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A C T U A T O R S

Electrospun liquid crystal elastomer microfiber actuator
Qiguang He1, Zhijian Wang1, Yang Wang2, Zijun Wang2, Chenghai Li1, Raja Annapooranan2, 
Jian Zeng1, Renkun Chen1,2, Shengqiang Cai1,2*

Fibers capable of generating axial contraction are commonly seen in nature and engineering applications. Despite 
the broad applications of fiber actuators, it is still very challenging to fabricate fiber actuators with combined 
large actuation strain, fast response speed, and high power density. Here, we report the fabrication of a liquid 
crystal elastomer (LCE) microfiber actuators using a facile electrospinning technique. Owing to the extremely 
small size of the LCE microfibers, they can generate large actuation strain (~60 percent) with a fast response speed 
(<0.2 second) and a high power density (400 watts per kilogram), resulting from the nematic-isotropic phase transition 
of liquid crystal mesogens. Moreover, no performance degradation is detected in the LCE microfibers after 106 
cycles of loading and unloading with the maximum strain of 20 percent at high temperature (90 degree Celsius). 
The small diameter of the LCE microfiber also results in a self-oscillatory behavior in a steady temperature field. In 
addition, with a polydopamine coating layer, the actuation of the electrospun LCE microfiber can be precisely and 
remotely controlled by a near-infrared laser through photothermal effect. Using the electrospun LCE microfiber 
actuator, we have successfully constructed a microtweezer, a microrobot, and a light-powered microfluidic pump.

INTRODUCTION
Microfibers can be found in nature and have been extensively ex-
plored for a variety of engineering applications. Fibers composed of 
functional materials have been recently developed as sensors to capture 
various signals (1–3). Fiber actuators, powered by different stimuli, 
have been explored to build assistive devices and structures (4–6). 
Versatile actuation modes of animal muscles also originate from the 
axial contraction of muscle fibers with diameter ranging from 10 to 
100 m (7, 8). Although fiber actuators have been extensively ex-
plored for robotics applications, microfiber actuators with comparable 
performance as animal muscle fibers are not yet available (9, 10).

Liquid crystal elastomer (LCE) has recently shown to be a prom-
ising soft actuating material (11, 12). LCE-based soft actuators can 
generate giant and reversible actuation strain (~50%) caused by the 
nematic-isotropic phase transition, which have been intensively ex-
plored in soft robotics and active morphing structures (13–19). LCE 
fiber actuators have also been previously fabricated. For instance, 
Roach et al. (20) used a three-dimensional (3D) printing technique 
to make long LCE fibers for the applications of smart textiles; 
Naciri et al. (21) prepared LCE fibers through melt drawing and 
demonstrated that the LCE fibers can be used as an artificial muscle. 
Pang et al. (22) synthesized light-responsive LCE fibers exhibiting a 
contraction strain around 80%. However, the diameters of those 
previously studied LCE fibers are often large (>0.3 mm), leading to 
their slow thermo-actuation speed compared with animal muscle.

Electrospinning technique has been extensively explored for the 
mass production of continuous fibers with small diameters (23, 24). 
In the electrospinning process, with an applied high voltage between 
the polymer solution and a conductive target, the solvent evaporates 
and dry polymer fibers form, and the electrospun polymer fibers 
can be collected from the target. Electrospun fibers have been explored 
for composite reinforcement (25, 26), air filtration (27, 28), scaffolds 
for tissue regeneration (29), and smart textiles (30). The diameter, 

morphology, and properties of electrospun polymer fibers depend 
on the electrospinning parameters, such as the voltage, polymer con-
centration, environmental temperature, and humidity (31).

Here, we develop a facile method to fabricate thin LCE microfi-
bers through an electrospinning technique. The electrospun LCE 
microfibers have the diameter around 10 to 100 m and can gener-
ate large actuation strains (greater than 50%) within a fraction of a 
second, powered by either environmental heating or near-infrared 
(NIR) laser irradiation. The actuation stress, strain, and power 
density of the LCE microfibers are all comparable to the performance 
of human muscle fiber. Using the LCE microfibers, we further build 
an electrically controlled microtweezer, a microrobot, and a light- 
powered microfluidic pump.

RESULTS
Fabrication of electrospun LCE microfibers
In the experiment, we used RM 257 as a liquid crystal mesogen and 
hexane dithiol (HDT) as a chain extender (fig. S1). We prepared 
electrospinning ink by dissolving the synthesized oligomers into 
chloroform. Detailed ink preparation can be found in the Supplementary 
Materials. As shown in Fig. 1A (left), during the electrospinning process, 
the ink was injected at a constant flow rate (0.02 ml/min) by a syringe 
pump. We used a metallic mesh to collect the electrospun LCE 
microfibers. We connected the syringe needle to the positive elec-
trode of a high-voltage (6 kV) power supply and the metallic mesh to 
the negative electrode. During the electrospinning process, we 
exposed the LCE microfibers to ultraviolet (UV) light (365-nm 
wavelength) to trigger the cross-linking reaction. Figure 1A (middle) 
shows the electrospun LCE microfibers on the metallic mesh collector. 
The as-spun LCE microfibers were suspended on the collector so they 
could be easily picked up. The diameters of the electrospun LCE micro-
fibers ranged from 10 to 100 m, which is comparable to the diameters 
of human muscle fiber (Fig. 1A, right, and fig. S2).

These as-spun LCE microfibers are in polydomain state (Fig. 1B), 
as confirmed by the polarized optical microscopic (POM) images 
(Fig. 1B, bottom). For a polydomain LCE, the nematic domains 
are randomly distributed. There was no brightness difference of the 
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fiber when it was observed at 45° or 90° with respect to the analyzer. 
When the as-spun LCE microfiber was stretched by a uniaxial me-
chanical force (Fig. 1B, top), the liquid crystal mesogens were aligned 
along the axial direction. We could observe the maximal brightness 
of the fiber at 45° and minimal brightness at 90° with respect to the 
analyzer (Fig. 1B). As shown in Fig. 1B (top), when a stretched LCE 
microfiber (monodomain) was heated above its phase transition 

temperature, the LCE microfiber could 
transit from the nematic phase to iso-
tropic phase, inducing large uniaxial con-
traction. When the LCE microfiber was 
cooled down, it could fully recover to its 
original length (Fig. 1B).

Figure  1C shows the stress-stretch 
diagram of the as-spun LCE microfibers 
with different diameters, exhibiting the 
characteristic of soft elasticity (namely, 
the flat plateau in the stress-stretch curves). 
The stress plateau regime corresponds 
to the rotation of the mesogens. Com-
pared with the bulk LCE obtained from 
the same synthesis, the strength of LCE 
fiber is much higher than that of its 
bulk counterpart, mainly because of the 
elimination of defects in the material and 
the small size (fig. S3). Figure 1D shows 
the differential scanning calorimetry 
(DSC) measurement of the electrospun 
LCE fiber, from which we can find that 
the glass transition temperature and 
nematic-isotropic phase transition tem-
perature of the fiber are around 1° and 
95°C, respectively.

Actuation performance 
of electrospun LCE microfibers
To systematically characterize the actu-
ation performance of the electrospun LCE 
microfibers, we applied a tensile force on 
the fiber and measured its length change 
as a function of temperature as shown 
in Fig. 2A. At room temperature (RT = 
20°C), the length of LCE microfiber in-
creased from L to l(RT) because of the 
applied tensile force. When the envi-
ronmental temperature was gradually 
increased to T, the LCE microfiber gen-
erated uniaxial contraction due to the 
nematic-isotropic phase transition, and 
its length decreased from l(RT) to l(T). We 
then defined the actuation strain as 

​  = ​ l(RT ) − l(T) _ l(RT)  ​ × 100%​. The  actuat ion 

strain of the LCE microfiber as a func-
tion of temperature is plotted in Fig. 2B 
and fig. S4, where the actuation strain of 
the fiber increases monotonically with 
temperature. The actuation strains were 
55, 33, and 30% at 120°C when the ap-

plied stresses were 0.02, 0.08, and 0.16 MPa, respectively. If the as-spun 
LCE microfiber is not subjected to mechanical load, then the actuation 
strain is almost negligible, which further confirms that the as-spun fiber 
is in polydomain state (fig. S5). Moreover, we also studied the actuation 
strain of LCE microfibers with different diameters, which is shown 
in Fig. 2C. For a given applied stress, there is no substantial differ-
ence of the actuation strain when the diameter changes.

Fig. 1. Fabrication and actuation mechanism of an electrospun LCE microfiber. (A) Electrospinning of LCE micro-
fibers. Left: Schematic of the electrospinning setup. The positive electrode of power supply is connected to a metallic 
needle of the syringe, and the negative electrode is connected to a metallic mesh collector. The syringe pump is used 
to control the flow rate of the ink with a constant speed. The electrospun LCE microfiber is cross-linked under UV ir-
radiation during the electrospinning. The as-spun LCE microfiber can be collected from the mesh after electrospin-
ning. Middle: Optical images of as-spun LCE microfibers with different diameters on the metal mesh collector. Right: 
Scanning electron microscopy images of as-spun LCE microfibers with different diameters. (B) Top: Actuation mech-
anism of LCE fiber. The as-spun LCE microfiber is in the polydomain state. When a tensile force is applied onto the 
fiber, it is stretched from polydomain to monodomain state, and liquid crystal mesogens are aligned along the axial 
direction. When the stretched LCE microfiber is heated up, it contracts along the axial direction because of the 
nematic-isotropic transition. The fiber can fully recover to its initial length when it is cooled down. Bottom: POM imag-
es of polydomain, monodomain, and isotropic states of LCE microfibers observed at two different angles with respect 
to the analyzer. (C) Uniaxial tensile tests (at 25°C) of as-spun LCE microfibers with different diameters (22 to 66 m). 
For the as-spun LCE microfibers with different diameters, the stress remains small when the stretch  is less than 
2.5 and then gradually increases with stretch for larger deformation. The stress plateau corresponds to the rotation 
of liquid crystal mesogens in the fiber. (D) DSC trace of as-spun LCE microfiber. The glass transition temperature Tg of 
the LCE microfiber is around 1°C, and the nematic-isotropic phase transition temperature Ti is around 95°C. Scale 
bars, 200 m [(A), middle], 20 m [(A), right], and 200 m [(B), bottom].
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Next, we measured the actuation stress of the LCE microfibers 
with a fixed length. In the experiments, we first applied a prestretch 
to a polydomain LCE microfiber at 20°C to align the liquid crystal 
mesogens. After the prestretch, the length of the fiber increased 
from L to l. With fixing the length of the fiber as l, we measured the 
actuation stress with the increase in the temperature (Fig. 2D and 
fig. S6). As shown in Fig. 2E, the actuation stress of the LCE micro-
fiber (D = 54 m before stretching) increased with the temperature. 

The LCE microfiber with a larger pre-
stretch ratio can generate larger actuation 
stress at the same temperature. Specifi-
cally, when the temperature was 120°C, 
the actuation stress of LCE microfiber 
was 0.28, 0.22, 0.11, and 0.02 MPa at 
l/L = 3.0, 2.5, 2.0, and 1.5, respectively. 
Such a trend could be attributed to the 
better alignment of liquid crystal me-
sogens with larger prestretch. Similarly, 
we did not observe strong dependence 
of the actuation stress on the fiber di-
ameter as shown in Fig. 2F.

As an actuator, both the strength and 
the durability of LCE microfibers are 
key performance metrics (32, 33). The 
actuation stress that the electrospun LCE 
microfibers can generate is already 
beyond the strength of their bulk coun-
terpart (fig. S7). In addition, the LCE 
microfiber has shown superior dura-
bility. In the experiments, we cyclically 
loaded and unloaded the LCE microfi-
ber with 20% maximum strain at 90°C.  
We then measured the actuation strain 
of the fiber as function of temperature 
after 103, 104, 105, and 106 loading- 
unloading cycles, as shown in Fig. 2G, 
where no performance degeneration can 
be detected.

Although the actuation stress and 
strain of the LCE fiber do not depend 
on the fiber diameter, with the decrease 
in the diameter, LCE microfiber indeed 
exhibits faster thermal actuation speed. 
To estimate the response speed of the 
LCE microfiber, in the experiment, we 
used a cartridge heater (surface tempera-
ture around 300°C) to heat up the spec-
imen. When the heater approached the 
fiber (with a distance around 1 mm), it 
contracted instantaneously (<0.2 s) as 
shown in movie S1. The LCE microfiber 
could immediately recover (<0.2 s) to its 
initial shape when we removed the heat 
source, as shown in fig. S8.

Self-oscillation of an LCE microfiber 
in a steady temperature field
Although the electrospun LCE microfi-
bers can respond to temperature change 

rapidly, varying the temperature of the fiber very quickly is difficult 
in practical applications. Autonomous oscillation driven by a steady 
stimulus can be broadly seen in nature and has been recently inten-
sively explored in engineering systems (34–37). The most salient 
advantage of a self-oscillating structure is that it does not need 
periodical on/off control of external stimulus. Here, we demonstrate 
that a loaded LCE microfiber can self-oscillate in a steady tempera-
ture field, because of its thermo-mechanical coupling effect.

Fig. 2. Actuation performance of electrospun LCE microfibers. (A) The length of LCE microfiber in polydomain, 
monodomain, and isotropic states. The length of the as-spun LCE microfiber (in polydomain state) is denoted by 
L. When a tensile force is applied to the as-spun LCE microfiber, the length of the fiber increases to l(RT), and the fiber 
changes to a monodomain state. The length of the fiber reduces to l(T) when the temperature is increased to T, be-
cause of the nematic-to-isotropic phase transition. The actuation strain is defined as ​  = ​ l(RT ) − l(T) _ l(RT)  ​ × 100%​. (B) Actua-
tion strain of electrospun LCE microfiber versus temperature under four different levels of applied stresses (0.00, 0.02, 
0.08, and 0.16 MPa). The actuation strain increases monotonically with the temperature. (C) The actuation strain of 
the LCE microfiber at 120°C with different diameters under four different applied stresses. There is no substantial 
difference in the actuation strain when the fiber diameter changes. (D) Actuation stress measurement of LCE micro-
fibers. The as-spun LCE microfiber is firstly stretched to l at 20°C. The length of the fiber (l) is then fixed as the tem-
perature is gradually increased from 20°C, during which the actuation stress is measured. (E) Actuation stress of the 
LCE microfibers as a function of temperature with four prestretch ratios (l/L) as 1.5, 2.0, 2.5, and 3.0. The actuation 
stress increases as the temperature increases. A larger prestretch ratio results in higher actuation stress. (F) The actu-
ation stress of the LCE microfibers with different diameters ranging from 33 to 84 m. No clear size dependence can 
be found within the range of the fiber diameters. (G) After 103, 104, 105, and 106 loading-unloading cycles, the actua-
tion strain of the LCE microfiber remains unchanged. Scale bars, 5 mm (A) and 5 mm (D).
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In the experiment, we hung an LCE microfiber (D = 33 m be-
fore stretching) in a chamber (Fig.  3A). A homemade electrical 
heating wire was placed on the bottom of the chamber, and there-
fore, the temperature in the chamber decreased from the bottom to 
the top. The temperature distribution in the chamber measured 
by IR camera is shown in Fig. 3B. Once the fiber is placed into the 
chamber, it contracts and recovers cyclically and rapidly. The ther-
mally driven self-oscillation can be understood as following: As the 
end of the LCE fiber gets close to the heating wire, it can be instan-
taneously heated up and contracts rapidly. Such contraction makes 
the fiber move away from the heating source, causing the cooling 
down and length recovery of the fiber, which, in turn, induces the 

heating up and contraction of the fiber. Figure  3C shows the se-
quential frames of an LCE microfiber within 1 s. Quantitative mea-
surements of the entire oscillation are shown in Fig. 3D and movie 
S2. The LCE fiber exhibits a fully reversible and continuous actua-
tion in a chaotic fashion. The maximum actuation strain of LCE 
microfiber during the oscillation decreases from 55 to 15% when 
the applied stress increases from 0.02 to 0.16 MPa. We further ana-
lyze the data from Fig. 3D by performing the Fourier transforma-
tion. The power spectrum density of the actuation strain signal is 
given in Fig. 3E, which shows that the self-oscillation is chaotic. We 
postulate that such chaotic oscillation results from the coupling 
between the airflow in the chamber and the nonlinear thermo-

mechanical behaviors of the LCE fiber 
(21, 38). Quantitatively modeling the 
chaotic oscillation of the LCE fiber 
requires substantial efforts, which is be-
yond the scope of the current study.

Although several self-oscillating LCE 
structures have been designed and fab-
ricated, most of them are triggered by 
light via self-shadowing effect (35, 39). 
The self-oscillation of LCE microfibers 
driven by a steady temperature gradient 
demonstrated in the current work may 
have the potential to harvest energy from 
low-quality waste heat. The LCE micro-
fiber can be also used to construct self- 
propelling devices in an environment 
with temperature gradients. Figure 3F and 
movie S3 show cyclical wing flapping 
driven by a LCE microfiber in a steady 
but inhomogeneous temperature field. 
In the experiment, we hung a wing at 
the bottom of an LCE microfiber. The 
wing could flap continuously in a steady 
temperature field, driven by the self- 
oscillation of the LCE microfiber.

Light-controlled actuation 
of electrospun LCE microfibers
Because of the small diameter, applying 
external stimuli to trigger the actuation 
of a single LCE microfiber can be diffi-
cult. To achieve controllable actuation of 
LCE microfibers, we coated a polydopa-
mine (PDA) layer on the surface of the 
fiber to make it light responsive through 
photothermal effects. Previous studies 
have demonstrated that PDA coating can 
convert light to heat with high efficien-
cy in the NIR region (40). In addition, it 
has been shown that thin PDA layers can 
easily adhere on the surfaces of many 
different materials (41, 42).

In the experiments, we fabricated 
PDA-coated LCE microfibers through a 
simple dip-coating process, during which 
the fiber (prestretched monodomain 
state) was submerged in a dopamine/tris 

Fig. 3. Self-oscillation of an LCE microfiber in a steady temperature field. (A) Schematic illustration of self-oscillation 
of an LCE microfiber in a steady temperature field. (B) Thermal image of the temperature field in the chamber mea-
sured by an IR camera. (C) Frames from the video (movie S2) of the oscillation of an LCE microfiber (16 to 17 s). 
(D) Actuation strains (​  = ​ L − l _ L ​ × 100%​) of LCE microfiber during the oscillation with three different levels of applied 
stresses (0.02, 0.08, and 0.16 MPa). (E) Frequency spectra of the actuation strain time series shown in (D). (F) Autonomous 
wing flapping actuated by an LCE microfiber in a steady temperature field. Scale bar, 10 mm (F).
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buffer solution as shown in Fig. 4A. After 48 hours, the surface of 
LCE fiber turned into a dark gray color, indicating successful po-
lymerization of dopamine on the surface of the LCE microfiber.

The PDA-coated LCE microfiber can generate longitudinal con-
traction under the exposure of NIR light due to the photothermal 
effect as shown in Fig. 4B. In the experiment, to precisely control the 
frequency of NIR light exposure, a rotating motor connected with a 
half opening mask was used as shown in Fig. 4B. To evaluate the 
actuation performance of PDA-coated LCE microfiber under the 
periodic illumination of NIR light, laser beams with two different 
levels of power were used in the experiments, as shown in fig. S9A.  
When the NIR light was exposed to the PDA-coated LCE fiber 

(D = 35 m), the actuation strain of LCE fiber reached the maximum 
value within 0.1 s. The PDA-coated LCE fiber could rapidly recover 
to its initial length within 0.1 s when the NIR light was blocked by 
the rotating mask. The laser with high power (4000 mW/cm2) could 
induce larger actuation in the LCE fiber (20%) than the one with 
lower power (2000 mW/cm2). In addition, we had also measured 
the response speed of PDA-coated LCE microfibers with different 
diameters as shown in fig. S9B. The fiber with the smallest diameter 
exhibited both the fastest actuation and recovery speed.

We further studied the actuation performance of PDA-coated LCE 
microfiber (D = 35 m) under a different frequency of NIR light 
exposure (4000 mW/cm2). By controlling the rotation speed of the 

motor, the frequency of NIR light ex-
posure could be varied from 1.3 to 16.7 Hz. 
As shown in Fig. 4C and movie S4, at 
a low frequency of 1.3 Hz, the actuation 
strain increased with time nearly to a 
plateau value (20%) and then decreased 
to zero. When we increased the frequency 
to the range of 2.7 to 5.3 Hz, the maxi-
mum actuation strain remained 20%. 
However, at higher frequencies of light 
exposure of 10.0 and 16.7 Hz, the maxi-
mum actuation strain of a PDA-coated 
LCE microfiber decreased to 15 and 
10%, respectively.

Figure 4D further shows that under 
a periodic NIR laser illumination, a 
PDA-coated LCE microfiber with the 
diameter of 35 m can lift up and lower 
down a weight over 105 cycles. With the 
applied tensile stress of 0.16 MPa, the 
maximum actuation strain of the fiber 
remained 20% without any degradation. 
The bulk LCE obtained from the same 
synthesis, however, can only survive for 
nine cycles with same loading condition 
because of its poor fatigue properties 
(fig. S10).

A single fiber can only produce small 
actuation force, which may not be suffi-
cient for applications. To overcome this 
limitation, we assembled multiple LCE 
microfibers to amplify the actuation force.  
As shown in fig. S11, a single fiber 
(D = 68 m) could lift a 0.1-g weight, 
whereas four such fibers in parallel could 
lift a weight around 0.5 g without affect-
ing the response speed (movies S5 and 
S6). We then attached the PDA-coated 
LCE microfiber bundle, mimicking a 
bicep muscle, to a 3D-printed arm skeleton 
to realize fast elbow movements (Fig. 4E). 
When the fiber bundle was exposed to 
NIR light, it contracted, causing the 
arm to bend and lift up a weight of 0.5 g 
(Fig. 4F). The PDA-coated LCE microfiber 
bundle could fully recover to its origi-
nal state when the NIR light was switched 

Fig. 4. Laser-powered actuation of PDA-coated LCE microfibers. (A) Preparation of PDA-coated LCE microfibers 
via dip-coating method. (B) When a PDA-coated LCE microfiber is exposed to a NIR light, it contacts and lifts up a 
weight. The frequency of NIR light illumination can be controlled by the rotation speed of the motor attached with a 
half-opening mask. (C) Influence of NIR light illumination frequency on the actuation strain of a PDA-coated LCE 
microfiber. The maximum actuation strain decreases with the increase in the light illumination frequency. 
(D) Laser-powered actuation performance of the LCE microfiber remains the same after 105 cycles of periodical light 
illumination. (E) Schematic of weight-lifting artificial arm. An LCE microfiber bundle can be implemented as a 
bicep artificial muscle. (F) When the fiber bundle is exposed to a NIR light, the bicep contracts, which causes the 
arm to bend. (G) Elbow bending angle as a function of time for two different frequencies of light illumination. 
Scale bar, 10 mm (F).
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off. In Fig. 4G, we show the change of the bending angle of the elbow 
with time under periodical illumination of a NIR light (movie S7).

Comparisons between the electrospun LCE microfiber 
actuator and other existing fiber actuators
In terms of the magnitude of actuation strain (>50%), actuation stress 
(0.3 MPa), response speed (300%/s), and work density (20 kJ/m3), 
the LCE microfibers exhibit a performance comparable to human 
muscle (fig. S12) (32, 33). In the Ashby plot shown in Fig. 5A, we 
collect the actuation strain and strain rate of different fiber actuators 
reported in the literature.

In robotics applications, power density is one of the key perform
ance metrics of an actuator. The actuation power density of an LCE 
fiber can be estimated as P = /, where  is the applied stress,  
is the actuation strain,  is the characteristic time for heating up or 
cooling down the fiber, and  is the mass density. The magnitude of 
 (work density) and the mass density of the LCE material have 
weak size dependence. Therefore, reducing the characteristic time  
is the key to increase the power density of the LCE fiber.

In the current work, we fabricated LCE fibers with small diameters 
through electrospinning method to decrease the characteristic time . 
In the experiments above, we have demonstrated two different ways 
of heating up and cooling down the LCE fibers. For the first method, 

we used environmental heating and natural cooling to heat up and 
cool down the fiber. Because of the small diameters of the fibers, the 
characteristic heating or cooling time for the fibers is determined by 
the thermal time constant:  = dc/h, where d is the fiber diameter, 
c is gravimetric specific heat capacity, and h is the convection coef-
ficient. Using the representative numbers for the LCE fiber and the 
environment, we can obtain that  ~ 1 s (with d ~ 10 m,  ~ 103 kg/m3, 
c ~ 103 J/kg·K, and h ~ 10 W/m2·K), which is consistent with the ex-
perimental results shown in Fig. 3D. However, in the applications, 
this characteristic time constant of heating or cooling the LCE is 
often much smaller than the time needed to change the environ-
mental temperature near the fiber. Therefore, in the applications, 
the response time of the LCE fiber will be more likely determined by 
the time needed to change the environmental temperature. For the 
second method, we adopted photothermal mechanism to heat up or 
cool down the LCE fibers coated by a PDA layer. For this method, 
the conversion of light to heat almost needs no time. Therefore, the 
time scale of the LCE fiber to contract (by laser heating) and recover 
back (through air cooling) is given by the thermal time constant: 
 ~ 1 s. On the basis of the results plotted in Fig. 4C, we estimate that 
the power density of the LCE microfiber is 400 W/kg. The Ashby 
plot in Fig. 5B shows the comparisons of the power density and 
actuation strain rate of LCE microfiber actuator and other LCE 
actuators reported in the literature.

Applications of LCE microfiber actuator
We constructed microdevices using electrospun LCE microfiber 
actuators for proof-of-concept demonstration. First, we designed 
and fabricated an electrically controlled microtweezer actuated by 
LCE microfiber. An electrically controlled soft actuator allows its 
easy integrations with low-cost electronic devices and convenient 
programmability, which is highly desired for micromanipulation 
systems and devices (43, 44). As shown in Fig. 6A, several LCE 
microfibers connected the two beams near their tips, and two 
microheaters were attached to the inner sides of the beam. When a 
voltage was applied to the microheaters, the temperature near them 
increased, triggering the contraction of the LCE microfiber and the 
close of the two tips of the microtweezer (Fig. 6B and movie S8). 
The two tips of the microtweezer reopened when the voltage was 
turned off. The displacement of the tips could be easily controlled 
by the applied voltage, as shown in Fig. 6C. Compared with most 
existing fiber actuators, the small weight, large actuation strain, and 
fast response are the advantages of the LCE microfiber actuator for 
the microtweezer application.

Light-driven LCE microfibers can be rapidly and remotely con-
trolled, which makes them a great choice for building untethered 
microrobots (45). Here, we fabricated a microswimmer based on a 
PDA-coated LCE microfiber as shown in Fig. 6D. The microswimmer 
is mainly composed of flexible hinges, polyimide tapes (with curved 
end), polyethylene terephthalate (PET) films, and a PDA-coated 
LCE microfiber. Although the density of the PET film (1.38 g/cm3) 
is larger than that of the water, the microswimmer could surf on the 
water surface because of the capillary force (Fig. 6D). The micro
swimmer could move rapidly on the surface of water driven by a 
NIR laser, as shown in Fig. 6E. For one swimming stroke, when the 
LCE fiber was exposed to the NIR laser, the fiber contracted, causing 
the hinge to fold. As a result, the front fin moved upward and pushed 
the water backward, which could generate a thrust force to make the 
entire body to move forward. The movement of robot was negligible 

Fig. 5. Comparisons between the electrospun LCE microfiber and other actuators. 
(A) Ashby plot of actuation strain versus actuation strain rate of fiber actuators in-
cluding twisting nylon fishline (6), conductive polymer fiber (48), light-responsive 
fiber (50), hydrogel fiber (52), carbon nanotube yarn muscle (53), and human skele-
ton muscle (33). (B) Ashby plot of power density versus actuation strain rate of LCE-
based soft actuators and human skeleton muscle.
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when the NIR light was switched off. With the NIR light switching 
on and off periodically, the microswimmer could generate a large 
displacement on the surface of the water, as shown in Fig. 6F and 
movie S9. Building a light-controlled microrobot requires actuators 
that generate fast actuation with large actuation strain and stress. We 
believe that more complex design and fabrication will be needed to 
a construct a similar microrobot by using other fiber actuators.

Finally, we fabricated a soft micro-impedance pump driven by 
PDA-coated LCE microfibers (Fig. 6G). The soft impedance pump 
is composed of a soft tube in the middle connected to two rigid tubes. 
Three PDA-coated LCE microfibers were covered across the soft 

tube and anchored on the substrate as 
shown in Fig. 6 (G and H). Cyclic light-
induced contraction of the LCE fibers 
caused periodic local squeezing the soft 
tube as shown in Fig. 6H. Because the 
position of the LCE fibers is not in the 
middle of the soft tube, the periodic 
squeezing can continuously pump the 
water from one end to the other as shown 
in Fig. 6I and movie S10. The flow rate 
of the soft impedance pump is shown in 
Fig. 6J. The flow rate of the light-powered 
micropump demonstrated in the current 
work is comparable to that of some pre-
vious studies using piezoelectric actua-
tors powered by electricity (46).

Thanks to the contactless manner and 
high spatial/temporal resolution, light 
illumination has been widely recognized 
as an excellent way to control microfluidic 
devices (47). To construct an efficient 
light-powered microfluid pump, fast 
optically driven actuation and a combi-
nation of large actuation strain and stress 
of the fiber actuator are necessary. It is 
very challenging to use previously de-
veloped fiber-based actuators to con-
struct a light-powered microf luidic 
pump with the performance compa-
rable to what has been demonstrated 
(Fig. 6J).

DISCUSSION
In the recent few years, various fiber ac-
tuators have been fabricated with great 
performance. However, all of those fiber 
actuators still have certain limitations 
for applications. Many of those fiber 
actuators are thermally driven, such as 
twisted nylon fishline, conductive poly-
mer fiber (6, 48), and shape memory 
alloy fibers (49). Several recently devel-
oped optically responsive fiber actuators 
can generate multidirectional bending 
and uniaxial contraction based on the 
photochemical or photothermal mech-
anism (50, 51). However, the responses 

of all those fiber actuators are slow because of their large sizes. The 
fiber actuators made from responsive hydrogels respond even slower, 
because solvent diffusion is required (52). Carbon nanotube yarn 
muscle can generate fast actuation rate (100%/s), but its actuation 
strain is small (typically less than 5%) (53).

Here, we designed and fabricated a LCE microfiber actuator 
through a facile electrospinning technique. We have conducted 
systematic characterizations of the actuation performance of the 
microfiber actuator. The electrospun LCE microfiber actuator 
exhibited similar performance as human muscle fibers in terms of 
the actuation strain, stress, response speed, work density, and 

Fig. 6. Applications of electrospun LCE microfiber actuators. (A) Schematic and photo of a microtweezer. The 
microtweezer is composed of two cantilever beams (equipped with microheater at the inner side), a stage, and LCE 
microfibers. The LCE microfibers are mounted near the tip of two cantilever beams. (B) Working mechanism of the 
microtweezer. When a voltage is applied onto the two heaters, the LCE microfibers can be heated up and contract, 
which makes the tips of the tweezer close. (C) Tip displacement of microtweezer versus time for three different voltages: 
0.3, 0.7, and 1.0 V. (D) Schematic and a photo of a microswimmer. The microswimmer is mainly composed of a flexible 
hinge, PET films, polyimide tape, and an LCE microfiber. (E) Schematic illustration of the microswimmer during 
light-powered swimming. When the LCE microfiber is exposed to the NIR light, the fiber contracts, so the front fin 
moves upward and pushes the water backward, which generates thrust force making entire body move forward. 
(F) Frames from the video (movie S9) of light-powered swimming of the microswimmer. (G) Schematic of a soft impedance 
pump. Three PDA-coated LCE microfibers are placed across a soft tube and anchored on the substrate. A metallic 
needle connects the soft tube and a water reservoir. Another glass capillary tube is connected to the other end of the 
soft tube. (H) When NIR light is applied onto the PDA-coated LCE microfibers, the soft tube deforms and the water 
inside of the soft tube is pumped from the water reservoir to the capillary tube. (I) Frames from the videos of the soft 
pump with the light illumination at a frequency of 1.0 Hz. (J) The flow rate of soft pump versus the frequency of the 
light illumination. Scale bars, 10 mm (B, D, F, and I).
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power density. Thanks to the small diameter, the LCE microfibers 
also exhibited high strength and superior durability. To make the 
LCE fiber responsive to light, we coated a thin PDA layer on the 
surface of the fiber through a simple dip-coating method. In terms of 
the practical applications, we demonstrated the feasibility of using 
the LCE microfiber actuator to construct versatile microrobots and 
a microfluidic pump. Our work may open up an avenue to build 
soft robotics or soft machines using LCEs as the actuator.

Last, it is also worth mentioning that the diameter of the LCE 
fibers made from electrospinning varies greatly (10 to 100 m), which 
may not be desired in practical applications. In the current work, we 
manually select the LCE fibers with the diameter of our interest. 
Additional efforts will be needed to obtain electrospun LCE micro-
fiber actuators with more uniform diameters. Moreover, the smallest 
diameter of the current electrospun LCE fiber in the current work is 
around 10 m. Reducing the diameter of LCE microfiber can fur-
ther enhance the responsive speed, which may be realized by tuning 
the electrospinning parameters.

MATERIALS AND METHODS
Materials
{1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene} 
(RM257) (Wilshire Company, 95%), (2-hydroxyethoxy)-2-
methylpropiophenone (HHMP; Sigma-Aldrich, 98%), HDT (Alfa 
Aesar, 97%), dipropylamine (DPA; Sigma-Aldrich, 98%), dopamine 
hydrochloride (99%, Alfa Aesar), tris base (Thermo Fisher Scientific), 
chloroform, and methylene chloride were used as received without 
further purification.

Synthesis of the LCE ink for electrospinning
RM257 (12.95 g, 22 mmol) was dissolved in 50 ml of CH2Cl2. Then, 
HDT (3.006 g, 20 mmol) and catalyst DPA (0.200 g, 2 mmol) were 
added dropwise into the solution. The solution was stirred at RT for 
12 hours. Then, the solvent was evaporated and the product was 
obtained after being dried at 80°C in the oven overnight. Last, we 
dissolved the product into chloroform; the concentration of the ink 
was set to be 20 weight % (wt %). We then added 5 wt % HHMP into 
the ink and stirred for 12 hours.

Fabrication of LCE microfiber
The schematic of electrospinning setup is shown in Fig. 1A. The 
LCE ink was first loaded into a 1-ml plastic syringe with a 16-gauge 
industrial needle. Then, we used the syringe pump (Cole-Parmer, 
USA) to precisely control the flow rate from the needle with a speed 
of 0.02 ml/min. A metal mesh with hexagonal gap was used to col-
lect the electrospun LCE microfibers. The positive electrode of the 
power source was connected to the tip of the needle; the negative 
electrode of the power source was connected to the metal mesh. The 
applied voltage was set to 6 kV. During the electrospinning, the LCE 
microfibers were exposed under UV irradiation to finish the cross-
link process. The time for the electrospinning was 2, 5, and 15 min 
to obtain LCE microfibers with different quantities and diameters; the 
diameter distribution is shown in fig. S2. After electrospinning, the 
as-spun LCE microfiber can be cut using scissors.

Fabrication of PDA-coated LCE microfiber
The dopamine hydrochloride (0.2 g, 1.05 mmol) and tris base (0.1 g, 
0.83 mmol) were dissolved into 100 ml of water. Then, the monodomain 

LCE microfibers were immersed into the solution for 48 hours. The pH 
value of the tris base buffer was set to be 8.5. The fibers became 
dark gray color after submerging. Then, the resultant PDA-coated 
LCE microfibers were washed using water.

Morphology characterization of LCE microfiber
The diameters of LCE microfibers were measured under both 
optical microscope (Zeiss) and scanning electron microscope 
(Zeiss Sigma 500). The alignment of the LCE microfiber can be 
characterized by polarized optical microscope (Zeiss).

Uniaxial tension tests of as-spun LCE microfiber 
with different diameters
The force-displacement relationship of as-spun LCE microfiber can 
be measured using a micromechanical tester (Modular Force Stage, 
Linkam instrument) equipped with a 2-N loading cell (force resolu-
tion, ~0.00001 N). The initial length of an as-spun LCE microfiber 
is 10 mm. The loading speed is set to be 0.1 mm/s. After measure-
ments, the stress was equal to the force divided by initial cross-
sectional area. The strain was equal to the displacement divided by 
initial length. The stress-strain relationship can be found in Fig. 1C.

DSC measurement of as-spun LCE microfiber
The DSC measurement was conducted using a Discovery DSC 250 
(TA instruments) in the nitrogen atmosphere. The 2-mg as-spun 
LCE microfibers were sealed in the aluminum pans. The heating 
and cooling scanning rate was 5°C/min in the temperature range 
between −35° and 150°C.

Actuation strain and stress measurements of  
LCE microfiber
To measure the actuation strain, the fiber (with external load) was 
placed into the high-temperature testing chamber (LRHS-100, 
Shanghai Linpin Instrument Stock Co Ltd). At each temperature, 
we waited for 5 min until the temperature inside of the chamber was 
stable. Then, we used a digital camera (Canon 80D) to capture the 
image. We characterized the length and the actuation strain of LCE 
microfiber at each temperature by analyzing the images, using 
ImageJ. The results are shown in figs. S4 and S5.

To measure the actuation stress, we used a micromechanical tester 
(Modular Force Stage, Linkam Scientific Instrument) equipped with 
a 2-N loading cell (force resolution, ~0.00001 N). The device is shown 
in fig. S6. We first applied prestretch by  to an as-spun LCE microfiber; 
the length of the fiber increased from L to l; by fixing the length l, we 
increased the temperature with 20°C/min heating rate and measured 
the actuation force. The actuation stress was equal to the force 
divided by the initial cross-sectional area. The results can be found 
in Fig. 2 (D to F).

To measure the actuation strain versus time (Fig. 4C) under dif-
ferent frequencies, we characterized it by analyzing the videos taken 
from a high-speed camera (iX Cameras i-SPEED); then, we used 
ImageJ to measure the length of LCE microfiber in each frame.

Fabrication of microtweezer, microswimmer, and  
microsoft impedance pump
We created the microheater using a homemade laser cutting machine 
and glued the microheater onto the FR4 stripes (20 mm by 3 mm by 
0.3 mm). We then glued two cantilever beams to the holder, and a 
single LCE microfiber was warped around onto the two cantilever 
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beams near the tip. The microtweezer was connected to the power 
source (Dr. Meter PS-305DM). The fabricated microtweezer is 
shown in Fig. 6A.

The microswimmer was composed of a foldable structure made 
from PET film. We glued polyimide tape and Scotch tape at the front 
and rear sides. A single PDA-coated LCE microfiber was mounted 
in the middle to trigger the foldable structure. The entire micro
swimmer is shown in Fig. 6D.

The soft impedance pump was composed of a soft tube (Ecoflex) 
in the middle, an 18-gauge industrial needle, and a capillary tube at 
both sides. We used heat-shrink tubes to connect each tube. We 
placed several PDA-coated LCE microfibers onto the soft tube. All 
the components were attached to the glass substrate using tape. The 
microsoft impedance pump is shown in Fig. 6G.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/57/eabi9704/DC1
Materials and Methods
Figs. S1 to S12
Movies S1 to S10
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