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Switchable photothermal conversion efficiency for
reprogrammable actuation
Yongcheng He1, Haojun Liu1, Jiajia Luo1, Nuo Li1, Lihua Li2, Puxian Xiong 1, Jiulin Gan 1✉ and Zhongmin Yang1,2✉

Reprogrammable soft matter brings flexibility to soft robots so that they can display various motions, which is flourishing in soft
robotics. However, the reprogramming of photoresponsive materials used in soft robots is time-consuming using existing methods.
In this study, we promote a strategy for rapid reprogramming via switchable photothermal conversion efficiency (PCE). The liquid
crystalline elastomers doped with semiconductor bismuth compounds (Bi-LCE) used in this work exhibited large photothermal
actuation with over 35% shrinkage in 5 s at high PCE state, which demonstrated little deformation at low PCE state. Furthermore,
the material was capable of being reprogrammed up to 10 times, with only 20 min required for one PCE reversible switch. Based on
this switchable PCE effect, the same Bi-LCE film displayed various shape changes through different programmable pattern.
Additionally, a reprogrammable hollow tube made of PCE reprogrammable materials could tune the diameter, cross-section
configuration, and surface morphology, which was crucial for microfluidics field. Reprogrammable materials provide endless
possibilities for reusability and sustainability in robotics.
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INTRODUCTION
The controlled actuation of soft matter is an emerging field in
robotics owing to its ability to safely interact with fragile and
dynamic environments1. Significant developments in soft matter
have been reported in recent years with high demands for
multifunctionality and accuracy in soft robots2–4. Soft matter
nowadays has now manifested large reversible shape changes
with various stimuli programmatically and accurately, paving the
path for soft robots to execute complicated actions such as
walking5, jumping6, and swimming7. Light has become a preferred
stimulus for soft matter and soft robots for its excellent
addressability and spatial-temporal control8,9. However, most
photoresponsive soft matter currently can only exhibit single-
mode deformations once programed during preparation. Multi-
mode deformations require more actuation components, which
multiplies the difficulty and expenditure of manufacture and
control10,11.
Therefore, many researchers worldwide have focused their

attention on reprogrammable soft matter. Reprogrammable soft
matter is able to execute different motions through reversibly
programmed/erased procedures within the same material, provid-
ing remarkable multifunctionality, flexibility, and environmental
suitability for soft photoactuators12,13. Homogeneous photore-
sponsive soft materials can be reprogrammed by spatial light
control, which shows diverse deformations to cast the light on
different parts of the materials with various photomasks during
operation12,14,15. This complicates the construction and control of
the photoactuators and limits the applications. Alternatively,
photoresponsive soft materials can be reprogrammable by
changing the topology of the networks through the introduction
of dynamic covalent chemistry16. Prof. Albertus reported a
rewritable actuator that can generate various shapes upon light
irradiation with different colors of light using a pH-sensitive

azomerocyanine dye by acid treatment17. Ji et al. developed a
thermally reprogrammable liquid crystalline elastomer actuator
that relied on siloxane exchange reaction by post-synthesis
swelling18. However, current photoresponsive reprogrammable
soft materials take hours to days to be reprogrammed, which
imposes restrictions on practical use.
Heat, a convenient energy, is employed in actuators as it can be

easily converted by electricity19, magnetism20, and light21.
Photothermal conversion materials are essential media for
photothermal actuation, which require high photothermal con-
version efficiency (PCE) and good compatibility of base materials,
including organic compounds22, metal-based nanomaterials23,
carbon-based nanomaterials24, and semiconductor materials25.
The actuation materials can be programmed by adjusting the size
of the metal-based nanoparticles caused by the localized surface
plasmon resonance (LSPR) effect26. Once the size of nanoparticles
in materials has been determined, it is difficult to change again.
On the contrary, semiconductor materials are able to generate hot
carriers (i.e., hot electrons and hot holes) under irradiation. These
hot carriers first rapidly return to the conduction band and valence
band, then equilibrate with the semiconductor lattice and emit
phonons to induce photothermal energy27,28. Prominent changes
in PCE in bismuth materials can be induced by the adjustment of
the valence band29. If the PCE can be reversibly tuned, it opens an
avenue for designing reprogrammable photothermally responsive
soft matter. However, few studies have exploited the PCE change
in reprogrammable actuation materials.
Here, we propose a reprogrammable photothermally respon-

sive material that takes advantage of the switchable change in
photothermal conversion efficiency. The reprogrammable material
at the low PCE state remains stationary under low-power
illumination, but exhibits slight motion under high-power
illumination. Upon switching to the high PCE state, the material
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displays rapid photothermal conversion, leading to considerable
and rapid shape changes under low-power illumination. The fast
switchable PCE allows for a high-speed reprogramming proce-
dure, which is conducive to enhancing the multifunctionality and
flexibility and tremendously broaden the application scopes of
photoresponsive soft materials.

RESULTS
Characterization of reprogrammable photothermally
materials
The photothermally responsive materials were able to be
reprogrammed by adjusting the PCE as demonstrated in Fig. 1a.
The materials could be encoded into various states by different
types of masks and then showed different motions under
illumination on account of the different PCE of each part. The
high PCE part efficiently converted light into a large amount of
heat, but the unprogrammable parts were poor at generating
heat. The material could also be erased back to its original state for
the next program. Our reprogrammable photothermal responsive
material also consisted of the actuation base material and the
photothermal conversion material. The representative LCE materi-
als prepared by acrylate mesogenic monomers 1,4-bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene, commonly
referred to as RM82, was selected as the actuation base material
because of its huge thermal uniaxial contraction and stable
preparation30. Bismuth (III) compounds were chosen for use in the
photothermal conversion material because of their fast switchable
PCE and high photothermal property31–33. We found that the PCE
of the bismuth compounds in LCE was capable of changing under
UV illumination. As depicted in Fig. 1c, the traditional liquid crystal
cell technique was used to prepare the LCE film. Moderate
bismuth (III) neodecanoate was added into the precursor as the
bismuth source during the preparation. The precursor was
composed of the materials shown in Fig. 1b. After heat treatment,
oligomer films were formed, which were then uniaxially stretched
and UV crosslinked to form bismuth (III)-doped LCE films (Bi-LCE
films). As observed in the cross-section of Bi-LCE films (Fig. 1d),
nano- to micrometer-sized particles were uniformly distributed in
the films without voids or holes in the cross-section. It could be
speculated that bismuth compounds were well encircled by LCE
networks. Specially, bismuth compounds were possible to be
physically incorporated with LCE networks primarily attributed to
the significant difference in size between bismuth particles and
LCE network molecules. Besides, chemical interactions also existed
between bismuth particles and the LCE networks due to the
presence of Bi–O coordinate-covalent bonds and Bi–S intermole-
cular attractions. (Fig. 1e, Supplementary Information and
Supplementary Fig. 1).
As the pictures photographed by orthogonal polarized optical

microscopy (POM) (Fig. 1f), the Bi-LCE films were in a well uniaxial
orientation at room temperature. The Bi-LCE film became softer
than the pure LCE film due to the addition of bismuth compound
dopants, potentially impeding the crosslinking of the networks.
The larger molar ratio of functional groups of thiols between the
di-functional flexible spacer (EDDET) and the tetra-functional
crosslinking monomer (PETMP) resulted a looser network structure
and a softer Bi-LCE film34. The softer film presented a larger
shortage strain during thermal actuation. However, the film could
not fully recover to the original shape when the functional group
ratio exceeded 75:25. In order to balance the best mechanical and
actuation properties of the film, the functional group ratio of 75:25
of thiols between EDDET and PETMP was chosen to prepare the
Bi-LCE film. The Young’s modulus of Bi-LCE films was 6.57 MPa
(Fig. 1g). According to the differential scanning calorimetry (DSC)
diagram (Supplementary Fig. 2), the clearing point of the Bi-LCE
film was 88 °C, similar to the pure LCE films. Moreover, the Bi-LCE

films showed approximately 45% shrinkage strain at 120 °C
(Supplementary Fig. 3), which fed the requirement for actuation.

Photoactuation property of the Bi-LCE films
First, the photoactuation property of the Bi-LCE films in two
different states was demonstrated. We designated the Bi-LCE films
with high PCE as Bi-LCE-H films and the Bi-LCE films with low PCE
as Bi-LCE-L films. In order to maximize the light power utilization, a
device was set up as depicted in Fig. 2a. The infrared laser diode
(LD) of 808 nm wavelength was used as the excited light source
with a spot diameter of nearly 1 cm to drive the Bi-LCE films. Both
ends of the Bi-LCE films were glued with tapes to facilitate weight
hanging, so that planar motions could be executed rather than the
three-dimensional motions caused by the asymmetric orientation
produced during preparation, which was a result of manually
stretching the oligomer films for uniaxial orientation.
As displayed in Fig. 2b and Supplementary Movie 1, 2, the Bi-

LCE-L film contracted at a laser power of 1 W, and the shrinkage
strain of the film increased along with increasing the light power.
The film reached the maximum shrinkage strain of less than 30%
at the light power of 2.5 W. The response time, defined as the time
when the film reached 85% of the maximum shrinkage strain, was
about 15 s. Then, The Bi-LCE-L film was exposed to both-side UV
illumination with a 365-nm wavelength for a duration of 15 min,
with the power density of about 30 mW·cm−2. The Bi-LCE-H film
was obtained. The Bi-LCE-H film performed shrinkage of over 15%
at the light power of 0.5 W and achieved the maximum shrinkage
of more than 35% at the light power of 2 W, applying work of
approximately 0.05 J by lifting the clamps 200 times its own
weight. The smaller photothermal shrinkage compared to the
thermal shrinkage might be caused by the light spot of
incomplete coverage on the film and the inhomogeneous
distribution of the light power. The response time was about 5 s,
and the shrinkage strain and the response time promoted little
with increasing the light power. All films recovered to their
original shape within 5 to 8 s. The Bi-LCE-H films contracted much
more sharply than the Bi-LCE-L films, clearly separating two
different motion states of the films.
To quantify the photothermal conversion effect, an infrared

sensor was set up to detect the surface temperature of the films.
The films were irradiated continuously until they reached a steady
temperature, followed by cooling to the ambient temperature
after the laser was turned off. It could be seen in Fig. 2c that when
the samples were irradiated with the infrared laser of 808 nm at
the power of 0.757 W, the temperature of the Bi-LCE-H film
increased from the ambient temperature of 22.6 °C to 77 °C at the
linear rate of about 3 °C s−1. The temperature reached a steady
state and then slowly decreased. In contrast, the Bi-LCE-L film was
heated warm (32.3 °C) at the same light power. In addition, there
was little temperature variation in the pure LCE film, indicating
that the networks of LCE contributed little to the thermal
conversion. Obviously, there was an enormous difference in the
PCE between the Bi-LCE-H film and the Bi-LCE-L film. This was the
direct reason for the different photothermal actuation perfor-
mance of the Bi-LCE films.

Working mechanism of the reprogrammable Bi-LCE film
We attempted to explore the mechanism underlying the switch-
able PCE in Bi-LCE films. The Bi-LCE film showed an obvious
photochromic effect under UV treatment and turned brown owing
to the higher absorption in the Bi-LCE-H film (Supplementary
Fig. 4), which might be attributed to reversible photochromic
effect associated with bismuth compounds, wherein the formation
and breakage of short distance bonds cause the color
changes35,36. Therefore, The X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared (FTIR) spectra for the Bi-LCE
films were analyzed to find the changes for the chemical bonds in
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Fig. 1 Reprogrammable photothermally responsive materials. a A sketch of the reprogrammable photothermal materials by adjusting the
PCE. b The main materials contained in the precursor. c The sequence of the Bi-LCE film preparation process. d Scanning electron microscope
(SEM) images of the cross-section of the Bi-LCE film. Top image showing the microstructure of the Bi-LCE film, with a scale bar of 10 μm.
Bottom image zooms in on a bismuth compound particle within the Bi-LCE film, with a scale bar of 1 μm. e Content ratio of each element in
the cross-section of the Bi-LCE film at different locations, detected by energy disperse spectroscopy (EDS). f The images of the Bi-LCE film
photographed by polarizing optical microscope (POM) at 5x magnification, left: dark field, right: bright field. g Young’s mold of the pure LCE
film and Bi-LCE film. Tensile tests were conducted three times for each material sample. The bars are the average values of three samples and
the error bars represent the standard deviation of each material.
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the films. The XPS spectra of sulfur 2p and bismuth 4f for Bi-LCE-L,
Bi-LCE-H, and Bi-LCE-10 films were exhibited in Fig. 3a. The peaks
at around 164.5 eV and 159.0 eV before UV treatment were
consistent with the binding energy of bismuth 4f5/2 and 4f7/2,
similar to the value for Bi2S3 and Bi2O3

37. Hence, the valence state
of bismuth (III) stayed unchanged before and after UV treatment.
Besides, the XPS spectra of S 2p of the Bi-LCE films also
demonstrated that there were also changes in sulfur. Three
groups of double peaks at around 169.2 eV and 168.0 eV, 167.1 eV
and 166 eV, as well as 164.4 eV and 163.3 eV were detected in the
Bi-LCE film, which were similar to the value of sulfur 2p3/2 and
2p1/2 for R-SO2-R bonds, R-S=O-R bonds and C-S bonds,
respectively38–41. The apparent decline from Bi-LCE-L to Bi-LCE-H
films in the binding energy of bismuth from 159.4 eV to 158.9 eV,
as well as in the binding energy of sulfur from 163.6 eV to
163.2 eV, indicated that there were more Bi–S bonds in the Bi-LCE-
H film42, which could also be confirmed in FTIR spectra (Fig. 3c and
Supplementary Information). Furthermore, the spectra of O 1 s in
Fig. 3b revealed two peaks at around 533.5 eV and 532.4 eV, which
were assigned to C=O bonds or C–OH bonds and C–O or Bi–O
bonds, respectively43,44. Significant differences in intensity
between the peaks at around 533.5 eV and 532.4 eV with obvious
shift could be observed, indicating changes in the oxygen relative
bonds. Stronger absorption peaks were observed at 692,764 and
897 cm−1 in the FTIR spectra, indicating that the concentration of
Bi–O bonds increased in the Bi-LCE-H film. While the peaks at
1161 cm−1, which corresponded to the C–O–C asymmetric
stretching45, became weaker after UV treatment, suggesting a
reduced presence of C–O–C bonds in the Bi-LCE-H film. Therefore,
it could be speculated that when the Bi-LCE-L film went through
the UV treatment to be Bi-LCE-H film, the UV light broke the C-O
bonds and created a substantial amount of active oxygen, which
led to the formation of other chemical bonds such as Bi–O bonds,
C=O bonds and C–OH bonds in the Bi-LCE-H film.
In summary, the mechanism of the switchable PCE in Bi-LCE

films could be explained as follows. As shown in Fig. 3f, the Bi-LCE-
L film with 3.02 eV bandgap (Fig. 3d) exhibited low photothermal

conversion efficiency, because it is challenging to absorb the 808-
nm-wavelength infrared light with a photon energy of 1.5 eV. In
the programmed process, the UV light with a photon energy of
3.4 eV broke the C–O bonds and created lots of active oxygen in
the film. Additionally, it provided bismuth atoms better coordina-
tion ability to bond with oxygen or sulfur atoms35. As a result,
bismuth compounds in Bi-LCE-H films existed more Bi–O bonds in
[BiO6] octahedral units and Bi–S bonds. These additional bonds
offered more electrons transition channels so that the film
absorbed more photons36, thus leading to the photochromic
effect. While strong resistant forces to bond in amorphous Bi-LCE
film (Supplementary Fig. 5) led to abundant defects such as
vacancies, which brought defect energy in the Bi-LCE-H film,
lowering the bandgap to 1.14 eV (Fig. 3e). Therefore, the narrower
bandgap of the Bi-LCE-H film due to defects enabled it to absorb
more photon energy to produce hot electrons and holes,
facilitating heat generation through electron-phonon scattering
and subsequent phonon emission processes, generation vast of
heat.

Repetitive and reprogrammable performance of Bi-LCE films
Next, we investigated the performance of the Bi-LCE-H films under
repetitive cycling. The infrared light was turned on for 10 s for
actuation and turned off for 10 s for recovery, with a light power of
2 W for each cycle. As shown in Fig. 4a and Supplementary Movie
3, the photoresponsive shrinkage actuation was repeated twelve
times. It could be observed that the shrinkage strain at the twelfth
time declined to about 15% from the initial maximum strain of
near 50% in the repetitive cycling photoactuation performance of
the Bi-LCE-H films. This reduction in strain could be attributed to
the reversible photochromic effect, where the film could revert to
its original color under high temperature (~80 °C)35. When the
temperature increased, intense vibration of the atoms within Bi-
LCE films broke the fragile chemical bonds generated by UV
illumination. Consequently, the electron transition channels and
the defect energy decreased, leading to an enlargement of the

Fig. 2 Photoactuation property of the Bi-LCE films. a Top: Schematic of the devices in the photoactuation performance. Bottom: Images of a
Bi-LCE film used in the performance with the size of 10mm × 5mm. b Shrinkage strain of the Bi-LCE-H and Bi-LCE-L film during
photoactuation with different light powers. c Temperature variation of the film under infrared illumination.
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bandgap of the Bi-LCE films. The surface temperature of the film
reached over 110 °C when exposed to the infrared light source
with the light power of 2 W (Supplementary Fig. 6). Therefore, the
heat generated by the infrared light not only actuated the film but
also caused it to partly recover to the Bi-LCE-L film, thus
weakening the photoactuation property of the film. From the

overall effect, the Bi-LCE films demonstrated a sufficient level of
repeatability, achieving over 15% shrinkage strain, which was
suitable for most applications.
Then, we evaluated the reprogrammable performance of the Bi-

LCE films. The Bi-LCE-L film was taken as the original state, which
was programmed to become the Bi-LCE-H film using both-side UV

Fig. 3 The mechanism underlying the switchable PCE in Bi-LCE films. The XPS spectra of the Bi-LCE film before UV treatment, after UV
treatment and reprogrammed for 10 times of (a) Bi 4 f and S 2p. b O 1 s. were shown. c FTIR spectra of the Bi-LCE film before UV treatment,
after UV treatment and reprogrammed for 10 times. The plot of [F(R∞ )hν]0.5 versus energy (eV) of the Bi-LCE films were shown. d Bi-LCE-L.
e Bi-LCE-H. f A proposed mechanism sketches for the switchable photothermal conversion effeciency in Bi-LCE film.
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illumination with a 365-nm wavelength for 15 min. The pro-
grammed Bi-LCE-H film could be erased and recovered to the Bi-
LCE-L film by heating it in 0.1 wt% EDDET/ethanol solution at 80 °C
for 5 min. The entire reprogrammable procedure, including
programming and erasing, took only 20 min to complete. The
photoactuation performance of the Bi-LCE film was tested after
the programming and erasing treatment. Figure 4b and Supple-
mentary Movie 4 exhibited that the Bi-LCE film could be
reprogrammed for 10 times. The Bi-LCE-H film, which was
programmed for the first time, shrank by about 30% strain.
However, the shrinkage strain declined along with the increasing
number of programmable times, which descended to over 15%
after the tenth programmable procedure. The decline in photo-
actuation properties after several programmable procedure might
be attributed to the stabilization of chemical bonds due to
repetitive connection and fracture based on the principle of
minimum energy46. As the FTIR spectra of Bi-LCE-10 shown in Fig.
R2, more Bi–O bonds in [BiO3] pyramidal structural units and less
Bi–O bond in [BiO6] octahedral units existed in Bi-LCE-10 film,
according to the absorbance intensity of the assigned 692 and
764 cm−1 peaks. While the lower absorbance intensity of the
peaks at 897 cm−1 suggested less Bi–O bonds in [BiO6] octahedral
units in Bi-LCE-10 film. Additionally, the active oxygens produced
by UV light might replace the S atoms. There were also less Bi–S
bonds, C–S bonds, S=O bonds and SO4 according to the lower
absorbance of the peaks at 619 cm−1, 764 cm−1 and 846 cm−1,
1248 cm−1,1005 cm−1 and 1066 cm−1, respectively. These
changes in chemical bonds might lead to variations on the
bandgap, weakening the photoactuation property after several
programmable procedure. The Bi-LCE-L film maintained less than
5% shrinkage strain after ten times of erasure processes, which
was similar to the original state. Although there was a slight
decline in the photoactuation property after reprogramming
processes, the film could reach the same performance by
prolonging the exposure time or increasing the irradiation power.

Reprogrammable control applications of Bi-LCE films
The patterning method could be used to create complex
deformation patterns with responsive light illumination. Therefore,
the same Bi-LCE film could be reprogrammed to present diverse
deformations under irradiation. The 11mm × 6mm Bi-LCE film
was locally covered by three different photomasks to prevent the
UV light from encoding the film. As shown in Fig. 5c, e, g, i and
Supplementary Movies 5–8, the encoded part of the film turned
brown while the covered part remained light. The film was first
encoded from the original state (Fig. 5a, b) with a 1-mm strip (Fig.
5c), followed by a 5mm × 6mm area (Fig. 5e). Then, two squares
with 2 mm sides were programmed in the center of the film (Fig.
5g) and finally three squares were encoded (Fig. 5i). A bandpass
filter in the wavelength range of 510 ± 40 nm was used during

photography to filter out the red light and to clarify the
appearance of the film. Only the brown regions contracted along
with the orientation under right above infrared illumination at the
light power of 2.5 W. The encoded film under uniform infrared
illumination showed different three-dimensional deformations in
about 10 s, involving bending, contracting and wrinkling in
sequence, as shown in Fig. 5d, f, h and Supplementary Movies
5–7. The film immediately regained its flatness after the light was
turned off. The film was erased after the demonstration. Besides,
the light power also influenced the shrinkage strain of the film,
which also affected the final shape of the film. As demonstrated
by Fig. 5j–l and Supplementary Movie 8, the film turned plicated
under 1.5W-power infrared illumination whereas it transformed
into saddle shape at the light power of 2.5 W. But when the light
power was further increased as illustrated in Fig. 5l and
Supplementary Movie 8, the final actuation motion varied little
because the coded parts reached their maximum shrinkage strain,
corresponding to the former performance.
The reprogrammable process is not limited to the plane film. It

can also be extended to other structures. For example, a hollow
tube (Fig. 6a, b) made of the Bi-LCE film could be patterned with
simple UV treatment. The tube had a diameter of 6 mm and a
length of 8 mm, and its orientation was vertical to the long side.
The infrared illumination was also directly above the tube. Under
irradiation, the top surface closer to the light source contracted
more than the bottom surface, and the side part of the tube was
transformed into a 5-mm diameter oval (Fig. 6c, d and
Supplementary Movie 9) at the light power of 2.0 W. Then, the
tube was reprogrammed to the configuration shown in Fig. 6e,
and the cross-section of the tube was deformed into a flower
shape (Fig. 6f and Supplementary Movie 10) at the light power of
3.0 W. While it could not be observed sunk on the left side of the
tube, possibly because the encoded part was deflected form the
light source and absorbed less light power, resulting in a less
pronounced shape change. Next, the tube was encoded again to
the configuration shown in Fig. 6g, and it presented the rough
surface of the tube (Fig. 6h and Supplementary Movie 11) at a
light power of 2.5 W. Therefore, the single tube was able to be
reprogrammed to achieve different complicated shapes at once
under infrared irradiation with appropriate light power, including
the diameter adjustment, cross-sectional configuration, and sur-
face morphology. The encoding and the erasing methods were
the same as for the film mentioned above. It was difficult for other
molding approaches to realize the complex deformation change.
It would be easy to control the speed, quantity and state of the
fluid by transforming the shapes of the tube in appropriate
programs to the tube, which was highly desirable in microfluidics
field.

Fig. 4 The repetitive and reprogrammable photoactuation performance of the Bi-LCE films. a The photoactuation performance of the Bi-
LCE-H film under repetitive cycling. b The reprogrammable performance of the Bi-LCE films.
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DISCUSSION
We have developed a reprogrammable photothermally responsive
liquid crystalline elastomers adopting a strategy that exploits the
switchable photothermal conversion efficiency. The material
enables quick and easy encoding or erasure, without the need
for complicated processes like physical cutting or chemical
patterns. It exhibits rapid photoactuation and significant deforma-
tion after programming. Accordingly, the material also displays
reprogrammability in three-dimensional form. This reprogram-
mable soft matter represents a recyclable and sustainable
development. It is an exciting strategy for reprogrammable soft
matter to have applications in multiple fields such as medicine,
microfluidics, robotics and space exploration, which provides

infinite possibilities for the manufacture of transformation devices
of pre-designed geometric shapes.

METHODS
Materials
In our experiment, the following materials were applied. The
monomers were prepared using 1,4-Bis-[4-(6-acryloyloxyhexyloxy)
benzoyloxy]-2-methylbenzene (RM82, 125248-71-7) from Shijiaz-
huang Sdyano Fine Chemical. Bismuth neodecanoate (251-964-6)
from Sigma Aldrich was used as the bismuth source. Spacer 2,2’-
[1,2-ethanediylbis(oxy)]diethanethiol (EDDET, 14970-87-7) and
photoinitiator (Irgaucure 2959, 106797-53-9) was purchased from

Fig. 6 The same Bi-LCE reprogrammable tube displayed different shapes. The sketch (a) and image (b) of the original state of Bi-LCE tube
are shown as above. The tube was also first encoded into (c) a 1-mm strip and then (e) an isosceles right triangle with 5 mm right-angle sides
on the edges of the tube and finally (g) two squares with 2-mm sides on the surface of the tube. The corresponding shape changes of the
tube under the appropriate infrared light illumination were shown in (d), (f), and (h), respectively. The background of the deformation pictures
was modified to black with Photoshop software.

Fig. 5 The Bi-LCE film reprogrammed using the patterning method showed different shapes. The sketch (a) and image (b) of the original
state of Bi-LCE film was showed as above. It showed various motions such as bending (d), contracting (f) and wrinkling (h) along with different
programming procedure like the sketches of (c), (e), and (g), respectively. The film with the programming procedure (i) displayed different
shapes under different light power of 1.5 W (j), 2.5 W (k), and 3.5 W (l). The darker parts of the film were programmed by UV illumination while
the lighter parts were covered by photomasks to prevent UV light in the photos. The dotted lines represented the initial position of the film.
The background of the deformation pictures was modified to black with Photoshop software.
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TCI, Shanghai. Crosslinker pentaerythritol tetrakis (3-mercapto-
propionate) (PETMP, 7575-23-7) and catalyst dipropyl amine (DPA,
142-84-7) were obtained from Aladdin, Shanghai. Dichloro-
methane (75-09-2) was purchased from Shanghai Macklin
Biochemical Co., Ltd.

Preparation of the pure LCE films and the Bi-LCE films
The synthesis of LCE films was in the traditional two-stage method
with liquid crystal cell as described in detail by Yakacki et al.47,48.
Specifically, 0.0145 g of bismuth (III) neodecanoate was mixed with
the LCE precursor containing 0.3000 g RM82, 58 μl EDDET, 0.0580 g
PETMP, 0.0042 g irgacure 2959, 2 μl DPA and moderate dichlor-
omethane. Particularly, extra thiols were introduced to promote the
crosslinking of the LCE networks because bismuth (III) ions could
inhibit polymerization of the LCE precursor. The precursor was then
dropped onto a clean glass surface with a thin layer of polyvinyl
alcohol (PVA) and 100 μm thick packaging tapes affixed to the
edges. Next, another clean glass with a PVA layer was carefully
placed on top of the frist to get a cell, which was then heated to
40 °C for 12 h. The resulting oligomer LCE film was removed from
the cell and uniaxially stretched with the UV illumination for 30min
to fully polymerize the LCE networks. Finally, a Bi-LCE film was
obtained. The pure LCE film could be gotten in the same way as
long as bismuth (III) neodecanoate was omitted. The films were cut
into the desired size for further experiments.

Photoactuation demonstrations
The Bi-LCE films in the photoactuation demonstrations were
prepared with a size of 10 mm × 5mm and a thickness of around
100 μm, weighing 0.0060 g. The infrared laser diode (LD) at the
wavelength of 808 nm was used as the excited light source. The
infrared light was coupled into a commercial multimode fiber
through optical lens, and the Bi-LCE films were illuminated by the
infrared light through a collimator equipped at the end of the
fiber, which produced a spot diameter of nearly 10 mm. The
photoactuation demonstrations were recorded by a smartphone
camera, and keyframes were extracted from the videos to obtain
photos. Then the pixel coordinates of the top-right end (x3, y3) and
bottom-right end (x4, y4) of the film were taken, and the
corresponding pixel coordinates of the original state were (x1,
y1) and (x2, y2). The shrinkage strain ε in the current time was
calculated by the following formula (1):

ϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx3 � x4Þ2 þ ðy3 � y4Þ2
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx1 � x2Þ2 þ ðy1 � y2Þ2
q (1)
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