, making them versatile for various applications. In par-
ticular, bioelectronics shows great potential as one of the key ap-
plication areas. For example, wearable devices based on the me-
chanical cooling effect are able to realize precise temperature con-
trol without relying on conventional power sources, thus provid-
ing a more efficient and long-lasting energy management solu-
tion for bioelectronic devices. These devices can not only be used
for human temperature regulation, but can also be embedded
into medical devices to achieve temperature control and drug re-
lease functions, thus promoting the development of personalized
treatment and health monitoring. Innovative applications in the
field of bioelectronics will revolutionize healthcare, health man-
agement, and disease prevention in the future.

4.3. Thermoregulation

Mechanocaloric systems utilize a variety of mechanical stimuli
(stretching, pressure changes, and torsion) to induce tempera-
ture changes, providing precise thermoregulation. These tech-
nologies typically exhibit higher energy efficiency in the en-
ergy conversion process compared to traditional gas compres-
sion refrigeration systems. These advanced mechanocaloric sys-
tems offer precise temperature control, making them ideal for
temperature-critical applications such as laboratory equipment
and high-end electronics. Their applications in thermoregulation

include high-efficiency cooling equipment, energy recovery, auto-
motive cooling systems, and intelligent buildings. Overall, these
technologies not only enhance energy efficiency but also con-
tribute to environmental protection.

The elastocaloric effect of NR was discovered over 160 years
ago. However, the structural entropy change in NR polymers
is limited by the uniformity of molecular chain length. Zhang
et al.[79] demonstrated that polystyrene–ethylene-co-butylene-b-
styrene (SEBS) TPEs, with uniform molecular chain lengths, ex-
hibit reversible conformational changes (Figure 5a–c). As shown
in Figure 5a,b, the temperature change of a single elastocaloric
cycle of SEBS, measured by infrared, shows a significant in-
crease in the surface temperature of the TPEs from ambient tem-
perature (299.0 K) during adiabatic stretching to 313.5 K (600%
strain). During the stretch–recovery cycle, the shorter molecular
chains in the TPE network are initially straightened, inhibiting
further stretching of the longer molecular chains and thus limit-
ing some conformational transitions. To address the high strain
characteristics of rubber, a rotary motion cooling device was de-
signed (Figure 5d). During the cooling process, the change in out-
let temperature increased from 0.1 to 1.1 K as the strain ampli-
tude increased from 100% to 600%. This study provides a strat-
egy to enhance the elastocaloric effect, effectively releasing the
cooling energy of polymer elastomers. This technology can be
extended to soft solid-state cooling devices, creating new market
opportunities and commercial value, while also offering potential
applications in healthcare, such as wearable therapeutic cooling
systems.

Mechanocaloric effects have significant potential in ther-
moregulation, particularly in bioelectronics, where precise lo-
cal thermoregulation is crucial. However, in addition to poly-
mer elastomers, soft SMAs have shown superior performance in
solid-state cooling. Soft SMAs not only achieve higher cooling
efficiencies during mechanical deformation, but their material
properties also offer advantages in providing precise temperature
control.[52,80–82]

Ni–Mn–Ti and Ni–Ti alloys, recognized for their significant
adiabatic temperature changes, are ideal materials for metal fil-
aments in microcooling systems. To achieve high cooling power
and a broad temperature range, Qian et al.[14] designed an elas-
tocaloric cooling system that utilizes four sets of tube flow-
ing, axially loaded elastocaloric work mass bundles for mul-
timode elastocaloric effect. This system achieves cooling by
switching the flow paths of the heat transfer fluid network,
enabling both single-stage and active heat return circulation
(Figure 5e). As shown in Figure 5f, through multimode opera-
tion, the chiller achieves a maximum cooling temperature dif-
ference of 22.5 K and a cooling capacity of 260 W. In compar-
ison, the single-stage cycle achieves only an 8 K cooling tem-
perature difference, and the active reheat cycle achieves a cool-
ing capacity of less than 30 W. This demonstrates the signifi-
cant performance improvement achieved by the multimode elas-
tocaloric chiller. The system maintains efficient operation across
a broader range of conditions and optimizes the heat capac-
ity ratio of the solid phase to the liquid phase in the tubular
elastocaloric mass by adjusting its structural parameters. This
advancement further promotes the commercialization of elas-
tocaloric effect and other solid-state phase changes in cooling
technologies.
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Figure 5. Showcasing of soft mechanocaloric materials for energy and healthcare. a) Typical strain evolution and resulting temperature changes in ther-
moplastic elastomers (TPEs) with the narrowest molecular weight distribution (TPE-1) during a single cycle of enormous elastocaloric effects (E-ECs).
b) Infrared thermal images of the different processes recorded using an infrared thermal imager. c) Schematic diagram of PE/ poly(ethylene-co-butylene)
(PB) conformational evolution during the stretching process of TPEs with different molecular weight distribution ranges (MRs). d) Schematic diagram
of the rotary motion cooling device. These advancements in elastocaloric materials highlight their potential for highly efficient and sustainable ther-
moregulation, offering new pathways for next-generation cooling technologies and innovative healthcare applications. Reproduced with permission.[79]

Copyright 2022, Springer Nature. e) System design schematic and principle of operation of a multimode elastocaloric system. f) Temperature span
versus cooling power for active regenerative mode (blue) and maximum utilization mode (orange) of a multimodal elastocaloric system. Reproduced
with permission.[14] Copyright 2023, American Association for the Advancement of Science. g) Schematic diagram of active regeneration in a multima-
terial cascade elastomeric regenerator. h) Variation of the adiabatic temperature changes of the #1, #2, and #3 NiTi SMAs with ambient temperature.
Reproduced with permission.[37] Copyright 2024, Springer Nature.

To further enhance the temperature difference in existing elas-
tocaloric devices, Zhou et al.[37] constructed a multimaterial cas-
cade elastocaloric device using the reversible transformation of
martensite and austenite in NiTi at three different temperatures.
As shown in Figure 5g, the heat accumulator contains 11 mul-
ticell cross-sectional cascade tubular units made of NiTi with
the largest specific heat transfer area (12.5 cm2 g−1). Each NiTi
cell is 50 mm long, with ceramic loading heads being used to
transfer forces between cells and to provide the heat exchange
fluid, transferring heat from the low-temperature source to the
high-temperature radiator. This multimaterial cascade structure
achieves a superelastic temperature window of more than 100 °C
for elastocaloric (ambient temperatures from −15 to 86 °C) with
adiabatic temperature variations of more than 10 K (Figure 5h).

Soft mechanocaloric thermoregulation devices possess a wide
array of applications in thermoregulation, including high-
efficiency cooling, energy recovery, and automotive cooling. As

these technologies continue to be optimized, they will offer more
market opportunities and environmental benefits, paving the
way for broader commercialization.

5. Summary and Prospect

Mechanocaloric devices efficiently manipulate thermal energy,
contributing significantly to thermoregulation through tailored
heating and cooling. To further improve thermal management ef-
ficiency, promote environmental protection, and meet the needs
of wearable electronics fields, it is critical to advance the devel-
opment and commercialization of solid-state cooling technolo-
gies. Just as magnetocaloric technology research surged in the
1990s, mechanocaloric effect is poised to drive future innova-
tions in thermal management. Advances in this field can provide
more efficient and lightweight cooling solutions, enhancing the
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performance and comfort of devices and extending the lifespan
of soft equipment.

In this review, we have explored various aspects of the prin-
ciples, classification, and applications of mechanocaloric effect-
based thermoregulation technology, particularly in soft sys-
tems. This technology holds significant promise for several rea-
sons. Compared to traditional refrigeration or heating systems,
mechanocaloric effect can induce temperature changes directly
through mechanical force, reducing the need for external en-
ergy. By optimizing the design of specific materials, the actual
efficiency of the mechanocaloric effect can be very high. For ex-
ample, ferromagnetic materials such as gadolinium-based alloys
(Gd-based alloys) exhibit significant thermal effects during phase
transitions and can approach the theoretical efficiency of the
Carnot cycle.[48,52,73,83]

Moreover, mechanocaloric technology is a green energy tech-
nology, significantly reducing environmental burdens and con-
tributing to sustainable development. Additionally, it enables the
design of miniaturized and compact systems based on materi-
als such as metal wires, soft polymer fibers, and elastic films,
which are especially advantageous for portable or miniature
devices.[37,84]

As global warming and the greenhouse effect intensify,
there is a growing push to reduce greenhouse gas emissions
to combat climate change. Amendments to the Paris Agree-
ment and the Montreal Protocol encourage the adoption of
thermoregulation solutions with low global warming poten-
tial, phasing out Hydrofluorocarbon (HFC)poly(ethylene-
co-butylene)-based gas compression refrigeration
technology.[36,52,85,86]

Mechanocaloric effect based on soft systems has the potential
to revolutionize the current field. In the meanwhile, electronic
devices, sensors, and high-performance computers in high-tech
field (such as aerospace missions) often require efficient cool-
ing systems to maintain optimal operating temperatures. The
mechanocaloric effect offers an efficient cooling method for
improved thermoregulation. Specifically, solid-state cooling sys-
tems can be designed to be compact, portable, simple, and robust,
making them well suited to withstand vibrations and shocks.[87]

This resilience reduces the risk of malfunctions and minimizes
maintenance requirements.

There is a growing demand for smaller thermoregulation sys-
tems that can be integrated into more electronic devices to ef-
fectively manage waste heat, reduce power consumption, and
meet requirements such as noise-free and wide-range temper-
ature regulation. For example, blood analyzers and centrifuges
are widely used in personalized healthcare, rehabilitation, and
therapy.[88–90] The biomedical reagents used in these devices con-
tain biochemically active components that benefit from low tem-
peratures, which help slow chemical reactions and degradation,
thereby extending the reagents’ stability and shelf life. Ventila-
tor air pumps are key components that deliver air or oxygen
into a patient’s airway, ensuring adequate oxygen supply. These
pumps use condensation and humidity control to improve equip-
ment longevity, enhance patient comfort, and prevent harm-
ful microorganism growth.[60,91] Given its advantages—such as
high efficiency, environmental protection, miniaturization, relia-
bility, low maintenance, precise temperature control, and broad
applicability—mechanocaloric technology is well positioned to

expand the utilization of thermoregulation systems in biomed-
ical equipment. This expansion offers substantial benefits to per-
sonalized healthcare, enhancing the performance and reliability
of critical medical devices. Consequently, mechanocaloric tech-
nologies based on soft systems are expected to find wider ap-
plications in various fields (Figure 6). Their simpler, more reli-
able structure and ease of integration make them ideal for these
applications.

To further promote the application of mechanocaloric tech-
nology and enhance its cooling efficiency, comprehensive opti-
mization is needed in material development, system design, tech-
nology integration, environmental simulation, and commercial-
ization strategies. For example, exploring and developing new
ferromagnetic materials, and further improving Gd-based alloys
and other high-efficiency magnetocaloric materials, can increase
the efficiency of the mechanocaloric effect.[49,87] Additionally, de-
veloping multifunctional materials and applying nanotechnol-
ogy and additive manufacturing to the microstructure design
of engineered materials can enhance the reliability, lightweight,
mechanical strength, and durability of thermoregulation sys-
tems. Moreover, developing detailed business and industrial pro-
motion plans, understanding industry trends, analyzing mar-
ket demand, and participating in the development of indus-
try standards and specifications are essential steps to advance
mechanocaloric technologies.[9,33,92] For instance, automotive air
conditioners are used to regulate the temperature and humid-
ity inside vehicles, providing a comfortable environment for pas-
sengers. Current automotive air conditioners are compression-
based systems that generate noise during operation, affecting the
quiet interior environment.[93,94] As mechanocaloric technology
continues to advance and mature, it is expected to play an in-
creasingly pivotal role in the automotive industry. This technol-
ogy has the potential to enhance the overall performance of auto-
motive cooling systems, leading to a quieter, more efficient user
experience.

Mechanocaloric technology presents a viable solution as a
miniaturized, flexible, efficient, and reliable temperature con-
trol system for soft robots.[94–97] Such cooling systems can ef-
ficiently meet the thermal management needs of soft robots
while operating noiselessly, which is crucial in environments
that require minimal noise, such as medical settings, where
surgical or assistive robots must perform procedures quietly
and efficiently. In high-precision manufacturing environments,
such as semiconductor and optical component processing, noise-
free operation is also essential to avoid interference with ex-
perimental results.[96–100] Although the initial cost of develop-
ing mechanocaloric technology is high, the cost is expected
to decrease as the technology matures and production scales
up. Understanding the market demand for high-efficiency, en-
vironmentally friendly, and stable cooling systems, promoting
the technology, analyzing market trends, and adjusting product
strategies will be crucial. Furthermore, deepening collaboration
with suppliers, manufacturers, and system integrators can fa-
cilitate the commercialization and practical application of this
technology.

Although mechanocaloric effect technology shows significant
potential in the field of thermoregulation, it still faces a series of
challenges in realizing large-scale applications, particularly in the
following areas.

Adv. Funct. Mater. 2025, 2420997 © 2025 Wiley-VCH GmbH2420997 (13 of 18)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202420997 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [30/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 6. Mechanisms and future perspectives of soft mechanocaloric materials. The mechanocaloric effect offers an efficient cooling method that
enhances thermoregulation. These systems can be designed to be compact, portable, and robust, allowing them to withstand vibrations and shocks,
thereby reducing the risk of malfunctions and minimizing maintenance. The demand for smaller, highly integrated thermoregulation systems is growing,
driven by the need to manage waste heat effectively, lower power consumption, and enable noise-free operation with broad thermal regulation. Appli-
cations span diverse fields, including aerospace, biomedical systems, engineered refrigeration materials, and soft robotics. Mechanocaloric systems
provide flexible, efficient thermal management solutions, ensuring optimal performance and reliability in complex, dynamic environments.

5.1. Inadequate Refrigeration Efficiency

Current mechanocaloric technologies have yet to achieve the de-
sired level of refrigeration efficiency, especially under high loads
or during prolonged operation. While these technologies can
create a certain temperature difference, their cooling effect re-
mains weaker compared to traditional refrigeration technolo-
gies (such as compressor cooling, Peltier effect),[101,102] partic-
ularly when large-scale cooling or rapid temperature changes
are required. Conventional refrigeration methods still have a
clear advantage in handling large amounts of heat, providing
more stable and powerful cooling. In contrast, mechanocaloric
effect technologies, especially those using soft materials (such
as elastomers and polymers), need further improvement in
energy efficiency and cooling performance. However, the in-
herent flexibility and deformability of soft materials provide
significant advantages, offering better adaptability and com-
fort in more complex applications. Efficiency may be en-
hanced by the development of new materials such as high-
entropy alloys and SMAs, which exhibit higher entropy changes,
stronger mechanical strain responses, and lower thermal
conductivity.[103]

5.2. Miniaturization and Wearability

Mechanocaloric technologies hold great potential for miniatur-
ization, particularly with soft materials, which allow for the de-

sign of lighter and more flexible devices. This makes them es-
pecially suitable for wearable devices. However, current devices
are generally larger, and the complexity of designing the cooling
units and materials makes them unsuitable for everyday wear-
able applications. Devices made from soft materials offer bet-
ter adaptability and comfort than traditional cooling technolo-
gies, particularly in wearable applications where the materials
can conform to the body’s shape and provide a degree of elas-
ticity. However, the rigidity and weight of materials remain key
obstacles to their application. In addition to size and comfort,
wearable devices must also withstand complex and dynamic en-
vironments. For instance, wearable devices worn on the hu-
man body must account for factors such as mechanical vibra-
tions, body movements, and fluctuations in body temperature,
all of which can influence the device’s cooling performance.[104]

Furthermore, in industrial settings, these devices need to func-
tion effectively in environments with varying humidity, mechan-
ical stress, and high temperatures. To tackle these challenges,
advanced micromachining techniques and miniaturized ther-
moregulation designs can be utilized to reduce device size while
preserving cooling efficiency. Additionally, employing flexible
film materials and stretchable structures can help overcome the
stiffness and discomfort often associated with traditional mate-
rials. These innovations will enable wearable devices to remain
both functional and comfortable, even under demanding condi-
tions like physical movement or industrial vibrations, ultimately
enhancing the technology’s flexibility, adaptability, and overall
performance.

Adv. Funct. Mater. 2025, 2420997 © 2025 Wiley-VCH GmbH2420997 (14 of 18)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202420997 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [30/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

5.3. Stability and Durability

The stability and durability of mechanocaloric technologies in
real-world environments remain insufficient, particularly with
soft materials, where long-term mechanical strain (such as re-
peated twisting and stretching) can lead to fatigue and perfor-
mance degradation.[105–107] Compared to traditional compressor-
based refrigeration systems, soft materials may lose some of their
effectiveness after extended mechanical deformation, impacting
the overall reliability of the device. While soft materials such as
elastomers and polymers offer significant comfort advantages,
they require further strengthening in terms of durability and sta-
bility, especially in applications involving frequent deformation
or long-term use.[64,108–112] The degradation of soft materials’ per-
formance can be mitigated through material optimization and
surface treatments to improve their stability in harsh environ-
ments.

5.4. Scalability and Cost

Soft material-based mechanocaloric effect technology offers cer-
tain cost advantages over traditional compressor refrigeration
methods. While traditional refrigeration relies on complex me-
chanical systems and energy-intensive refrigerants, soft material
technology utilizes the thermoresponsive properties of the mate-
rials themselves, simplifying the manufacturing process and re-
ducing energy consumption. However, the current soft material
mechanocaloric technologies still face high production costs, par-
ticularly when developing new high-performance materials and
efficient heat transfer systems. Despite the advantages of minia-
turization and lightweight designs, soft materials still need to be
optimized in terms of cost and production efficiency to enable
large-scale production and application. Production costs can be
reduced by optimizing material synthesis and improving manu-
facturing processes, with mass production further driving down
unit costs.[113,114]

In summary, the emergence of thermoregulation technology
based on the mechanocaloric effect offers a new pathway in
sensing, therapy, and thermoregulation. To enhance the effec-
tiveness of thermoregulation technologies, further research is
necessary to optimize cooling efficiency, reduce device size for
improved wearability, and ensure stability under various condi-
tions. Scalability is also crucial for broader applications in bio-
electronics and soft materials.[115–118] Establishing industry stan-
dards will help guide development and ensure consistency. As
mechanocaloric advances and costs come down, it is set to be-
come a go-to choice for thermoregulation, driving sustainable de-
velopment and green technology forward.
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