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Ageing of thermomechanical and elastocaloric response of liquid crystalline 
elastomers
Matic Morgana,b, Andraž Rešetiča, Zdravko Kutnjaka,b and Brigita Rožiča,b

aCondensed Matter Physics Department, Jožef Stefan Institute, Ljubljana, Slovenia; bJožef Stefan Postgraduate School, Ljubljana, Slovenia

ABSTRACT
Main-chain liquid-crystalline elastomers were examined to assess their long-term thermomecha
nical stability and elastocaloric performance under repeated uniaxial actuation. The monodomain 
samples, prepared with tunable crosslink densities and well – defined nematic – isotropic (N–I) 
transitions, were subjected to up to 1,000,000 stretch – retract cycles using a custom extensometer 
capable of simultaneous strain, stress, and temperature measurements. Relatively small mechan
ical fatigue and absence of cracking and delamination were observed throughout the test dura
tion, demonstrating excellent mechanical resilience. Repeated cycling produced a gradual 
enhancement of the elastocaloric temperature change, reaching a steady-state increase after 
several thousand cycles, consistent with stress-induced stabilisation of mesogenic alignment. 
Concurrently, the N-I transition temperature decreased by approximately 13 K, indicating partial 
network relaxation and reorganisation under prolonged loading. These results show that cyclic 
actuation can improve elastocaloric responsiveness while preserving structural integrity, high
lighting MC-LCEs as robust and sustainable candidates for next-generation solid-state heat- 
management technologies.
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1. Introduction

The growing global demand for cooling and refrigera
tion presents an increasingly urgent environmental 
challenge. Conventional vapour compression systems 
rely on high-global-warming-potential refrigerants and 
consume substantial electrical energy, contributing sig
nificantly to greenhouse gas emissions [1–4]. These 
concerns have intensified the search for alternative 
solid-state cooling technologies based on caloric effects, 
in which a material undergoes a reversible temperature 
change when an external field – magnetic, electric, 
hydrostatic, or mechanical – is applied or removed 
[2,5–11]. Among these, the elastocaloric effect (eCE), 

driven by mechanical stress, has emerged as 
a particularly promising route towards efficient and 
environmentally friendly cooling devices or heat 
pumps [12–17].

Traditional elastocaloric materials, such as shape- 
memory alloys (SMAs), can exhibit very large tempera
ture changes, reaching up to 40 K under high applied 
stresses [1,2,12,14,15,18,19]. However, their practical 
deployment is hindered by the need for extremely 
large stress fields (hundreds of MPa to nearly 1 GPa), 
mechanical fatigue, and the complexity of the required 
actuation hardware. These limitations motivate the 
exploration of soft mechanocaloric materials, such as 
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liquid-crystalline elastomers (LCEs), where comparable 
entropy changes can be achieved at stress levels orders 
of magnitude lower.

Liquid-crystalline elastomers have recently attracted 
attention as a compelling class of soft elastocaloric mate
rials. LCEs combine the entropic elasticity of polymer 
networks with the orientational order of liquid-crystal 
mesogens, enabling large, reversible shape changes 
directly coupled to the nematic order parameter [20– 
24]. In both side-chain and main-chain architectures, 
the mesogens constitute the majority of the material’s 
mass. In the case of side-chain LCEs, the nematic mole
cules are coupled to the polymer backbone, whereas 
main-chain LCEs incorporate the nematic molecules 
directly into the polymer chains. Through the two-step 
Finkelmann crosslinking process, an internal stress field 
is imprinted into the network, giving rise to giant ther
momechanical (TM) contraction – often exceeding 100 
% strain (defined as Δl=l) in main-chain systems 
[20,25–29].

Because mechanical stress couples directly to the 
nematic order parameter, LCEs can exhibit 
a measurable elastocaloric response upon stretching or 
releasing. Early direct measurements demonstrated that 
main-chain LCEs can produce elastocaloric temperature 
changes of ,0.4–1 K at stresses as low as 0.1–0.2 MPa, 
corresponding to elastocaloric responsivities of 4–25 
K MPa� 1-two to three orders of magnitude larger than 
those of SMAs [27,28,30,31]. Subsequent studies 
showed that the magnitude and sharpness of the 
nematic – isotropic (N–I) transition, and thus the elas
tocaloric response, can be tuned by varying the cross
linking density. Lower crosslink densities shift the 
transition towards first-order behaviour, introduce 
latent heat, and significantly enhance both the TM and 
eC responses [27,28,32–35].

These findings position main-chain LCEs as 
highly promising candidates for low-stress, high 
responsivity elastocaloric cooling. However, for any 
caloric material to be viable in real-world devices, its 
long-term mechanical and functional stability under 
repeated cycling must be understood. While SMAs 
often suffer from fatigue and fracture under cyclic 
loading, LCEs – owing to their polymeric nature – 

may offer superior durability. Nevertheless, systema
tic studies of thermomechanical and elastocaloric 
ageing, including how repeated actuation influences 
the N–I transition, mesogen alignment, and eC per
formance, remain scarce [35].

In this work, we address this gap by investigating the 
long-term thermomechanical and elastocaloric stability 
of main-chain LCEs subjected to extensive cyclic 
stretching. Using monodomain samples with tunable 
crosslink densities, we examine how repeated actuation 
affects the N–I transition temperature, the magnitude of 
the elastocaloric response, and the structural integrity of 
the elastomer network. Our results reveal that main- 
chain liquid-crystalline elastomers maintain excellent 
mechanical resilience even after one million cycles, 
while exhibiting systematic and interpretable changes 
in both TM and eC behaviour. These insights highlight 
the robustness and tunability of LCEs and further sup
port their potential as sustainable working materials for 
next-generation solid-state cooling technologies.

2. Sample preparation and experimental

2.1. Sample synthesis and preparation procedures

The main-chain liquid crystalline elastomers (MCLCEs) 
investigated in this study were synthesised using the 
conventional two-step Finkelmann crosslinking proce
dure, which reliably produces monodomain elastomers 
with strong, reproducible thermomechanical and elas
tocaloric responses [25,28]. As in related studies, meso
genic units are incorporated directly into the polymer 
backbone, forming the primary chain of the elastomer 
network with our custom synthesis [27,30]. The synth
esis employed 1,1,3,3-tetramethyldisiloxane as a chain 
extender and 2,4,6,8,10-pentamethylcyclopentasi- 
loxane as the crosslinker, with toluene serving as the 
solvent and dichloro(1,5-cyclooctadiene) platinum(II) 
in dichloromethane as the catalyst, following proce
dures consistent with previous MCLCE report [36]. 
The components are present in Figure 1(a–c).

In the first crosslinking stage, a weakly crosslinked 
elastomeric network was formed. The partially cured 
material was then uniaxially stretched in the nematic 
phase to impose orientational alignment of the mesogenic 

Figure 1. Chemical components of the MCLCE material: (a) Main-chain mesogenic monomer, (b) Polymer chain extender and (c) Five- 
points crosslinker.
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units [25,26]. The second crosslinking step, performed at 
approximately 343 K, fixed this internal stress field and 
produced monodomain samples exhibiting thermomecha
nical strains exceeding 100 %, consistent with earlier 
observations in main-chain systems [20,27,28]. These elas
tomers displayed strong coupling between mechanical 
stress and mesogen orientation, making them ideal candi
dates for studying the interplay between microstructural 
tuning, ageing, and elastocaloric performance [24].

The synthesis was carried out under stoichiometric 
hydride – vinyl conditions and in a relatively dilute 
toluene solution, which was chosen to promote homo
geneous network formation and high conversion of 
the reactive groups. Similar main-chain LCE syntheses 
based on controlled stoichiometry and end-linking 
have been reported [37–39] to yield high-gel-fraction 
networks, while gel fraction in LCEs is commonly 
quantified by solvent extraction/swelling followed by 
drying and weighing. In the present study, samples 
from various batches were used and showed no mea
surable differences in any of the measured quantities, 
indicating that soluble oligomers, if present, do not 
dominate the ageing behaviour discussed here.

Two compositions with molar crosslinker parts of 
ϕ = 0.05 and 0.07, denoted MCLCE-5 and MCLCE-7, 
respectively, were synthesised to tune the character of 
the nematic – isotropic (N–I) transition from super
critical-like at high crosslinking density to a more cri
tical one at low density, thereby modulating the 
sharpness of the transition and thus the elastocaloric 
responsivity [27,28]. Varying this parameter enables 
systematic tuning of the nematic – isotropic (N–I) 
phase transition character – from a continuous, super
critical regime at high crosslinking density to a sharp, 
first-order-like transition at low crosslinking density – 
thereby directly influencing both the latent heat and the 
elastocaloric response [32,33]. The N-I phase transition 
occurs at approximately 410 K. Rectangular specimens 
(�15� 3� 0:3 mm3) were used in this study. This 
geometry is standard for direct caloric measurements 
and ensures uniform strain distribution during uniaxial 
loading [27,28]. All samples were annealed above the 
N-I transition prior to measurements to remove resi
dual stresses and ensure reproducible behaviour.

2.2. Experimental methods

All thermomechanical and elastocaloric measurements 
were performed using a custom-built extensometer, 
similar in design to those used in previous direct caloric 
studies on LCEs [27,30]. The setup consists of 
a temperature-controlled copper block that serves as 

a thermal bath. The temperature is controlled via 
a Lakeshore temperature controller 350 to a precision 
of 0:001 K. Above the chamber is a precision-driven 
stepper motor translator. Below the heated copper 
chamber is a strain gauge that measures tensile or com
pressive forces [22]. Furthermore, the sample can be 
equipped with a small 500 k Ω thermistor, wired to 
a Keithley 2002 multimeter that measures its resistance, 
thereby determining the sample’s temperature. The 
sample is fixed between two holders, which are mounted 
to the strain gauge and translator motor, respectively.

For thermomechanical measurements, the sample 
was subjected to controlled heating and cooling cycles 
within the copper chamber while maintaining 
a constant preload tension, consistent with standard 
characterisation approaches in liquid-crystalline poly
mer networks [40]. The translator compensated for 
thermal length changes to maintain quasi-static condi
tions, while strain and temperature were continuously 
recorded. This procedure follows established protocols 
for characterising the temperature-dependent strain 
response of MCLCEs [26–28,30].

2.2.1. Elastocaloric measurements
Direct elastocaloric measurements were performed by 
applying a rapid uniaxial stretch at constant bath tempera
ture, followed by a short hold period (15–20 s) to allow 
internal thermal equilibration and mechanical relaxation. 
The adiabatic temperature change ΔTeC was extracted 
from the thermistor signal, while the applied stress was 
determined from the strain gauge output. This configura
tion enables simultaneous acquisition of mechanical and 
thermal data with millikelvin sensitivity and micrometre- 
level strain resolution, thereby providing direct character
isation of the elastocaloric response under near-adiabatic 
loading and unloading conditions, as in other caloric 
and mechanocaloric measurement methodologies 
[12,27,28,30,41,42]. To minimise heat exchange with the 
environment, samples were mounted in low-thermal- 
conductivity glass holders using Kapton tape, ensuring 
minimal thermal contact while maintaining mechanical 
stability. The mounting is pictured in Figure 2.

The measurement protocol was repeated at tempera
tures spanning the N–I transition to capture the peak 
elastocaloric response. The ageing was later performed 
at the N–I transition, i.e. the temperature at which the 
largest eC response is observed.

2.2.2. Ageing measurements
Ageing experiments were conducted in two stages. First, 
stress-relaxation measurements were performed by 
stretching the sample to a prescribed length (typically 
within 1 s) and holding it stretched for 60 seconds 
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(Figure 3), while monitoring the exponential decay of the 
required stress field to maintain the sample’s stretch. The 
sample was extended length-wise as the director of the 
order parameter of the MC-LCE is in that same direction, 
optimising the applied filed for orientation of the poly
meric backbones and hence the orientation of the 
nematic molecules. The stress field exhibits a peak imme
diately after the prescribed length is reached and then 
relaxes to the steady-state value with a characteristic time 
of about 1.5–2 seconds (see the inset to Figure 3). The 
stress-relaxation region was fitted after completion of the 
stretching ramp, during the constant-strain holding per
iod. The ramp and unloading parts of the curve were 
excluded from the fit. The relaxation was described using 

a single-exponential decay with a non-zero stress offset, 
σðtrelÞ ¼ σ1 þ A exp � trel

τ

� �
where trel is the time mea

sured from the beginning of the constant-strain hold, σ1
is the relaxed stress plateau, A is the relaxation amplitude, 
and τ is the characteristic relaxation time. For the repre
sentative curve shown in Figure 3, the fit yielded 
σ1 ¼ 0:17849� 0:00003MPa, A ¼ 0:01374 �
0.00029MPa, and τ ¼ 2:15� 0:07s. This behaviour is 
consistent with the viscoelastic relaxation and softening 
dynamics reported in LCEs and related elastomer sys
tems [27,30,43,44]. During the ageing measurements, the 
elastomers were cycled at a frequency of around 1:5 Hz, 
which is more relevant for real applications. Such 
a frequency is slightly faster than the characteristic relaxa
tion time above would suggest. We argue that rapid 
cycling keeps the sample in a state of mechanical distress, 
in which the polymer backbone alternates between 
attempts to relax and restretching. This situation is likely 
harder for the MC-LCE to endure, as external and inter
nal forces switch rapidly.

In the second stage, long-term cyclic loading was 
applied to evaluate mechanical durability and ageing- 
induced changes in caloric performance. Samples were 
cycled at 1.5 Hz between fixed strain limits, with total 
cycle counts ranging from 104 to 106 depending on 
crosslinking density. To prevent sample fracture at ele
vated temperatures, a compliant clamping system was 
developed: the sample ends were embedded in 3D- 
printed Phrozen TR300 high-temperature resin cubes 
filled with cured adhesive, providing a soft mechanical 
interface that avoids stress concentration. Experiments 
with a variety of rigid-interface clamping systems 
resulted in the sample tearing or breaking after a few 
thousand cycles, always at the transition section 
between the rigidly clamped and free sections. Our 
clamping system is presented in Figure 2. Similar issues 

Figure 2. Homemade extensometer (left), sample mounting in loose plastic holder for ageing measurements, sketch (middle), and 
actual view with sample mounted (right).

Figure 3. Stress σ as a function of time during a representative 
stress-relaxation measurement. The sample was rapidly 
stretched to the prescribed strain and then held at fixed length 
before unloading. The inset shows the relaxation region fitted 
with a single-exponential decay with a non-zero stress offset, 
yielding a characteristic relaxation time of τ ¼ 2:15� 0:07s.
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with fracture susceptibility and fatigue sensitivity have 
been discussed in recent LCE fatigue-resistance studies 
[29,45,46]. The improved clamping method for the sam
ple, which uses a rigid holder to hold the fragile sample 
softly, mediated by hardened glue, was used for both 
MCLCE samples with 5% and 7% crosslinking densities.

During cycling, the sample length at maximum and 
minimum extension was continuously monitored to 
detect gradual changes in network relaxation, creep, or 
permanent changes. After ageing, both TM and eC 
measurements were repeated to quantify shifts in the 
N–I transition temperature and changes in elastocaloric 
amplitude.

3. Results and discussion

3.1. Ageing of thermomechanical response

Firstly, some preliminary tests were carried out. For 
these, we used both MCLCE-5 and MCLCE-7 samples, 
employing relative strains of 15 % (λ ¼ 0:15) and 10 %
(λ ¼ 0:10), respectively. These samples are close to the 
liquid-vapour type critical point [47] in the tempera
ture – crosslinking density phase diagram [28] and were 
chosen as the softest at the N-I phase transition. The 
stretching and retracting cycles were carried out at 
a constant temperature near the N-I phase transition 
temperature, as the thermomechanical response at the 
N-I transition shows the strongest rise and eCE reaches 
its maximum [27,28,30]. A virgin sample, approxi
mately 15 mm long, was used in both cases. Firstly, the 
spontaneous thermomechanical response initially 
occurs around the N-I phase transition temperature. 
In the case of MCLCE-7, within the first 3000 cycles, 
while employing a relative strain of 10 % (λ ¼ 0:1), the 

shift of the N-I phase transition was monitored every 
1000 cycles. Figure 4(a) shows the shift of the 
N-I transition as a function of the number of stretching 
cycles N. After completing 10,000 cycles, spontaneous 
thermomechanical response and N-I transition tem
perature were again determined, see Figure 4(b) for 
MCLCE-5. The amplitude of relative strain of λ ¼ 0:15 
was about two times larger than the spontaneous ther
momechanical response at N-I transition temperature at 
which ageing was actually performed in MCLCE-5 (see 
Figure 4(b)).

Figure 4 shows a modest shift in the N-I transition 
temperature, ΔTNI ¼ 2:9 K, after completing 10,000 
stretching cycles with a tendency towards saturation. 
No reduction of the spontaneous thermomechanical 
response is observed for this small number of cycles 
(see Figure 4(b)), demonstrating preservation of 
mechanical elastomeric integrity.

As the MCLCE-5 sample is relatively close to the 
critical point and softer than MCLC-7, we decided to 
perform an extensive ageing study on the MCLCE-7 
sample, which is more rigid but still shows a large eCE 
and an even larger thermomechanical response. Here, 
the relative strain amplitude was kept the same 
(λ ¼ 0:1) as in the initial cycling for easier comparison. 
Still, it was about �25 % of spontaneous thermomecha
nical response at room temperature and about equal to 
the spontaneous thermomechanical response at 
N-I transition temperature (see Figure 5). The sponta
neous thermomechanical strain, λðTÞ, can be used as 
a functional proxy for changes in the orientational order 
and its coupling to the polymer network. In monodo
main liquid-crystalline elastomers, changes in the 
nematic order parameter, SðTÞ, directly affect the aniso
tropy of the network-chain conformation and are 

Figure 4. Shift of the N-I phase transition temperature ΔTIN induced by mechanical cycling in the MCLCE-7 (a) and spontaneous 
thermomechanical relative strain λ measured in the virgin MCLCE-5 sample and after the completion of 10,000 stretching and 
retracting cycles (b).
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therefore expressed macroscopically as changes in λðTÞ. 
For this reason, the temperature dependence of λðTÞ
provides direct functional information on the evolution 
of order-related thermomechanical response during 
ageing. Consequently, while structural measurements 
such as WAXS/SAXS or NMR would provide additional 
microscopic information, they are not essential for iden
tifying the ageing-induced changes relevant to the pre
sent study. Here, the shift and broadening of λðTÞ, 
together with the evolution of stress and effective mod
ulus, are therefore used as experimentally accessible 
indicators of changes in the strain – order coupling. 
Nevertheless, we do not assign these changes to 
a single microscopic mechanism in the absence of direct 
structural measurements [31,48].

Similarly to the MCLCE-5 sample, we initially mea
sured the spontaneous TM response as a function of 
temperature on a virgin sample (red circles in Figure 5). 
It should be noted that the spontaneous TM response in 
the MCLCE-7 sample was about 2.5 times larger than in 
the MCLCE-5 sample. The sample was then subjected to 
a single large run of 1,000,000 stretching and retracting 
cycles with a stretching amplitude λ ¼ 0:1 (inset of 
Figure 5), which took about three weeks to complete. 
After completion of 1,000,000 stretching cycles, the 
spontaneous thermomechanical response was measured 
again (green diamonds in Figure 5). A significant shift 
of the N-I transition temperature of �13 K was 
observed between these two curves. In addition, slight 
smearing of the N-I transition and a 12 % reduction in 
the spontaneous TM response were observed at 320 K in 
the aged sample. As the sample was aged for a very long 
time at a relatively high temperature (around 410 K), its 

thermal degradation could account for some of the 
observed changes. To test this possibility, another run 
was performed in which a virgin sample (from the same 
batch) was not mechanically stretched, but annealed 
(kept at) 410 K for three weeks (blue boxes in 
Figure 5). The annealing run showed a smaller shift in 
the N-I transition temperature of only 4.8 K, practically 
no smearing of the N-I transition, and only a minute 
reduction in the spontaneous TM response of 1 % at 320 
K. The results demonstrate that one million cycles of 
mechanical stretching cause a small degradation of the 
sample, reducing the TM response by about 10 % and 
lowering and broadening the N–I transition tempera
ture by approximately 2–3 %, effects that may not be 
solely attributable to thermochemical degradation. It is 
plausible that the oriented sample during fast, dynami
cally nonequilibrium mechanical stretching becomes 
slightly less oriented due to annealing of the second- 
stage crosslinking-imprinted internal stress field and 
partial rearrangement of the crosslinked network [49]. 
Such changes slightly modified the thermodynamic 
conditions for the phase transition. Similar network- 
relaxation-driven shifts in phase behaviour have been 
reported in recent analyses of LCE fatigue and fracture 
evolution [29,41,45,50]. High-temperature annealing 
likely relaxed internal stresses and reduced spatial het
erogeneity in crosslink environments, allowing the tran
sition to occur more cooperatively and therefore 
preserving sharpness, consistent with established under
standing of thermally driven relaxation and reorganisa
tion in liquid crystal polymer networks [40]. Ageing can 
weaken the effective coupling between mesogens and 
the elastomer backbone leading to altered network 
modulus, phenomena that are broadly consistent with 
recent analyses of fatigue, fracture, and microstructural 
softening in LCEs [29,44,45]. Each of these effects 
reduces the free-energy difference between the nematic 
and isotropic states, forcing the sample into a more 
relaxed steady state with a lower N-I transition tempera
ture [42]. This would account for the smearing of the 
transition and TM reduction. Such TM reduction after 
cycling would also result in the stress field increase 
required for keeping the induced relative strain λ con
stant as well as the increase in the effective Young 
modulus E ¼ σ=λ, both shown in Figures 6 and 7 for 
MCLCE-5 and MCLCE-7 samples, respectively. We 
speculate that in less crosslinked samples, there will be 
more reversible polymer network untangling than irre
versible bond breaking, whereas in more crosslinked, 
more rigid samples, irreversible bond breaking will 
become dominant, leading to decreased TM (i.e. 
increased effective Young modulus). Indeed, experi
ments show that for a small number of cycles below 

Figure 5. Thermomechanical response of a virgin MCLCE-7 
sample (red circles), an aged sample (green diamonds), and 
a thermally annealed sample at 410 K for three weeks (blue 
boxes).
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10,000, no measurable change (<0.1 %) is observed in 
both σ and E (Figure 6) in a softer MCLCE-5 sample. In 
contrast, after 10,000 cycles, about 0.25 % change is 
observed in both quantities in the MCLCE-7 sample, 
which steadily increases with increasing N to about 12 
% after 1,000,000 stretching cycles (Figure 7).

3.2. Ageing of elastocaloric response

Initial ageing experiments of the elastocaloric response 
were performed on both MCLCE-5 and MCLCE-7 sam
ples, which are known to exhibit the largest enthalpy 
and sharpness of the N-I phase transition of the pre
pared samples and, consequently, the strongest elasto
caloric response, making them particularly attractive for 
potential applications [28]. The ageing procedure was 
performed as described in the previous section, with up 

to 10,000 stretching cycles for the MCLCE-5 sample and 
up to 1,000,000 cycles for the MCLCE-7 sample. In 
addition, the elastocaloric change of temperature ΔTeC 
was measured as a function of temperature in the vici
nity of the N-I transition in the virgin samples and after 
every 1000 stretching cycles, up to the first 3000 cycles, 
and once more after 10,000 cycles in 5 % and after 
1,000,000 cycles in 7 % samples, respectively. As 
shown in the previous section, the N-I transition shifts 
with the number of cycles, N. The ΔTeC was therefore 
measured at several temperatures around the 
N-I transition to determine the maximum eCE 
response, i.e. the maximum of ΔTeCðTÞ for a given N. 
For the elastocaloric measurements, the same amplitude 
of the relative strain of λ ¼ 0.10 as in the case of TM 
ageing was applied in the case of the MCLCE-7 sample, 
and a slightly larger relative strain of λ ¼ 0.15 was used 

Figure 6. Stress field required for constant λ ¼ 0:15 (a) and 
effective Young modulus E (b) as functions of number of stretch
ing cycles N in MCLCE-5 sample.

Figure 7. Stress field required for constant λ ¼ 0:10 (a) and 
effective Young modulus E (b) as functions of number of stretch
ing cycles N in MCLCE-7 sample.

LIQUID CRYSTALS 7



in the MCLCE-5 sample in order to maximise the 
observable temperature response and improve the sig
nal-to-noise ratio.

Figure 8 shows a set of measurements of ΔTeC versus 
temperature at different N for the MCLCE-7 sample. As 
the N-I phase transition shifts to lower temperatures 
with increasing number of cycles N, the peaks in ΔTeC 
consistently shift to lower temperatures. The maximum 
peak value of ΔTeC also exhibits a transitional effect, as 

shown in the left panel of Figure 9. Cycling increases the 
initial lower peak ΔTeC value, which saturates within the 
first 1000 cycles to about 10 % higher value. This tran
sient effect is likely due to internal stress annealing and 
increased mesogen ordering from repeated stretching. 
Such training-like evolution has been documented in 
elastomeric and caloric systems undergoing repeated 
loading, where microstructural reorganisation progres
sively enhances responsiveness [41,43]. This behaviour 
likely reflects a progressive reorientation and stabilisa
tion of the mesogenic domains under repeated strain 
[44], leading to more efficient coupling between 
mechanical deformation and entropy change [40]. 
Together, these processes produce a more uniform but 
thermodynamically softened nematic network, consis
tent with the observed sharper, lower-temperature 
phase transition [44], thereby enhancing the elastocalo
ric effect.

Such enhancement was especially visible in the 
already softer MCLCE-5 samples. Figure 10 shows the 
time evolution of the temperature after a constant rela
tive strain of 0.15 is applied at t ¼ 0. The ΔTeC was 
determined after the removal of the strain, as the ampli
tude of the fast-cooling temperature (indicated by ver
tical lines with double arrows in Figure 10). Initial 
cycling in this soft MCLCE substantially increased 
ΔTeC from 0.5 K in the virgin sample to 0.9 K after 
completing 10,000 stretching-retracting cycles. The 

Figure 8. Elastocaloric change of temperature ΔTeC as a function of temperature at different N for the MCLCE-7.

Figure 9. Elastocaloric change of temperature ΔTeC as a function 
of the number of stretching and retracting cycles N for the 
MCLCE-7.
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combination of a reduced transition-temperature shift 
and an enhanced elastocaloric response suggests that 
mechanical cycling primarily modifies the coupling 
between strain and orientational order rather than sig
nificantly degrading the caloric functionality. Similarly 
to the above transient initial eCE enhancement, the 
saturated peak ΔTeC value observed in the initial 3000 
ageing cycles is gradually increased during further age
ing cycling to about 23 % higher final value after com
pletion of 1,000,000 stretching-retracting cycles (see 
right part of Figure 9). This slightly smaller increase in 
eCE than in the MCLCE-5 sample indicates that two 
competing mechanisms are at work. First, the ordering 
mechanism improves the coupling between strain and 
orientational order; the second mechanism has the same 
degrading ageing origin as described in the ageing of 
TM section. The first internal stress annealing mechan
ism, significantly improves eCE during initial cycling, 
while the second, degrading mechanism, such as 
hypothetical irreversible bond tearing resulting in weak
ening of the effective coupling between mesogens and 
the elastomer backbone, gradually reduces eCE. These 
degrading effects smear the N-I transition (compare TM 
curves in Figure 5), leading to a slight reduction of the 
eCE temperature change ΔTeC / ð@λ=@TÞσ [31]. It 
should be stressed that the first eCE-enhancing mechan
ism still prevails over the ageing mechanism even after 
1,000,000 stretching-retracting cycles. This can be 
a consequence of the irreversible bond-tearing mechan
ism, which, though it decouples the mesogens from the 
elatomeric backbone, it also reduces imprinted disorder 
by reducing crosslinking points, thus allowing easier 
ordering under external force.

The similar darkening observed in the mechanically 
cycled and thermally annealed samples suggests that the 

colour change is primarily associated with prolonged 
thermal exposure rather than mechanical cycling. Such 
thermally induced discoloration has been reported 
in silicone/siloxane elastomers, where ageing tempera
ture, oxidative environment, and platinum-complex 
residues can influence yellowing or browning, some
times without a corresponding catastrophic loss of 
mechanical performance [51,52]. These observations 
collectively point to a mild ‘training’ effect, in which 
cyclic mechanical loading enhances elastocaloric effi
ciency while inducing a small, irreversible shift in the 
material’s phase behaviour. Importantly, despite this 
visible alteration, small loss of mechanical and no sig
nificant loss of elastocaloric performance was detected, 
suggesting that the discolouration is a thermal- 
chemistry ageing effect with minimal influence on the 
functional properties of the material, consistent with 
reports of fatigue-resistant LCE architectures that main
tain actuation or transition behaviour despite extended 
stress or environmental exposure [46].

4. Conclusion

The present study demonstrates that main-chain liquid- 
crystalline elastomers exhibit exceptional mechanical and 
functional stability under prolonged cyclic actuation, 
reinforcing their potential as durable elastocaloric mate
rials for solid-state cooling applications. After one million 
stretch – retraction cycles, the samples retained their 
mechanical integrity without significant degradation, 
delamination, or loss of elasticity. Instead of fatigue- 
induced deterioration, an improvement in the elastocalo
ric effect was observed in MCLCE-5 by about 80 % after 
10,000 cycles and in MCLCE-7 by 23 % after one million 
stretch – retraction cycles, likely arising from progressive 
alignment and relaxation of mesogenic domains within 
the polymer network. Furthermore, a downshift of the 
isotropic-nematic phase transition temperature by 
approximately 13 K and a reduction of the spontaneous 
thermomechanical response by about 10 % at room 
temperature were observed, suggesting subtle reorganisa
tion and internal stress release in the crosslinked network. 
Despite this shift, the materials continued to exhibit 
a pronounced and reversible thermomechanical response, 
confirming the robustness of their elastocaloric perfor
mance. These results indicate that mechanical ageing 
through repeated actuation can serve as a form of 
‘mechanical annealing’, enhancing mesogen alignment 
and improving thermal response consistency without 
compromising structural resilience over large numbers 
of mechanical cycles (>1 million). Overall, negligible 
eCE ageing effects and large elastocaloric responsivity 
ΔTeC=σ > 20 K/MPa [28] position MCLCEs as highly 

Figure 10. Elastocaloric change of temperature ΔT as a function 
of time within a single cycle measured in virgin (N ¼ 0) MCLCE-5 
and at N¼ 104.
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promising candidates for long-lifetime, flexible, and 
environmentally friendly heat-management applications, 
where reliability and tunability are critical for practical 
caloric technology deployment.
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