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Abstract

Solid-state cooling/heating technology based on the elastocaloric effect is one of the promising
alternatives to vapor compression systems. Large elastocaloric temperature modulation is often
generated through the non-linear strain-induced structural transition by applying large strain
and/or stress to ferroelastic materials. Recently, an unconventional approach to expand the
application possibilities of the elastocaloric effect was demonstrated by processing elastocaloric
materials into kirigami structures, which was inspired by the art of paper cutting. Using this
approach, only a small stretch of processed conventional plastics can locally provide more efficient
performance of elastocaloric temperature modulation than that of ferroelastic materials. To further
improve such a unique functionality, it is necessary to find plastic or polymeric materials showing
large elastocaloric effects in the linear elastic response regime that can be driven by a MPa-order
weak stress application, where the non-linear structural transition is irrelevant. In this work, by
means of a recently developed measurement technique for the elastocaloric effect based on the
lock-in thermography, we found that shape memory polymers (SMPs) show prominent
performance for elastocaloric temperature modulation that is larger than conventional plastics.
SMPs enable the control of crystallinity by changing the cross-linking agents, melting temperature
by changing the degree of polymerization, and orientation of the polymer chain segment by the
shape memory effect. By utilizing the unique properties of SMPs, we manipulated their
elastocaloric performance. The experimental results reported here will highlight the potential of
smart polymers for flexible and durable elastocaloric applications.

1. Introduction

Demand for developing thermal management technologies is rapidly increasing with the remarkable increase
in the number of electronic devices and in the amount of global energy use. Recently, for realizing an
environment-friendly temperature control, a solid-state temperature modulation based on caloric effects has
attracted large interests as a promising alternative to widely used vapor compression systems that employ
greenhouse-gas refrigerants [1]. The caloric effects are characterized by an adiabatic temperature change
AT,q and/or an isothermal entropy change AS;, in a solid via the application and removal of an external
field, such as a magnetic field for the magnetocaloric effect [2, 3], an electric field for the electrocaloric effect
[4], a hydrostatic pressure for the barocaloric effect [5] and a strain/stress for the elastocaloric effect [6, 7].
Among them, it is predicted that the temperature modulation based on the elastocaloric effect could be more
efficient than other caloric effects and other solid-state temperature modulation technologies (e.g.,
thermoelectric effects) [7, 8]. To realize these advantages, extensive efforts have been exerted for developing
practical applications and exploring materials for the elastocaloric effect.

© 2023 The Author(s). Published by IOP Publishing Ltd
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A general formula of AT,4 and ASj, for the elastocaloric effect is described as

ATy = Lo [T (02 4, 2 _TolSs (1)
ud pep Jo \OT)/ ¢

where Ty, p, ¢, and € are the base temperature, density, specific heat, and uniaxial strain, respectively, and
equation (1) is compromised by assuming that the value of ¢, does not depend on T and o [1]. Equation (1)
shows that materials with large strain-induced AS;,, can have large cooling and heating capability. In general,
the mechanism of strain-induced AS;, is divided into three factors: (i) linear elastic deformation, (ii)
non-linear structural transition, and (iii) atomic/molecular rearrangement, rotation, and/or deformation.
The ASis, contribution induced by (i) can be obtained in all solids within the range of the linear and
reversible relationships between the stress o and ¢, where the magnitude of AT,q is proportional to o [9].
The mechanism (ii) corresponds to the strain-induced martensitic, ferroelastic, or glass transition, resulting
in the drastically large ASis,, which is usually much larger than AS;s, due to the mechanisms (i) and (iii).
The mechanism (iii) includes a variety of effects, such as the nano-scale atomic reordering after structural
transition [10], electric polarization reordering by the piezoelectric effect [11], and rubber-like entropy
elasticity observed in an elastomer [12]. In elastocaloric materials, shape memory alloys (SMAs), such as
NiTi-based alloys [13-16] and Cu-based alloys [17—-19], are most promising owing to the contribution
coming from the mechanism (ii). By using SMAs, the temperature modulation over 10 K has been achieved
[13-16]. However, in such materials, the repetitive application of the large input stress of >0.5 GPa during
the thermodynamic and mechanical cycles is required to drive the structural phase transition, which leads to
device performance degradation due to irreversible plastic deformation, microcracks, and hysteresis energy
loss [11, 15, 20, 21]. The natural rubber also shows the large elastocaloric temperature change due to
strain-induced crystallization [22, 23], but at least several hundred percent change of € is required to
generate a temperature change comparable to SMAs [12, 24], which restricts the miniaturization of systems.

Recently, a different approach to manipulate the magnitude and distribution of the elastocaloric
temperature change has been proposed and demonstrated based on the ‘kirigami’ processing, inspired by the
art of paper cutting [25]. A programmable cutting pattern on a solid sheet artificially introduces a
non-uniform spatial distribution of the internal stress against the application of uniaxial strain, generating
focused elastocaloric heating and cooling sources at designed positions. In addition, the kirigami pattern
gives ultrahigh stretchability and flexibility to solids, which can dramatically reduce the required stress for
stretching. By processing the kirigami pattern on a polystyrene (PS) sheet, one of the conventional plastics,
the performance of elastocaloric cooling/heating can locally exceed the values in previous reports using
SMAs even though the applied strain (stress) is a few percents (a few MPa), where the dominant contribution
of the elastocaloric effect of PS is the mechanism (i) without the glass transition. Despite the small AT,4 in
conventional polymers, such a unique functionality driven a by MPa-order weak stress without hysteresis
energy loss during mechanical cycles will open up unconventional applications for locally selective, flexible,
and durable temperature modulators based on the elastocaloric effect and may utilize omnipresent
mechanical energy that is currently wasted. To improve the perspective of elastocaloric kirigami temperature
modulators, it is important to uncover materials with large elastocaloric performance in the region of elastic
deformation because, in that region, the performance at a focused cooling/heating source in a
kirigami-patterned sheet directly depends on the performance in the unpatterned sheet. Note that the
magnitude of the elastocaloric temperature modulation normalized by the stress in the unpatterned PS sheet
is ~1.5 x 1078 K Pa~!, which realizes the local temperature change of 0.4 K at typical positions by applying
uniaxial strain (stress) of 1.0% (4.0 MPa) in the kirigami-patterned PS sheet [25].

In this study, we have investigated the elastocaloric effect in the region of reversible elastic deformation
using unpatterned shape memory polymer (SMP) sheets (figure 1). SMPs, a group of a smart polymer, are
cheaper, more flexible, and easier to be manufactured and processed than SMAs [26], so that SMPs are of
significance in flexible/wearable electronics [27] and biomedical research fields [28]. Recently, the
elastocaloric effect arising from the mechanism (ii) in an SMP has been reported [29], but the effect in the
linear elastic response regime with small strain and stress has not been investigated yet. Although there are
many SMPs, in this work, we used SMPs composed of poly(e-caprolactone), one of the conventional
semicrystalline SMPs [30, 31]. Hereafter, poly(e-caprolactone) is abbreviated as PCL. By precisely designing
the nanoarchitectonics of PCL, such as the number of branches and chain length, various physical properties,
such as thermal, mechanical, and even shape memory properties, can be tuned [31-33]. We found that the
performance of elastocaloric temperature change in PCL-based SMPs is larger than that in other
conventional plastics. By changing the cross-linking agent and/or the degree of polymerization of PCL, the
elastocaloric performance can be further enhanced; the maximum performance obtained here is twice as
large as that in PS. In addition, we found that the performance of SMPs can also be improved by using the
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Figure 1. Schematic of the elastocaloric effect in tetra-branched poly(e-caprolactone) (PCL)-based shape memory polymers
(SMPs) crosslinked by benzoyl peroxide (BPO) or dithiothreitol (DTT), where the structural formulae of two SMPs are also
shown.

shape memory effect, a unique characteristic of SMP, where the shape of SMP can be easily changed and
fixed. The thermal management functionalities of SMPs and the systematic dataset will boost both basic and
application studies in the communities of not only the caloric effects but also smart polymers.

2. Materials and methods

2.1. Sample preparation

Tetra-branched (4b) PCL was synthesized by ring opening polymerization of e-caprolactone (CL) with the
tetravalent initiator, pentaerythritol [31, 34]. The PCL with various degrees of polymerization (x = 10-70)
(abbreviated as 4bxPCL) was designed by adjusting the ratio of pentaerythritol to CL during the
polymerization. Thereafter, hydroxyl end groups of 4bxPCL were modified using acryloyl chloride to
introduce polymerizable acrylate groups onto the branch ends. The 4bxPCL modified with acrylate groups
were cross-linked by thermal polymerization with benzoyl peroxide (BPO) and Michael addition reaction
with dithiothreitol (DTT) (figure 1). The acrylated 4bxPCL was dissolved at 45 wt.% in xylene containing
2-fold molar excess BPO to the end-group of the polymer. The solution was injected between glass slides
with a ~0.2 mm thick Teflon spacer. Subsequent thermal polymerization was conducted at 353 K for 16 h to
obtain the cross-linked 4bxPCL (4bxPCL-BPO). In cross-linking with DTT, N,N-dimethylformamide was
used as a solvent instead of xylene, and a solution was prepared by adding 0.5-fold molar amount of DTT
against end-groups of polymer and a catalytic amount of triethylamine, and cross-linked 4bxPCL
(4bxPCL-DTT) was obtained in the same manner as described above. The actual values of x were estimated
atx =11, 21, 32,52, and 67 (x = 11, 21, 32, and 52) for 4bxPCL-BPO (4bxPCL-DTT) sheets by proton
nuclear magnetic resonance spectroscopy. The thickness t of the 4bxPCL-BPO and -DTT samples is in the
range of 0.1-0.2 mm. After fabrication, all the 4bxPCL SMP sheets are cut out into a strip with the width w
of 6 mm. For comparison, we prepared five commercial plastic sheets: PS, polypropylene, polyvinyl-chloride,
high density polyethylene (HDPE), and polyethylene-terephthalate with t = 1.0 mm and w = 6 mm, which
are available from NaRiKa Corp., Japan. For the lock-in thermography (LIT) measurements (see section 2.3),
the surface of the samples was coated with insulating black ink with an emissivity of >0.94 (JSC-3,
JAPANSENSOR Corporation) to endure high and uniform thermal radiation.

2.2. Differential scanning calorimetry

The crystallinity ratio X. and the melting temperature T',, corresponding to the crystal-amorphous
transition of SMPs, of the 4bxPCL-BPO and -DTT samples were estimated using the differential scanning
calorimetry (DSC). All samples were first equilibrated at 353 K and then cooled to 253 K, followed by
performing the measurements during the heating process to 353 K at a rate of 5 K min~! under nitrogen
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Figure 2. Measurement of the elastocaloric effect based on the lock-in thermography (LIT). By applying a sinusoidal-waved strain
with the amplitude Ag, offset €9, and frequency f, the sample temperature is sinusoidally modulated from the base temperature
T, with the same f by the elastocaloric effect. Captured thermal images are transformed into lock-in amplitude (A) and phase (¢)
images. During the LIT measurements, the Ao-Ae curve is measured using the load cell.

atmosphere. The value of X, was calculated from the enthalpy change quantified by DSC thermograms and
the melting enthalpy of 100% crystalline PCL and that of T, was defined as the temperature at the peak top
of DSC thermograms [35, 36]. To check the reproducibility and estimate the magnitude of errors, the DSC
measurements were conducted three times for each sample.

2.3. LIT measurement of elastocaloric effect
The temperature modulation generated by the elastocaloric effect was measured using the LIT technique
[37]. In the LIT measurement, we recorded thermal images of a sample surface by applying a periodic
oscillation of the input signal using an infrared camera and extracted a temperature change oscillating with
the same frequency f as the input frequency [25, 38—42] (figure 2). Since the LIT method enables
contact-free temperature measurements with high temperature and spatial resolutions and separation of the
temperature change due to a target effect and a background signal, it is suitable to measure the elastocaloric
temperature change in the small strain regime, compared with other methods for measuring the caloric
effects [39]. The procedure of the LIT measurement for this study is as follows (see also figure 2). First, the
samples were clamped at the distance Ly = 15 mm on a motor-driven tensile machine with a load cell and a
linear encoder, where the center between the two clamps was adjusted to the center of the viewing area of the
infrared camera by using a custom-made ball screw. Second, a sinusoidal strain with the amplitude Ae, offset
€0, and f = 1 Hz was applied to the sample along its longitudinal direction, where Ae = Al/L; and

= Ae + 0.5% with Al being the amplitude of the sinusoidal elongation. Finally, the thermal images
recorded were transformed into the lock-in amplitude A (>0) and phase ¢ (0° < ¢ < 360°) images through
Fourier analysis, in which A informs the magnitude of the elastocaloric temperature modulation and ¢ the
sign of the temperature modulation as well as the time delay due to the thermal diffusion. In previous study,
it was shown that the value of ¢ due to the elastocaloric effect in unpatterned plastic sheets at 1 Hz is nearly
180° and the contribution of thermal diffusion is negligible [25]. Unless otherwise specified, the integration
time of each LIT measurement t;,, is 60 s. The performance of the elastocaloric temperature modulation was
thus quantified by |AT|/Ac, where AT is the elastocaloric temperature change calculated as AT = Acosg
and Ao is the stress for stretching the sample, calculated as Ao = AF/wt with AF being the change in the
load monitored using the load cell. All the LIT measurements were conducted at room temperature and
under air atmosphere.
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3. Results and discussion

3.1. Crystallinity and melting temperature of 4bxPCL SMPs

Figures 3(a) and (b) show the x dependence of X (Ty,) for 4bxPCL-BPO and -DTT samples. In both SMPs,
the decreasing trend of X and T,, was observed with a decrease in x. When comparing the two SMPs with
same x, the value of X, of 4bxPCL-DTT and 4bxPCL-BPO was almost the same except for the sample with

x = 11, while Ty, of 4bxPCL-DTT was larger than that of 4bxPCL-BPO. Figure 3(c) shows the absolute value
of DSC heat flow per unit mass |j1|, proportional to specific heat of each SMP, at 300 K. The magnitude of j
of 4bxPCL-BPO was larger than that of 4bxPCL-DTT and, in both 4bxPCL SMPs, the maximum |jy| was
obtained in the sample with a minimum x (i.e., x = 21 for 4bxPCL-BPO and x = 11 for 4bxPCL-DTT).

3.2. Elastocaloric effect in 4bxPCL SMPs
In figure 4(a), we show the A and ¢ images of the 4b11PCL-DTT sheet at Ae = 1.5% as an example of the
result of the LIT measurement. The temperature modulation signal with uniform A and ¢ of ~180° was
clearly observed in the sample. As shown in figure 4(b), the magnitudes of A and ¢ are independent of fiy,
confirming the reversible temperature modulation during the LIT measurement. Figure 4(c) shows the Ae
dependence of A and Ao for the 4b11PCL-DTT sheet. These linear relationships indicate that the
elastocaloric effect obtained here is dominantly attributed to the mechanism (i), similar to the conventional
plastic sheets [25]. In all of the samples used in this study, we obtained ¢ ~ 180°, indicating that heat is
absorbed (AT < 0) when stretching the sample. We confirmed the linear Ae dependence of A and Ao below
Ae < 3%. To check endurance of the elastocaloric material, we performed repetitive LIT measurements in
the 4b11PCL-DTT sheet. In figure 4(d), A and Ao at Ae = 2.0% are plotted against the repetitive stretching
number N, up to 10 000, where the LIT measurements with the accumulation time of 60 s and interval of
40 s were repeated by Nyp = 100 times. The magnitudes of A and Ao were found to be independent of N,
confirming the durability of our elastocaloric material up to 10 000-repeated strains of 2.0%. Figure 4(e)
depicts the relationship between |AT| and Ao at Ae = 1.0% for the 4bxPCL SMP and plastic sheets. Since
the data at upper (larger |AT|) and left (smaller Ao positions in this graph correspond to higher
performance of the elastocaloric temperature modulation, we found that 4bxPCL SMPs are better
elastocaloric materials than the conventional plastics. Note that |AT|/Ac of the PS sheet with t = 1.0 mm is
1.4 x 1078 K Pa~!, which is comparable to that of the PS sheets with t = 0.2 and 0.3 mm [25], showing that
the difference in ¢ is irrelevant to the present results. Figure 4(f) shows the x dependence of |AT|/Aoc for the
4bxPCL-BPO and -DTT samples. The |AT|/Ao values of the PCL-based SMP sheets were larger than that of
the HDPE sheet (~2.0 x 1078 K Pa~!), the maximum among five conventional plastic sheets. In both SMP
sheets, the values of |AT|/Ac were almost the same in the range of x > 32, but below x = 32, the value of
|AT|/Ac increased with decreasing x. The maximum |AT|/Ac observed here was estimated to be
~3.0 x 1078 K Pa~! in the 4b11PCL-DTT sheet, which leads to AS;,, ~ 7 x 107*J g~ 'K~!. To compare the
performance of elastocaloric materials, we can use the material-level dimensionless elastocaloric efficiency ¢
[43, 44], defined as the ratio between the useful cooling/heating (:pcp|AT|) and the work input, i.e., the
area between the Ao-Ac curve and horizontal axis [13]: AcAc/2 in an elastic response. Here, we note that
the material-level coefficient of performance COP,, is also widely used for comparing elastocaloric
materials but inappropriate for our samples; since the work input in COPyy, is defined by the area of the
Ac-Ace curve enclosed by loading and unloading curves (=§ode), it is almost zero in the reversible elastic
regime, leading to the divergence of COP ;. Although the magnitude of |[AT| and |AT|/Ac of the
PCL-based SMP sheets are still smaller than those of SMAs, ( is estimated to be ~5 for our samples when
p=11x10°gm > and ¢, = 1.8] g~ 'K~ ! are used [45, 46]. This ¢ value is comparable to that of SMAs [13,
47]. Moreover, assuming that the 4b11PCL-DTT sheet is patterned into the same kirigami structure as
shown in the PS sheets in [25] and the similar increase ratio of focused stress is obtained within the linear
elastic response regime, the local |AT|/Ac value will be enhanced around 4 x 1077 K Pa~!. This value is
nearly an order of magnitude larger than that of SMAs, corresponding the local |AT| of over 1.0 K only at
Ae = 2.0% (note that the total |AT|/Aoc averaged over the kirigami-patterned sample is not enhanced).
Here, we discuss the origin of the x dependence of |AT|/Ac in 4bxPCL SMPs. When we consider only
the mechanism (i), equation (1) is simply reformulated as |AT,q4|/Ac = | Toa/c|, where « and ¢ are the linear
expansion coefficient and volumetric heat capacity, respectively [9]. According to the results of the DSC
measurements (see section 3.1), ¢ should increase with decreasing x. Thus, the dominant contribution of the
enhancement of [AT|/Ac with decreasing x is the increase in «. In the vicinity of Ty, the thermomechanical
properties including o« may be modulated as well as the mechanical properties [48, 49]. However, the
decrease in T, also causes the reduction of X, and durability. The combination of small x and large X are
crucial for enhancing |AT,q|/Ac at room temperature. Owing to the DTT cross-linking, the high rate of
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Figure 3. (a) x dependence of the crystallinity ratio X.. (b) x dependence of the melting temperature Tr,. (c) Absolute value of
heat flow per unit mass |ju| at 300 K measured by differential scanning calorimetry for the 4bxPCL-BPO and 4bxPCL-DTT
samples. In (c), the data for the 4b11PCL-BPO sample is absent because its Ty, is close to room temperature.
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Figure 4. (a) A and ¢ images of the 4b11PCL-DTT sheet at Ae = 1.5%. Green arrows show the direction of the applied uniaxial
strain. (b) Dependence of A and ¢ on the integration time of the LIT measurement fin; at Ae = 1.5%. The magnitude and error
bars of the A and ¢ signals are the average and standard deviation of the data in the area surrounded by the white dashed
rectangle in (a), respectively. (c) Ae dependence of A (upper panel) and Ao (lower panel) for the 4b11PCL-DTT sheet.

(d) Stretching repetition number Np and LIT-measurement number Nyt dependences of A and Ao for the 4b11PCL-DTT
sheet at Ae = 2.0%. (e) Relation between the elastocaloric temperature modulation [AT| = |Acos¢| and Ao at Ae = 1.0%. In
addition to the PCL-based SMP sheets, the data for the conventional plastic sheets including polystyrene (PS), polypropylene
(PP), polyvinyl-chloride (PVC), high density polyethylene (HDPE), and polyethylene-terephthalate (PET) sheets with the
thickness t of 1.0 mm are shown. The data for the 4b11PCL-BPO sample is absent because it is too fragile to measure the
elastocaloric effect due to Ty ~ room temperature. (f) Degree of polymerization x dependence of |AT|/Ac for the 4bxPCL-BPO
and -DTT sheets. The dotted line shows |AT|/Ac for HDPE, which exhibit the maximum |AT|/Ac value among the five
conventional plastics.

ordered crystal structure can be kept even at room temperature in the 4bxPCL SMPs with small x, resulting
in the large |AT,q|/Ao.

3.3. Modulation of elastocaloric temperature change using shape memory effect

To further investigate the elastocaloric properties of SMPs, we performed the same measurements on the
SMP sheets uniaxially deformed by the shape memory effect. Figure 5(a) shows the images of the PCL-based
SMP sheets before and after deformation of which the procedure is as follows. First, the sheet clamped on the
tensile machine was heated up to T, using a blow-dryer. Then, while heating, the sheet was quickly stretched
by a uniaxial deformation strain 7, which was controlled by moving the clamps of the tensile machine.
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Figure 5. (a) Photograph of the 4b11PCL-DTT sheets before and after the deformation using the shape memory effect. 7 is the
deformation strain. (b) A images of the 4b52PCL-BPO sheets at 7 = 0%, 50%, 100%, 150%, 300%, and 500%. (c)[(e)] n
dependence of A (upper panel) and Ao (lower panel) for the 4b52PCL-BPO (4b52PCL-DTT) sheet. The magnitude and error
bar of A are the average and standard deviation of the data in the area surrounded by the white dashed rectangle in (b),
respectively. (d)[(f)] n dependence of |AT|/Ac for the 4bxPCL-BPO (4bxPCL-DTT) sheets for x = 21 (squares), 52 (circles),
and 67 (triangles) [x = 11 (diamonds), 21 (squares), and 52 (circles)].

Finally, by cooling down the sheet to RT while holding the elongated sheet, the deformation was persistently
fixed.

Figure 5(b) shows the A images of the 4b52PCL-BPO sheet at several 7 values. Even after the
deformation, the distribution of the A signal in the SMP sheets is uniform. Importantly, the magnitude of the
A signal depended on 7. The upper panel of figure 5(c) shows the A signal as a function of 5 at Ae = 1.0% in
the 4b52PCL-BPO sheet. The magnitude of A was enhanced with increasing 1 below 1 = 150%, where A at
1 = 100%—150% were about 1.4 times larger than that at ) = 0%, but was decreased toward zero with
further increasing 7 above 150%. However, the 1 dependence of Ao at Ae = 1.0% was quite different from
A: the clear increase in Ao was obtained only around 77 = 150% as shown in the bottom panel of figure 5(c).
Such individual n dependences enhanced the |AT|/Ac factor (light blue circle data points in figure 5(d)) to
~3.0 x 1078 K Pa~! at ) = 100%, a similar value obtained in the 4b11PCL-DTT sheet with i = 0%.
Although the enhancement of |AT|/Ac around 1 = 100% was also observed in the 4b67PCL-BPO sheet, the
|AT|/Aoc of the 4b21PCL-BPO sheet monotonically decreased with the increase in ) (figure 5(d)). In the
4bxPCL-DTT samples, as shown in figures 5(e) and (f), the significant enhancement of A was not obtained
and only the decrease in |AT|/Ac with 7 increase was confirmed even in the sample with x = 52, whereas
the Ao -n relation showed the similar behavior.

Finally, we discuss the origin of the modulation of the elastocaloric properties induced by the shape
memory effect. The dominant contribution is expected to be different from the mechanisms discussed in
section 3.2, because uniaxial deformation via the shape memory effect induces the orientation of polymer
chains and the change in the order from isotropic to anisotropic network with almost no change in
crystallinity of PCL [50]. Previous reports show that the orientation of polymer chains monotonically
reduces « in other polymers [51-53]. If this scenario is applicable to PCL-based SMPs, the dramatic
reduction of A at large 7 can be explained, while the enhancement of A around n = 100%-150% is still
unclear. Thus, additional AS;, induced by the mechanism (iii) corresponding to the conformation of
polymer chains may exist. To clarify the microscopic mechanism and optimize |AT|/Ac in SMPs, detailed
analyses of their structures are necessary.

4, Conclusions

In conclusion, we investigated the elastocaloric effect of the PCL-based SMPs with two different cross-linking
agents in the regime of the linear elastic deformation. By visualizing the elastocaloric temperature change
using the LIT technique, we found that the elastocaloric performance, |AT|/Ac, in the PCL-based SMPs was
higher than that in the conventional plastics and further enhanced by changing the cross-linking agent and

7



10P Publishing

J. Phys. Energy 5 (2023) 034011 T Hirai et al

decreasing x. On the other hand, only in the PCL-based SMPs with BPO cross-linking and large x, the
enhancement of |AT|/Ac was demonstrated using the shape memory effect. These results reveal the
potential of SMPs as elastocaloric materials and invigorate applications and materials science studies toward
the realization of ultralow-stress-driven, flexible, and durable elastocaloric kirigami temperature modulators.
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