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An ultrahigh fatigue resistant liquid crystal elastomer-based material

enabled by liquid metal
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ABSTRACT The low crosslink density characteristic of liquid
crystal elastomer (LCE) materials causes poor fatigue re-
sistance performance, which has seriously plagued their pro-
spects in industrial applications. Here we report that the
introduction of 5 wt% liquid metal nanodroplets (average
diameter: ca. 195 nm) into the LCE network can dramatically
reinforce the corresponding composite’s mechanical proper-
ties, in particular ultrahigh fatigue resistance, capable of
bearing unprecedented 10,000 tensile cycles within a large
range of strain amplitude up to 70% and 2000 times of con-
tinuous actuating deformations. Furthermore, this liquid
metal-incorporated LCE composite material exhibits large
actuation stroke (maximum actuation strain: 55%), high ac-
tuation stress (blocking stress: 1.13 MPa), fully reversible
thermal/photo-actuation functions, and self-healing ability at
moderate temperatures, which qualifies the composite mate-
rial for high-load actuators.

Keywords: liquid crystal elastomer, liquid metal, fatigue re-
sistance, actuation

INTRODUCTION
Liquid crystal elastomer (LCE) [1-14], as an extraordinary type
of polymeric material combining the anisotropic order of
mesogen and the entropy elasticity of elastomer, can exhibit
large and reversible shape morphing in response to external
stimuli such as heat, light, humidity, electricity, and magnetic
field. This remarkable two-way shape memory function endows
LCE materials with potential applications in actuators, sensors,
micromechanical systems, soft robotic technology, etc. However,
conventional LCE materials show unsatisfactory mechanical
performances, in particular modest actuation stress and poor
fatigue resistance [15-17], which has become the fundamental
obstacle impeding the real industrial application of LCE mate-
rials. Development of novel LCE materials simultaneously
exhibiting large actuation stroke, high actuation stress, and
excellent fatigue resistance is highly sought after but remains a
formidable challenge.

To improve the mechanical properties of LCE materials, most
of the previous studies have focused on enhancing the actuating

stress, elastic modulus, and work capacity by introducing new
molecular structures, crystallization treatment, interpenetrating
network, and the addition of nanofillers [18-23]; however, the
fatigue resistance and the long-term durability of LCE materials,
a crucial factor for their industrial applications, was barely
investigated in the past four decades. This drawback actually
derives from the inherent deficiency of LCE structure networks.
In order to achieve high actuation strain, LCE materials are
always lightly crosslinked. The low crosslink density means that
some polymer chains might have no chemical cross-linking, so
that during the actuation process the uncrosslinked polymer
chains would suffer irreversible slippage, the physical associa-
tions of the related polymer chains would be compromised, and
parts of molecular network would be permanently damaged
[24], resulting in poor fatigue resistance [25].

In order to improve the fatigue resistance of LCE materials, we
have tried to incorporate many reinforcing materials such as
gold nanoparticles, carbon nanotubes, and carbon fibers into
LCE matrices for introducing extra physical associations to
strengthen the chain networks of LCEs [21], which however
failed in substantially enhancing the fatigue resistance of LCEs.
Recently, Ware, Majidi and other scientists described a liquid
metal (LM)-doped LCE composite, which could realize electric-
driven actuation based on the Joule-heating effect [26-30], and
found that the introduction of LM [31-33] fillers into LCE
materials could bring many advantages including fluidic nature,
negligible toxicity, and flexibility. However, in order to achieve
high electrical conductivity for electrothermal conversion, large
quantity (~50 vol%) of LM microdroplet (~200 to 500 pm) fillers
were incorporated into LCE matrices which did not markedly
boost the mechanical performances of the corresponding com-
posites [26]. Decreasing the size of the LM micro-particles to
1-10 um, although could increase the elastic modulus, sacrificed
the most important reversible shape change capability (actuation
strain: less than 5%) [27]. Inspired by these pioneering studies,
we designed and synthesized a novel LM-incorporated LCE
(LM-LCE) material, and astonishingly discovered that a small
amount of LM nanodroplets (ca. 5 wt%) could build a strong
physical association with LCE networks, affording excellent
mechanical performances, in particular ultrahigh fatigue resis-
tance. This LM-LCE material could sustain up to 10,000 tensile
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cycles and achieve more than 2000 times of reversible actuating
deformations.

RESULTS AND DISCUSSION

The LM-LCE samples were prepared by using a two-stage in-situ
thiol-acrylate polymerization/crosslinking method. Most of the
previous thiol-acrylate LCEs were fabricated based on RM257
mesogen [17,26-30,34]. White and colleagues [35] recently
found that a benzoic acid phenyl ester-based mesogenic core
with reduced mesogen-mesogen interaction could enhance and
sharpen the thermotropic actuation of the corresponding LCE
materials. Here we applied the acrylate-type LC monomer 4-((6-
(acryloyloxy)hexyl)oxy)phenyl  4-((6-(acryloyloxy)hexyl)oxy)-
benzoate (Y2003). The detailed synthetic protocols are included
in the Supplementary information (Figs S1-S5). As schemati-
cally illustrated in Fig. 1a, b, the LC monomer Y2003, the chain
extender 2,2'-oxybis(ethane-1-thiol), the crosslinker pentaery-
thritol tetra(3-mercaptopropionate), the catalyst dipropylamine
and the LM gallium-indium-tin eutectic alloy (62 wt% Ga,
25 wt% In, and 13 wt% Sn) were mixed in dichloromethane,
which gave a transparent solution as shown in Fig. lc. After
ultrasonication for 1h, the initial transparent solution turned
black and achieved a homogeneous mixing of the organic
compounds and LMs, which was verified by transmission elec-
tron microscopy (TEM) showing that the LM nanodroplets with
an average diameter of ca. 195nm (Fig. 1d) were homo-
geneously dispersed in the mixture. The above mixture was
poured into a polytetrafluoroethylene (PTFE) mold and placed
in an oven at 40°C for 1.5 h, the resulting pre-crosslinked LM-
LCE sample was uniaxially stretched to ca. 270% of its original
length and further kept at 40°C for another 10 h to provide the
final LM-LCE material. For comparison purpose, a series of LM-
LCE samples with different LM weight percentages (0, 0.5, 1.0,
5.0, 15.0, 25.0 wt%), denoted as LM-LCE-0, LM-LCE-0.5, LM-

LCE-1, LM-LCE-5, LM-LCE-15, LM-LCE-25, were also pre-
pared as described in the Supplementary information. Fourier
transformed infrared spectroscopy (FT-IR) experiments were
carried out to confirm the full conversion of the acrylate and
mercapto groups as presented in Fig. S6. The gel fraction
experimental results (Fig. S7 and Table S1) also verified the
formation of crosslinked polymeric networks. Moreover, we
synthesized a micron-sized LM-incorporated LCE composite
(denoted as LM-LCE-5-pm) containing 5.0 wt% LM micro-
droplets with an average diameter of ca. 1.5 um (Fig. S8), which
were prepared by ultrasonication for only 5 min when the initial
transparent solution turned gray.

Differential scanning calorimetry (DSC) experiments were
carried out to investigate the phase transitions of the LM, pure
LCE and LM-LCE samples. As shown in Fig. 2a, the gallium-
indium-tin eutectic alloy had only a melting point at ca. 8°C, the
LM-LCE-5 composite showed a glass transition (T,) and an LC-
to-isotropic phase transition (T;) at —24 and 50°C, respectively,
on heating, whereas the T, and T; of the pure LCE sample were
raised to —19 and 55°C, respectively. The melting peak of LM
was absent in the composite sample possibly because the soli-
dification and melting temperatures of LM nanodroplets were
much lower than those of the bulk LM due to the size effect [36-
38]. One-dimensional (1D) and 2D wide-angle X-ray scattering
(WAXS) patterns, as presented in Fig. 2b-d, showed that the
LM-LCE-5 composite had a nematic liquid crystal phase. The
order parameters of the LM-LCE-5 sample at 30°C (nematic
phase) and 80°C (isotropic phase) were calculated as ca. 0.72 and
0, respectively, on the basis of the X-ray diffraction (XRD) data
(Fig. 2¢, d), which indicated a high-quality uniaxial orientation
of the mesogens of the LM-LCE-5 sample. The LM-LCE material
showed a fully reversible thermally induced deformation as
illustrated in Fig. 2e and Supplementary information Movie S1.
The actuating stress of LM-LCE-5 material was examined on a
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Figure 1

(a) Schematic illustration of the preparation protocol of LM-LCE materials. (b) The molecular structures of LC monomer, LM, chain extender,

catalyst and crosslinker. (c) The photo images of the monomeric mixture solution before and after sonication for 1 h, the pre-crosslinking process in a PTFE
mold and the final uniaxial-aligned LM-LCE-5 film. (d) TEM images and size distribution of LM nanodroplets in the LM-LCE-5 solution composite.
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Figure 2 (a) DSC thermograms of LM, LM-LCE-5 and pure LCE samples on heating and cooling processes. (b) 1D-WAXS patterns of the LM-LCE-5 sample
measured on heating and cooling processes. 2D-WAXD patterns of the LM-LCE-5 sample measured at (c) 30°C and (d) 80°C. (e) Two-way shape-morphing
behavior and (f) representative isostrain (0.01%) measurement of the LM-LCE-5 film.

dynamic mechanical analyzer (DMA Q850, TA Instrument).
The generated contractile force of the LM-LCE-5 sample mea-
sured under 0.01% isostrain mode was plotted against the
temperature variation (Fig. 2f), showing that the blocking
(maximum) stress of the composite film reached 1.13 MPa,
which was comparable to the values of conventional LCE
materials (0.45-1.3 MPa) [18,19].

The linear viscoelastic regimes (elastic strain range, where the
storage modulus E’ and the loss modulus E” remain constant) of
the pure LCE and LM-LCE composites were first determined by
dynamic strain sweep experiments [39]. As shown in Fig. 3a-c,
three representative LCE ribbons LM-LCE-0, LM-LCE-5-um
and LM-LCE-5 held between two DMA tension clamps,
appeared in three different colors (white, gray and black) due to
the size-dependent surface plasmon resonance effect of the
included LM micro- and nano-droplets [40]. As illustrated in
Fig. 3d-f and Fig. S9, the elastic strain of pure LCE sample was
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about 3.8%. With the addition of LM nanodroplets, LM-LCE
samples showed an enhanced elastic strain; in particular, the
LM-LCE-5 sample presented a 72.2% elastic strain, which is
much higher than that of pure LCE, whereas the LM-LCE-5-pum
sample with micron-sized LM fillers, in a sharp contrast, pre-
sented a 13.6% elastic strain. The fatigue resistance properties of
these LM-LCE samples were first examined by the dynamic
uniaxial cyclic loading experiments within their linear viscoe-
lastic regimes, the loading strain and the strain rate were set as
1% and 10 mm min™!, respectively. The representative uniaxial
tensile stress-strain curves with loading-unloading cycles of the
pure LCE and LM-LCE composite samples are displayed in
Fig. 3g-i and Fig. S10. Compared with the traditional pure LCE
sample which lost its mechanical property rapidly since the first
loading-unloading cycle and was damaged after only 396 and
1561 cycles, respectively (Fig. 3g, h), the LM-LCE-5 material
exhibited extraordinarily superior fatigue resistance. As shown
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Figure 3 Photo images of (a) pure LCE, (b) LM-LCE-5-um and (c) LM-LCE-5 samples subjected to dynamic uniaxial tensile testing. Storage modulus (E’)
and loss modulus (E") versus oscillation strain curves of (d) pure LCE, (¢) LM-LCE-5-um and (f) LM-LCE-5 samples (the frequency was set as 1 Hz).
Representative uniaxial tensile stress-strain curves with loading-unloading cycles of (g) pure LCE, (h) LM-LCE-5-um and (i) LM-LCE-5 samples.

in Fig. 3i, a slight inelastic deformation of the LM-LCE-5 sample
was found in the first loading cycle, which was attributed to
Mullins effect [41].

For the subsequent loadings, the mechanical performance of
LM-LCE-5 sample remained stable even after 20,000 loading-
unloading cycles, and exhibited much smaller hysteresis. Since
the actual application of LCE material usually requires high
strain rate, the fatigue resistance properties of these LM-LCE
composites were further examined with a much higher loading
strain of 70%, as shown in Fig. 4 and Fig. S11. Meanwhile, the
infrared images (Fig. 4a—c) of the examined samples were taken
during the dynamic uniaxial tensile testing. As illustrated in
Fig. 4d, e, beyond their linear viscoelastic regimes, the pure LCE
sample and LM-LCE-5-uym composite would be quickly
damaged after 72 and 632 loading-unloading cycles respectively,
whereas the LM-LCE-5 material could preserve its mechanical
property even after 10,000 loading-unloading cycles (Fig. 4f).
The dissipation energy and the dissipation coefficients of pure
LCE, LM-LCE-5-um and LM-LCE-5 samples in the uniaxial
cyclic loading process were also analyzed. As shown in Fig. 4g-i,
the dissipation energy and coefficient of LM-LCE-5 maintained
stable values of ca. 20 k] m™ and 10%, respectively, after 10,000
loading-unloading cycles, whereas those two values of pure LCE

1682

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

and LM-LCE-5-pm samples dropped dramatically from
60 k] m™ and 40%, 51.2 k] m™ and 38.6%, to 20 k] m~® and
28%, 20.2 k] m™> and 22.9% after 72 and 632 loading cycles,
respectively.

Furthermore, the mechanical properties of other LM-LCE
samples with different LM weight percentages were also inves-
tigated. As shown in Table 1 and Fig. S12, although the
mechanical performances of all the LM-incorporated LCE
composites outweighed those of pure LCE material, the optimal
values of LM-LCE material appeared when the weight percen-
tage of nanometer-sized LM reached 5 wt%, and the toughness
(determined by the integral area under the stress-strain curve
measured in quasi-static tensile experiments [42,43]), elastic
modulus, failure strain and ultimate strength were recorded as
18.31 MJ m~?, 2.01 MPa, 1010.9% and 3.67 MPa respectively.

The superior fatigue resistance of LM-LCE material might
derive from two aspects: (1) the fluidic and soft LM nano-
droplets could serve as stress concentration points and effec-
tively help the dissipation of the generated deformation energy
which was transformed into heat [44]. This hypothesis could be
partially confirmed by the infrared images of LM-LCE sample
which had a much lower surface temperature than the pure LCE
sample even after thousand times of uniaxial tensile stress, as

June 2022 | Vol.65 No.6
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Figure 4 Photos and thermal infrared images of (a) pure LCE, (b) LM-LCE-5-pum and (c) LM-LCE-5 samples subjected to dynamic uniaxial tensile testing.
Representative uniaxial tensile stress-strain curves with loading-unloading cycles (within 70% strain) of (d) pure LCE, (e) LM-LCE-5-um and (f) LM-LCE-5
samples. The dissipation energy and the dissipation coefficients of representative uniaxial tensile stress-strain curves with loading-unloading cycles (within
70% strain) of (g) pure LCE, (h) LM-LCE-5-um and (i) LM-LCE-5 samples. (j) Infrared images of LM-LCE-5 in the reversible deformation process examined
using the isoforce mode. (k) The strain (in isoforce mode) and temperature diagram of LM-LCE-5 film recorded in 2000 continuous actuation cycles.

Table 1 Mechanical properties of LM-LCE and pure LCE samples

LCE sample lcircliii?l)ga(lc;}c]felzisc)a 1(‘)132?:2?;?35‘, Toughness (MJ m™)¢ Elast(i;/[%q;))cciulus Failure strain (%)° Ultima\t/fpsat)rcength
LM-LCE-0 396 72 0.30 0.89 95.0 1.01
LM-LCE-0.5 672 296 0.79 1.01 134.1 1.25
LM-LCE-1 3571 1632 1.75 1.27 213.2 1.77
LM-LCE-5 20,231 10,000 18.31 2.01 1010.9 3.67

LM-LCE-5-um 1561 632 2.04 1.03 239.5 1.89
LM-LCE-15 1942 1532 5.45 0.78 463.4 2.38
LM-LCE-25 979 481 1.28 0.36 238.2 1.35

a) Uniaxial stretching to 1% strain and releasing, measured in dynamic tensile experiments. b) Uniaxial stretching to 70% strain and releasing, measured in

dynamic tensile experiments. ¢) Measured in quasi-static tensile experiments.

shown in Fig. 4a—c and Fig. S13. (2) The polymer chains could
be anchored onto the LM surfaces through metal-sulfur inter-
action [45], which might further afford extra physical associa-
tions to reinforce the LCE network and improve the shape
deformation recovery capacity to some extent. Owing to the
affinity between metal and sulfur, the LM nanodroplets were
uniformly dispersed in the LM-LCE-5 sample as shown in the
scanning electron microscopy (SEM) images (Figs S14 and S15).
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The energy-dispersive X-ray spectroscopy (EDS) image
(Fig. S16) further indicated the uniform dispersions of gallium
and sulfur elements in the LM-LCE composite. However, if
more LM nanodroplets or micron-sized LM droplets were added
into the composites, LM particles would gradually aggregate in
the LCE matrix, as illustrated in Fig. S17.

In addition to its excellent fatigue resistance, the LM-LCE-5
material also exhibited prominent reversible thermal-actuation
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Figure 5 The photographs of (a) LM-LCE-0 and (b) LM-LCE-5 ribbons for self-healing examinations. Tensile stress experiments of (c) LM-LCE-0 and
(d) LM-LCE-5 ribbons in repeated cut/heal cycles (40°C, 12 h). The surface SEM images of the reattached (e) LM-LCE-0 and (f) LM-LCE-5 ribbons after the
self-healing treatment (40°C, 12 h). The cross-section SEM images of (g) LM-LCE-0 and (h) LM-LCE-5 ribbons after the self-healing treatment (40°C, 12 h).

capacity. As shown in Movie S1, directly heating an LM-LCE-5
ribbon on a temperature-controlled hot stage caused a max-
imum shrinking strain of ca. 55% in the nematic-to-isotropic
phase transition. The continuous reversible shape morphing
capacity of the LM-LCE-5 material was further investigated by
DMA testing under the isoforce mode using a 0.005 N preload
static force, as demonstrated in Fig. 4j. The strain diagram of the
LM-LCE-5 ribbon was recorded for 2000 continuous heating-
cooling cycles, which showed an incredibly steady actuation
performance. Moreover, thanks to the ultraviolet (UV)-excita-
tion photothermal effect of LM nanodroplets (see Figs S18 and
S§19), the corresponding LM-LCE material could also be photo-
actuated by UV light as shown in Fig. S20 and Movie S2.

Besides the above thermal/photo-actuation functionalities
[46,47], the LM-LCE material exhibited good self-healing cap-
ability under mild conditions. For the traditional LCE materials
based on dynamic chemical bonds, the complete healing usually
requires high temperature [48-50], which is apparently not
suitable for real industrial applications. In sharp contrast, the
LM-LCE composites could effectively self-heal at 40°C. As
shown in Fig. 5a, b, two ribbons LM-LCE-0 and LM-LCE-5 (ca.
21.5 mm long x 4.4 mm wide x 410 pm thick) were cut in half
and reattached respectively, and further kept at 40°C for 12 h.
After being cooled to room temperature, the samples were
examined by the quasi-static tensile experiments on an SANS
E42.503 tensile tester as illustrated in Fig. S21. The ultimate
strengths of the two reattached ribbons as described in Fig. 5¢, d
revealed that pure LCE material had no self-healing effect at all,
whereas the LM-LCE-5 sample exhibited ca. 80% average heal-
ing efficiency (defined as the tensile strength ratio of the self-
healed sample to the original sample) in 5 repeated cut/heal
cycles.

The SEM images of the self-healed LM-LCE-5 sample also
proved the superior self-healing property. Compared with the
distinct cracks which were observed in the surface (Fig. 5e) and
cross-section (Fig. 5g) of the reattached LM-LCE-0 sample,
almost no obvious damage could be visualized in the surface
(Fig. 5f) and cross-section (Fig. 5h) of the self-healed LM-LCE-5
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material. These results are consistent with the observation in
optical microscope as shown in Fig. S22. The self-healing
property of LM-LCE-5 sample might be attributed to the
dynamic reassociation of metal and sulfur [51], which could be
verified by the tensile relaxation experiments [50,52] as shown in
Fig. $23.

CONCLUSIONS

In summary, we found that the introduction of a small amount
of LM nanodroplets into LCE network could dramatically
reinforce the corresponding composite’s mechanical property, in
particular ultrahigh fatigue resistance, capable of bearing 10,000
tensile cycles with a loading strain of 70% and 2000 times of
continuous actuating deformations. Moreover, this novel LM-
LCE composite material exhibited large actuation stroke (max-
imum actuation strain: ~55%), high actuation stress (blocking
stress: ~1.13 MPa), fully reversible thermal/photo-actuation
functions, and good self-healing ability at moderate tempera-
tures, which would make it an ideal candidate for high-load
actuators. The responsive material system developed and dis-
closed here could find applications in actuators, microfluidics,
soft robotics, and beyond. Furthermore, we hope that this dis-
covery could provide a new impetus for the community to inch
toward the long-term desired industrial utilizations of LCE
materials.
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