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� New conjugated polymers with high
photothermal conversion efficiency
(52.7%) and photostability were
synthesized.

� Light-responsive conjugated
polymers/liquid crystal photoresists
with a room-temperature liquid
crystal phase were developed for
direct laser writing via two-photon
polymerization.

� The incorporation of the 0.3 wt%
conjugated polymers could lower the
nematic-to-isotropic temperature of
the LC photoresists to 48.0 �C.

� A large actuation strain (25.0%) of the
4D printed microactuator was
achieved under the stimulation of
near-infrared light with 808 nm
wavelength.
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4D printed photo-triggered liquid crystal elastomers (LCEs) microactuators by direct laser writing via
two-photon polymerization (DLW-TPP) have attracted increasing attention due to their manipulation
flexibility, reversible and rapid actuation capabilities. However, their development is hampered by the
lack of room-temperature printable liquid crystal (LC) photoresists. Here, we developed new light-
responsive LC photoresists by incorporating novel conjugated polymers (CPs) as photothermal agents
for the DLW-TPP technology. The CPs displayed a remarkable photothermal effect and effectively avoided
the aggregation problems that always happened for inorganic nanoparticles in photoresists. Moreover,
the CPs incorporation lowered the nematic-to-isotropic temperature of the LC photoresists which is ben-
eficial for room-temperature DLW-TPP. The printing parameters, including laser power and scanning
speed, were investigated using the developed LC photoresists. It was found the range of printing param-
eters decreased with the increase of the CPs loading fraction from 0.1 to 0.5 wt%, which was attributed to
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the high photothermal conversion efficiency (52.7%). A well-defined CPs/LCEs microactuator with CPs as
low as 0.3 wt% was printed, which could achieve a large 25.0% actuation strain in 5 s upon near-infrared
(NIR) light stimulation. It could be used for thriving soft micro-robotics and micro-membranes with con-
trollable separation capabilities.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

3D printing has shown remarkable advantages and promising
applications thanks to its capacity to generate complex structures
at different scales. When combined with stimuli-responsive mate-
rials, the printed structures can be equipped with dynamic prop-
erty change over time in a controlled manner, which leads to the
emerging 4D printing [1,2]. In the past decades, many studies have
been performed to print time-dependent macroscopic structures
with smart materials. However, the 4D printed structures at the
microscale remain a challenge because of the difficulty of fabrica-
tion and the shortage of suitable smart materials. Among different
printing techniques, direct laser writing via two-photon polymer-
ization (DLW-TPP) is one of the powerful tools for producing pre-
cise and sophisticated structures at the micro and nanometer
scale [3]. Relying on a nonlinear two-photon absorption (TPA) pro-
cess, a femtosecond pulsed laser can be tightly confined into a
small volume to initiate the selective polymerization of photosen-
sitive mixtures (photoresists). Then true freeform structures with a
high resolution can be generated [4]. It has been successfully used
to fabricate microactuators that are applied in different fields, such
as micro-robotics [5–7], micro-optics [8,9], and microfluidics [10].

Various stimuli-responsive materials, especially hydrogels
[7,11,12] and liquid crystal elastomers (LCEs) [6,13–15], have
greatly advanced the manufacturing of microactuators by DLW-
TPP. Zheng et al. [16] fabricated microcantilevers using Poly(N-
isopropylacrylamide) hydrogels with Fe3O4 nanoparticles. Two
arms of the hydrogel actuator could close and open upon NIR light
stimulation. Wang et al. [17] reported magnetic field-driven helical
3D microswimmers using gelatin methacryloyl/Fe3O4 nanoparti-
cles, which exhibited a swimming behavior under rotation mag-
netic fields. Unfortunately, most hydrogel microactuators have
low elastic modulus and are limited to requisite water environ-
ments. They need to expel water in and out for actuation, resulting
in a slow response speed even on the order of minutes [18,19]. Liq-
uid crystal elastomers, combining rubber elastomeric properties
with liquid crystal (LC) orientational order, gain specific atten-
tion due to their reverse, large shape-morphing and quick response
time on the order of seconds upon different stimuli, especially light
(ultraviolet–visible (UV–vis) or near-infrared (NIR) light) [20].
Moreover, LCEs actuators do not necessarily need either external
load or aqueous environments to conduct the shape deformations.
For example, Dr. Keller first prepared temperature-responsive LCEs
micro-pillars using the soft lithography method, which displayed
large amplitude contractions [21,22]. These properties make LCEs
an ideal choice for creating responsive microstructures with
DLW-TPP technology. The deformation of LCEs microactuators is
mainly controlled by the mesogenic alignment design, which can
be programmed before polymerization. Upon external stimulus,
the LCEs microactuator loses the nematic state, which leads to con-
traction along the long mesogen alignment direction and expan-
sion in a perpendicular direction. Deformed LCEs return to their
original shapes when the stimuli are removed due to the recovery
of the mesogens. The most common-used alignment method for
DLW-TPP is the boundary condition of micropatterned channels
on the treated LC cell due to the thin thickness (typically
<100 lm) of the microstructures [23].
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The small scale of microactuators also makes light the most
suitable stimulus due to the convenient manipulation, non-
contact and spatiotemporal control via light wavelength and
power. Light energy can be converted into mechanical work
directly by isomerization change of azobenzene molecules [5,24]
or indirectly through the photothermal effect of functional dopants
[25]. Azobenzene-doped LCEs respond to UV for trans–cis isomer-
ization and visible lights for cis–trans isomerization typically,
which induces reversible deformation of the LCEs [26,27]. This
reverse molecule configuration change was enormously applied
in the macro-scale actuators until Zeng et al. [5] fabricated a UV-
light-fueled microscopic walker by DLW-TPP. However, the period-
ical switching operation of dual-wavelength light for reversible
deformation is not viable for many practical applications. Addition-
ally, azobenzene-containing LCEs actuators have a low recovery
speed from seconds to months [28,29].

In comparison, LCEs microactuators that use the photothermal
effect display an obvious advantage. Photothermal dopants selec-
tively absorb light, typically in the NIR region. And then, heat can
be generated by the dopants to drive the nematic-to-isotropic
phase transition of LCEs. Some problems exist in the development
of LC photoresists with dopants for DLW-TPP. It is a critical issue to
solve the dispersion quality and concentration of the dopants in
photoresists. For instance, gold nanoparticles were treated with
3-mercaptopropionic acid [25], and multi-walled carbon nan-
otubes were acid-modified [30] for developing DLW-TPP-
compatible LC photoresists. Inorganic nanomaterials must undergo
surface chemical modification with functional groups before incor-
poration into LCEs. Nevertheless, poor compatibility makes most
inorganic dopants prone to self-aggregate into larger ones and sep-
arate from the LC mixtures easily. Unwanted aggregation and sep-
aration generate uneven heating, which leads to unpredictable
deformation behaviors of LCEs. A high concentration (1–10 wt%)
of inorganic dopants is usually required for a favorable photother-
mal effect, which affects the printing process [31]. Therefore, high
photothermal conversion efficiency, low doping ratio, and good
dispersion of dopants in LC photoresists become crucial factors to
be carefully considered in choosing the dopants for photothermal
actuation of LCEs microactuators.

Conjugated polymers (CPs) have been widely applied in pho-
tothermal therapeutics recently [32]. Long electron donor–accep-
tor (D-A) backbones that contain contiguous sp2- hybridized
carbon atoms endow the CPs with a broad absorption in the NIR
range, prominent photothermal effect, and high photothermal con-
version efficiency [33]. They have obvious advantages over inor-
ganic dopants and low-molecular organic dyes. Despite the
superior photothermal property, the potential of CPs as dopants
have been much less explored to create light-responsive LCEs
microactuators. So far, only a handful of studies have reported
film-like CPs-doped LCEs actuators. Liu et al. prepared polyani-
line/LCEs films by heat polymerization, which could lift objects
200 times their weight under the NIR illumination [34]. This study
pointed out the great potential of CPs as effective photothermal
dopants in LCEs. Recently, Huang et al. incorporated CPs in LCEs
to prepare ultrafast actuators by UV-photopolymerization with
tunable deformation and motion under NIR laser irradiation [35].
However, there has been no report of the microactuators from

http://creativecommons.org/licenses/by-nc-nd/4.0/
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NIR light-responsive CPs/LC photoresists via 4D DLW-TPP
technology.

Motivated by the above challenges, we aimed to develop a new
light-responsive LC photoresist, which can be fabricated into NIR
light-responsive 3D microactuators via room-temperature DLW-
TPP technology. A novel planar DPP58-TBZ12 CPs with alternating
D-A-type backbone structures was designed and synthesized as
photothermal fillers. The DPP58-TBZ12 CPs exhibited a broad NIR
absorption range and high photothermal conversion efficiency.
They could be easily incorporated in the LC photoresists by organic
solvent. Different LC photoresists with or without the CPs were
carefully designed for the DLW-TPP technology. The effect of CPs
content on the thermal property of the LC photoresist, printing
parameter, and printing range during the DLW-TPP was investi-
gated. It was found that a small amount of the CPs (0.3 wt%) in LCEs
could not only lower the nematic-to-isotropic transition tempera-
ture value (TNI) which was beneficial for 4D DLW-TPP microfabri-
cation, but also yielded a fast response and large-scale actuation
of the microactuators upon NIR light stimulation thanks to their
superior photothermal effect. To the best of our knowledge, this
is the first report of using CPs/LC photoresists with room tempera-
ture liquid crystal phases to manufacture microactuators by DLW-
TPP technology without a heating stage.
2. Materials and methods

2.1. Materials and reagents

Tetrakis(triphenylphosphine)-palladium (0) (Pd[PPh3]4, 99%),
phenylboronic acid pinacol ester (97%), and bromobenzene were
acquired from Sigma-Aldrich. Toluene, chloroform-d, tetrahydrofu-
ran (THF) (99.5%, extra dry) were bought from TiV Scientific Lim-
ited (Guangzhou, China). Toluene was dried over 4 Å molecular
sieves. 4,8-Dibromo-6-(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4f]ben
zotriazole (TBZ12) (98%) and 2,5-bis(2-octyldodecyl)-3,6-bis(5-(tri
methylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,
4-dione (DPP58) (98%) were bought from Derthon Optoelectronic
Materials Science & Technology Co., Ltd. (Shenzhen, China). The
liquid crystal monomer (LCM), 4-methoxybenzoic acid 4-(6-
acryloyloxy-hexyloxy) phenyl ester (ST3866) and crosslinker 1,4-
Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene
(RM257) and were purchased from SYNTHON Chemicals GmbH &
Co. KG, Germany. The photoinitiator 2-Benzyl-2-dimethylamino-
1-(4-morpholinophenyl)-1-butanone (Irgacure 369) was acquired
from Sigma-Aldrich. The polyimide (PI) (Model DL-2590) was
acquired from Shenzhen Dalton Electronic Material Co., Ltd., China.
All the reagents and solvents were used directly without further
purification unless otherwise noted.
2.2. NIR light-responsive photoresists design concept for DLW-TPP

An LC photoresist for DLW-TPP needs a stable LC phase at room
temperature without an extra heating stage, which ensures the
successful printing of simple or complex structures of a few hun-
dred nanometers or micrometers that take different printing times.
To date, reactive LC photoresists with room-temperature liquid
crystal phases are rare. The LC phases of most reported LC mixtures
exist above room temperature, and LC mixtures crystallize easily in
the ambient environment in a short time. Thus, it is challenging to
prepare DLW-TPP-compatible LC photoresists. Particularly, LC mix-
tures with light (UV–vis and NIR)-responsive dopants have seldom
been developed. According to our previous studies [25,35,36],
ST3866 with monoacrylate mesogens was selected as the LC mono-
mer to provide flexibility for the network. To fabricate stable LCEs
structures, RM257 (TNI = 129 �C) containing diacrylate mesogens
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was chosen as the crosslinker to form the network and fix the
alignment. Irgacure 369 was chosen as the photoinitiators. It has
been used in other studies to generate radicals in acrylate-based
photoresists. It is known that LC photoresists of higher TNI may suf-
fer some degrees of crystallization, which is unbeneficial to the
DLW-TPP microfabrication [36–38]. The weight percentage
between the monomer and crosslinker was investigated to deter-
mine the TNI of different LC photoresists.

The photothermal dopants should not destroy the mesogenic
alignment and should be transparent or semitransparent to the
femtosecond laser [31]. A planar alternating donor–acceptor (D-
A) conjugated polymers exhibit many advantages as photothermal
materials, including ease of synthesis, unique temperature tunabil-
ity from NIR light, lightweight, and good biocompatibility. It has
been demonstrated that D-A1-D-A2-type CPs possess a lower band
gap energy, resulting in absorption in the NIR region. Diketopy-
rrolopyrrole (DPP) represents an electron-acceptor due to its
electron-deficient nature, which makes it suitable for use as a
bridging moiety in D-A-type CPs. Its copolymerization with aro-
matic heterocycles, such as bithiophene, has been applied in the
Stille cross-coupling polymerization [33]. The introduction of
branched or linear alkyl side chains into CPs can help improve
the solubility in organic solvents, while not influencing the alter-
nating backbone [39]. Therefore, in this work, DPP58 containing
thiophene as donor and DPP as acceptor 1, and TBZ12 containing
thiadiazolobenzotriazole as acceptor 2, are chosen as the two
monomers for the synthesis of the CPs, named DPP58-TBZ12. The
conjugated polymer DPP58-TBZ12 was then incorporated into
the LC photoresists as an effective photothermal agent responsive
to NIR light irradiation. DPP58-TBZ12 CPs and LC photoresists
show good solubility in THF, which makes it easy to obtain
homogenous mixtures after evaporating the THF solvent. Because
the thickness of the microstructures by DLW-TPP is less than
100 lm, the method for mesogenic alignments was achieved by
the micropattern-boundary conditions of unidirectional rubbing
PI-coated glass.
2.3. Synthesis and characterization of DPP58-TBZ12 CPs

The DPP58-TBZ12 conjugated polymers were synthesized fol-
lowing our previous work [35]. The synthesis routine through Stille
cross-coupling polymerization is shown in Scheme 1. Briefly, a
solution of electronic donor DPP58 (monomer 1, 119 mg,
0.1 mmol), and electronic acceptor TBZ12 (monomer 2, 44.7 mg,
0.1 mmol) and palladium catalyst Pd[PPh3]4 (10 mg, 0.008 mmol)
were placed in a 25 mL of Schlenk tube. Next, 10 mL of anhydrous
toluene was added. All these procedures were completed in a glove
box to avoid oxygen. The solution was stirred vigorously at 100 �C.
After 48 h reaction time, 1 mL of phenylboronic acid pinacol ester
(8 mg, dissolved in toluene) and 0.1 mL of bromobenzene were
dropped into mixtures to eliminate the end groups separately
under the protection of the nitrogen atmosphere. The reaction con-
tinued for 20 min. After the solution was cooled to room tempera-
ture, methanol (100 mL) was used to precipitate the resulting
substance. The precipitates were then collected using filter paper.
To purify the crude powder, it was subjected to Soxhlet extraction
with methanol and acetone for 24 h. The extraction could clear
away low molecular weight polymers and Pd[PPh3]4 in the prod-
ucts. The resultant product was collected and dried at 45 �C under
a vacuum for 24 h to yield blue DPP58-TBZ12 CPs (205 mg, 70%
yield). 1H NMR (400 MHz, CDCl3, d): 9.33–9.11 (br, 4H),7.59–7.38
(br, 4H), 5.01 (br, 2H), 4.27–4.12 (br, 2H), 2.30 (br, 1H), 1.58–0.84
(br, 90H). Molecular weight was measured by GPC as Mn = 10240
g/mol; Mw = 11759 g/mol; polydispersity index (PDI) = 1.15.



Scheme 1. Schematic of the synthetic route of conjugated polymers DPP58-TBZ12.

Fig. 1. (a) Chemical structures of LC monomer ST3866, crosslinker RM257, photoinitiator Irgacure 369, and dopant DPP58-TBZ12 CPs. (b) Images of the prepared LC
photoresists with 0, 0.1 wt%, 0.3 wt%, and 0.5 wt% DPP58-TBZ12 CPs on the first and seventh days. (c) Schematic illustration of liquid crystal cell assembly and a typical liquid
crystal cell filled by DPP58-TBZ12 CPs/LC photoresists. (d) The schematic diagram of oil immersion configuration in DLW-TPP setup for fabricating microstructures.
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2.4. Preparation of the DPP58-TBZ12 CPs/LC photoresists

The CPs/LC photoresists were prepared according to the follow-
ing process. The chemical structures are shown in Fig. 1a. Different
amounts of as-synthesized conjugated polymers DPP58-TBZ12
were ultrasonically dissolved into THF solvent in a vial. Then
75 wt% ST3866 as the LC monomers, 24 wt% RM257 as crosslinkers
4

and 1 wt% Irgacure 369 as the free radical photoinitiators were
added to the solution. The mixtures stored in an open vial were
stirred gently at 65 �C for 12 h to eliminate the THF solvent thor-
oughly. These LC photoresists were produced with different con-
tents of DPP58-TBZ12 CPs: 0, 0.1, 0.3, 0.5 wt% for subsequent
photopolymerization of 3D microstructures. Fig. 1b exhibits that
the DPP58-TBZ12 CPs are well-dispersed in the LC photoresists.
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After storage in a dark place for 7 days, crystallization occurred
somewhat in the pristine LC photoresist. The CPs-doped photore-
sist maintained good stability and high dispersion without evident
CPs aggregates and crystallization behavior, making these photore-
sists suitable for printing. It is significant to note that the high dis-
persion capability and good compatibility of DPP58-TBZ12 CPs
within LCEs can ensure the successful printing of NIR light-
responsive microactuators by DLW-TPP.

2.5. Liquid crystal cells construction

The sandwich-like liquid crystal cell was assembled based on
commonly utilized approaches to achieve the uniaxial alignment
of the mesogens [25]. To elaborate, two glasses used for LC cells
were washed by successive immersion in acetone and methanol.
PI was spin-coated on the glass substrate for planar surface align-
ment (parallel to the substrate) at 1500 rpm for 40 s, followed by
curing on a 120 �C stage for 3 min. A velvet cloth was employed
to mechanically rub the PI-coated glasses to obtain a micro-
grooved surface for the mesogen alignment. Finally, a homemade
LC cell was constructed by carefully assembling two rubbed PI-
coated substrates with antiparallel alignment direction on two
inner sides gapped via spherical spacers (55 lm diameter) in UV-
curable glue. The prepared photoresists were heated to reach the
isotropic phase at 60 �C above their TNI. Subsequently, they were
injected into the homemade aligned LC cells from the edge through
capillary force to avoid flow-induced alignment (Fig. 1c). The LC
cells were then cooled to room temperature at a controlled rate
(5 �C/min). Finally, an LC cell filled by ordered nematic phase pho-
toresists was constructed well for DLW-TPP. Notably, a low cooling
rate is vital to reduce the number of disclinations [9]. The align-
ment of mesogens was checked with a polarized optical micro-
scope. Finally, user-designed 3D microstructures or other
samples were produced by DLW-TPP or UV light exposure
(1.2 mW/cm2, 365 nm).

2.6. DLW-TPP setup

A commercially available DLW-TPP equipment (Nanoscribe
Photonic Professional, GmbH, Germany) was employed to fabricate
3D microstructures. A Ti: sapphire femtosecond laser with a cen-
tral wavelength of 780 nm (pulse duration of approximately
100 fs, a repetition rate of 80 MHz, and a maximum power of
180 mW) was utilized in this equipment. The laser beam was
focused into the CPs/LC photoresists using a 63x oil-immersion
objective lens (Zeiss, NA = 1.4). The schematic diagram of the
DLW-TPP setup is shown in Fig. 1d. When the power was adjusted
to a scaling factor of 1, the average laser output within the focal
region was 50mW. All 3D microstructures were designed by
computer-aided design software (Solidworks). The sample cell
was fixed on the XYZ positioning stage controlled by combined
modes (galvo mode for x- and y-axes and piezo mode for the z-
axis). After bottom-up DLW-TPP microfabrication, the cell was sep-
arated, and the glass substrate with microstructures was dipped in
acetone for 6 min to remove the unpolymerized photoresist. The
desired self-standing 3D microactuators on the glass substrates
were achieved by drying with gentle nitrogen flow.

2.7. NIR photothermal properties of DPP58-TBZ12 CPs

The photothermal properties of synthesized DPP58-TBZ12 CPs
were measured by a NIR laser setup (LSR808H-2 W, Lasever Inc.,
Ningbo, China) with a wavelength of 808 nm and a laser power
of 0.5 W. The beam spot size at the aperture is 4.8 � 5.3 mm2.
The distance between the NIR light source and the CPs dispersion
was maintained at 20 cm. The temperature change of samples
5

was recorded using a FLIR C3-X thermal camera (FLIR Systems
OU, Estonia). To determine the photothermal conversion efficiency
(PCE) of DPP58-TBZ12 CPs, 0.05 mg/mL samples in o-xylene were
irradiated by the NIR laser at 0.5 W for 5 min to reach a saturation
temperature and then cooled down to room temperature with the
laser switched off. The temperature of the CPs dispersion was mon-
itored at an interval of 5 s during this cooling period. A total of five
heating and cooling cycles was carried out to evaluate the pho-
tothermal stability of the DPP58-TBZ12 CPs.

Photothermal conversion efficiency (ƞ, %) of DPP58-TBZ12 CPs
was calculated by the following equations deriving from Roper’s
report [40];

g ¼ hS Tmax � Tambð Þ � Qdis

Ið1� 10�A808 Þ ð1Þ

where h is the heat transfer coefficient, S is the surface area of the
container, Tmax and Tamb are saturation temperature (also the max-
imum system temperature) of the irradiated sample and the envi-
ronment temperature. Qdis represents heat dissipated from light
absorbed by the sample container and o-xylene solvent, and it is
measured independently using a container containing o-xylene
without CPs. I means the incident laser power. A808 is the absor-
bance (0.873) of the CPs dispersion at 808 nm. The value of hS
can be calculated from the equation:

hS ¼ mCOX

ss
ð2Þ

where m is the mass of the solution containing the CPs (0.2 g),
Co�xylene express the specific heat capacity of the o-xylene solvent
(Co�xylene = 1.26 J/(g��C)), and ss represents the slope of the linear
time data vs negative natural logarithm of driving force
temperature.

t ¼ �sslnðhÞ ð3Þ
where h is introduced to define a parameter.

h ¼ Tt � Tamb

Tmax � Tamb
ð4Þ

Tmax and Tamb represent the steady-state temperature of the CPs and
the environment temperature. Tt is the corresponding temperature
of DPP58-TBZ12 CPs during the cooling process.

2.8. Characterizations

To determine the chemical structures of the synthesized DPP58-
TBZ12 CPs, 1H nuclear magnetic resonance (1H NMR) spectroscopy
was carried out on a Bruker Avance-III 400 MHz spectrometer.
Chemical shifts were recorded in parts per million (ppm) and were
referenced as residual chloroform-d (CDCl3) (dH = 7.26 ppm) as the
internal standard. Attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) measurement was conducted
using a Thermo Scientific Nicolet IS50 Spectrometer with an
advanced XT-KBr Gold spectrometer at a room temperature in
the range of 400–4000 cm�1. Gel permeation chromatography
(GPC) (Agilent GPC 50) was used to evaluate the number average
molecular weight (Mn), weight average molecular weight (Mw),
and polydispersity index (PDI) of the DPP58-TBZ12 CPs�THF was
the eluent, and narrowly distributed polystyrene was used as the
standard. A Shimadzu UV–vis spectrophotometer (Kyoto, Japan)
was used to investigate the UV–Vis-NIR absorption spectra of the
synthesized CPs.

The nematic-to-isotropic transition temperature (TNI) of the LC
photoresists was determined by differential scanning calorimetry
(DSC) (Mettler Tolede, DSC3). LC or CPs/LC photoresists of at least
3 mg were aced into aluminum pans. Subsequently, samples were
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heated and cooled from 20 �C to 120 �C at a ramping rate of 10 �C/
min under nitrogen protection. Two cycles were performed, and
the results in the second cycle were recorded. Thermogravimetric
analysis (TGA) was conducted on a Mettler Toledo TGA/DSC 3+ at
a heating rate of 10 �C/min from 25 to 650 �C. UV-polymerized
pristine LCEs and CPs/LCEs films were chosen as the TGA samples.
Investigation of the main printing parameter window for newly
developed photoresists was critical for the morphology and integ-
rity of 4D printing structures and manufacturing time. Laser pow-
ers varying from 3.5 to 21 mW and scanning speeds ranging from 2
to 24 mm/s were assessed in the DLW-TPP process. A field-
emission scanning electron microscope (SEM) (Tescan VEGA3,
Czech Republic) was applied to observe and analyze the fabricated
3D DPP58-TBZ12 CPs/LCEs microstructures at an acceleration volt-
age of 20 kV after sputter-coating them with 10 nm gold layer. A
polarized optical microscope (POM) (Zeiss Axiolab 5) equipped
with a hot stage was employed to examine the bright field images
of LC photoresists and cross-polarized microscope images of LCEs
microstructures.

NIR light-induced actuation of DPP58-TBZ12 CPs/LCEs microac-
tuators was performed using the NIR laser setup of 808 nm
(LSR808H-2 W, Lasever Inc., Ningbo, China). The beam spot size
of the NIR laser is 4.8 � 5.3 mm2. The output laser powers could
be adjusted from 0.1 W to 5 W. The corresponding power intensity
can be adjusted from 4 to 197 mW/mm2. The deformed microactu-
ators and videos were recorded by a CCD camera with an optical
microscope.
3. Results and discussions

3.1. Characterizations of DPP58-TBZ12 CPs

The chemical structure of the prepared DPP58-TBZ12 CPs was
confirmed by 1H NMR spectra and ATR-FTIR. 1H NMR spectra are
shown in Fig. 2a. All characteristic peaks are corresponding to their
related hydrogen atoms according to chemical shift, integral area,
and coupling constant. The multiple peaks at 0.84–1.58 ppm were
ascribed to the aliphatic protons of the alkyl side chains of DPP58
and TBZ12 units. Characteristic peaks from 7.38 and 7.59 ppm
were corresponding to the aromatic protons in TBZ12. The peaks
at 9.11 and 9.33 ppm were related to the protons of the thiophene
moieties in DPP58. The observed chemical shift was consistent
with the proton position in the conjugated polymer DPP58-
TBZ12 structure. The 1H NMR results indicate the D-A DPP58-
TBZ12 conjugated polymers were synthesized with success
through Stille cross-coupling polymerization.

The ATR-FTIR spectra for the CPs were conducted in the range of
4000–400 cm�1, as depicted in Fig. 2b. Several characteristic peaks
of each are identified. The absorption peak at 2935 cm�1 and
2862 cm�1 were ascribed to the asymmetrical stretching vibrations
of the aliphatic C-H and the symmetrical stretching vibration of the
saturated C-H bonds, respectively [41]. The peaks confirmed the
construction of a conjugated skeleton during the polymerization.
The strong absorption peaks around 1664 cm�1 and 1550 cm�1

were related to the C@O and C@C in stretching vibration in
DPP58 and TBZ12 rings, respectively. The peak at 1143 cm�1

belongs to the stretching vibration of N-N bonds on the TBZ12 ring.
The peak at 1109 cm�1, 1079 cm�1, and 1023 cm�1 were assigned
to the C-N and N-N stretching vibration in the TBZ12 ring.
846 cm�1 was associated with the out-of-plane vibration of the
C-H bonds of the acrylate group. Due to the small incorporation
of CPs in the LCEs matrix and similar feature functional groups,
no new feature peaks were observed in the CPs/LCEs film spectra
compared to the CPs spectra.
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The planar DPP58 monomers contain two electron-rich thio-
phene rings and an electron-deficient core diketopyrrolopyrrole.
The TBZ12 monomers serve as an electron-deficient acceptor.
Due to the alternating planar D-A1-D-A2 backbone, DPP58-TBZ12
CPs exhibited a low band gap, resulting in a broad absorption range
between 600 nm and 800 nm in THF solution with a peak located
around 746 nm (Fig. 2c). The absorption behavior of the CPs around
the NIR region was beneficial for the preparation of NIR light-
responsive photoresists.
3.2. NIR photothermal properties of DPP58-TBZ12 CPs

As exhibited in Fig. 3a and b, no distinct temperature change
was observed for o-xylene after 5 min NIR light stimulation. On
the contrary, the temperature of the 0.05 mg/mL DPP58-TBZ12
CPs dispersion showed an obvious and quick rise from 18 to
79.2 �C, which confirmed the effective photothermal conversion
ability. According to the experimental results and equations (1) -
(4), the time constant for heat transfer from the sample solution
was calculated to bess = 69.63 by using the linear time data from
the cooling period vs. the negative natural logarithm of driving
force temperature (Fig. 3c). hA was calculated to be 3.6 � 10-3

W/�C. Then a high photothermal conversion efficiency (ƞ) value
of DPP58-TBZ12 CPs could be acquired to be 52.7%, compared with
other reported photothermal CPs [42–44]. To evaluate the pho-
tothermal stability of the CPs, which is a critical evaluation param-
eter in NIR photoactuation, the recyclable temperature change in
the presence of the CPs under NIR light on and off is shown in
Fig. 3d. The CPs dispersion was irradiated under 808 nm light of
0.5 W for 300 s and cooled down to the room temperature by turn-
ing off NIR light. During at least five heating and natural cooling
cycles, the maximum temperature of DPP58-TBZ12 CPs was almost
constant, demonstrating their admirable photothermal conversion
stability.
3.3. Thermal properties of DPP58-TBZ12 CPs/LC photoresists

Before the addition of NIR-absorbing species, the TNI values of
LC photoresists with the different weight ratios of ST3866:
RM257 were investigated. DSC results show that the TNI values of
the LC photoresists decrease with the increasing weight ratio of
the diacrylate crosslinker RM257, as listed in Table 1. They exhib-
ited a wide temperature range to keep the nematic phase. In com-
parison, the LC photoresist 3 with a low crosslinker concentration
was chosen because of the low TNI for room-temperature 4D print-
ing and the relatively low stiffness of the polymeric network for
actuation upon stimulation. Fig. 4a presents the results of DSC
measurement in the second heating process after erasing the ther-
mal memory of the pre-polymerized LC and DPP58-TBZ12 CPs/LC
photoresists. The heat flux with temperature for these pre-
polymerized mixtures displayed only the nematic-isotropic transi-
tion (TNI). The TNI of unfilled LC and CPs/LC photoresists with 0.1,
0.3, 0.5 wt% of DPP58-TBZ12 CPs are 55.1, 51.4, 48.0, and 45.2 �C,
respectively. TNI of blank nematic LC photoresists is about
55.1 �C, while those of the DPP58-TBZ12 CPs/LC photoresists are
lower. The DSC results indicated that the TNI value of CPs/LC pho-
toresists dropped largely with the content increase of DPP58-
TBZ12 CPs. Because photopolymerization and crosslinking of LC
photoresists are required to occur in the nematic state for later
NIR photothermal actuation, the temperature for performing
DLW-TPP should be in the range of the nematic phase temperature.
The room temperature below the TNI satisfies the printing temper-
ature requirement of DLW-TPP for these photoresists.

The crossed polarized micrographs of 0.3 wt% CPs/LC photore-
sists at 25 and 60 �C depicted the nematic and isotropic phases,



Fig. 2. (a) 1H NMR spectra (400 MHz) of the DPP58-TBZ12 CPs in CDCl3. (b) ATR-FTIR spectroscopy of the DPP58-TBZ12 CPs, LCEs film, and CPs/LCEs film. (c) UV–Vis-NIR
absorption spectra of DPP58, TBZ12, and DPP58-TBZ12 CPs (concentration = 0.05 mg/mL, dissolved in THF) (Insert: the photography of 0.05 mg/mL DPP58-TBZ12 CPs in THF
solution).
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respectively. A clear schlieren texture was visible when the LC mix-
tures were cooled to room temperature that was below the transi-
tion temperature TNI (48.0 �C) (Fig. 4b). The mechanism might be
attributed to two reasons: (a) diminished strength of intermolecu-
lar forces between rigid rod-shaped mesogens due to the insertion
of planar CPs; (b) the thermal–mechanical response of the planar
CPs [45–47]. These effects of the DPP58-TBZ12 CPs might lead to
a more manageable disturbance of nematic arrangement between
mesogens and lower TNI values. It is worth noting that the LC pho-
toresists containing the CPs with lower TNI have longer and more
stable periods in a defect-free nematic phase at room temperature.
The influence of DPP58-TBZ12 CPs on the TNI of LC mixtures also
may alleviate some degree of crystallization during the DLW-TPP
fabrication. TGA was performed to investigate the mass loss of
the UV-photopolymerized samples of pristine LCEs and CPs/LCEs
films. The TGA curves exhibit that the pristine and the DPP58-
TBZ12 CPs incorporated LCEs films had high thermal stabilities.
The decomposition of these films did not occur until the tempera-
ture reached approximately 340 �C (Fig. 4c).

3.4. Printing parameters of DLW-TPP for DPP58-TBZ12 CPs/LC
photoresists

The printing capacity of DLW-TPP in the micro and nanoscale
enables the complexity and diversity of the designed structures.
The developed CPs/LC photoresists allow a wide range of printing
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parameters, including laser power and scan speed. It is significant
to tune these two main printing parameters to ensure the final
quality and manufacturing efficiency of the printing structures.
Laser power determines the throughput of photons in the focal vol-
ume within the photoresist, while the scanning speed regulates the
photon dose [25]. A suitable laser power should meet the require-
ments that it can initiate the polymerization and does not exceed
the burning threshold to generate structures matched with the
designed 3D model. A low laser power leads to incomplete poly-
merization and crosslink of the LCEs, further leading to collapsed
structures. In addition, the photothermal effect of the CPs in the
printing process also needs to be considered in determining the
suitable laser power. The filled DPP58-TBZ12 CPs could absorb
the femtosecond laser energy and likely result in localized burning
and bubbling of the photoresist in a very short time during the
manufacturing process, particularly evident with slow scan speed.
Although the laser power is very low, unwanted heat energy could
still make the printing layers swell and influence the fidelity of the
designed model.

In this case, a porous inverse opal structure unit with pore size
of 3.7 lm radius was designed as the model for the parameter
selection of as-prepared DPP58-TBZ12 CPs/LC photoresists
(Fig. 5a). In the DLW-TPP manufacturing process, a hatching dis-
tance of 0.2 lm and a slicing distance of 0.3 lm was adopted.
The laser power varied between 3.5, 7, 10.5, 14, 17.5, and 21
mW, and the scanning speed was adjusted between 2, 4, 6, 8, 10,



Fig. 3. (a) Time-dependent temperature change curves of 0.05 mg/mL DPP58-TBZ12 CPs in o-xylene under a NIR laser irradiation (808 nm, 0.5 W), and the laser was turned
off after 5 min. (b) Infrared thermal images of 0.05 mg/mL DPP58-TBZ12 CPs solution with laser irradiation at different times. (c) The linear plot of cooling time versus the
negative natural logarithm of driving force temperature for determining photothermal conversion efficiency. (d) Stability study of the DPP58-TBZ12 CPs dispersions under
five photothermal heating and natural cooling cycles.

Table 1
Phase transition temperature for LC photoresists (wt.% of the total mixture).

Photoresists Monomer ST3866 Crosslinker RM257 Photoinitiator Irgacure 369 TNI (�C)

LC Photoresist 1 35 64 1 77.7
LC Photoresist 2 55 44 1 65.6
LC Photoresist 3 75 24 1 55.1

Fig. 4. (a) DSC thermograms of pristine LC photoresists and DPP58-TBZ12 CPs/LC photoresists in the second heating cycle at a rate of 10 �C/min under the protection of
nitrogen. (b) Crossed polarized micrographs of the 0.3 wt% CPs/LC photoresist taken below (25 �C, top) and above (60 �C, bottom) the TNI between uncoated glasses. (c) TGA
results of the pristine LCEs and CPs/LCEs films with different doping ratios of the CPs.
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14, 16, 20, and 24 mm/s. LC photoresists incorporated with 0.3 wt%
and 0.5 wt% CPs were employed to explore the influence of pho-
tothermal filler amounts. Two matrixes with 54 micro inverse opal
units were printed with different parameters. Suitable printing
windows with appropriate laser power and scanning speed define
acceptable structures with well-recognizable clarity visually. The
side effect of heat energy was aggravated by increasing the concen-
tration of DPP58-TBZ12 CPs in photoresists during the DLW-TPP
process, which made the printing window narrow for printing
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parameters selection (Fig. 5b and c). Although the CPs absorb
746 nm laser light, expansion during the printing process can be
avoided by choosing suitable printing parameters in the wide
printing window. From these results of printing parameters and
CPs concentration, a laser power of 7 mW and a scanning speed
of 10 mm/s were adopted as suitable experimental printing param-
eters for generating CPs/LCEs microstructures. LC photoresists with
0.3 wt% CPs were chosen as the material for 4D DLW-TPP
technology.



Fig. 5. (a) 3D model design of an inverse opal structure unit with 3.7 lm radius. (b) Scanning electron microscopic (SEM) images of 0.3 wt% CPs/LCEs microstructures
fabricated using DLW-TPP technology at varying laser powers (from 3.5 to 21 mW at an interval of 3.5 mW) and varying scanning speeds (2, 4, 6, 8, 10, 14, 16, 20, 24 mm/s).
Under-exposed, well-exposed, and over-exposed microstructures were also displayed to determine printing windows. (c) SEM images of 0.5 wt% CPs/LCEs microstructures
fabricated using DLW-TPP with the same varying laser powers and scanning speeds.
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3.5. NIR photothermal actuation of the microactuators

To demonstrate the NIR light-induced actuation capabilities of a
microactuator fabricated with the developed photoresists, a porous
NIR light-driven LCEs microactuator (150 lm � 50 lm � 20 lm)
composed of two layers of 3D inverse opal structure with 3.7 lm
radius was fabricated by DLW-TPP using the 0.3 wt% CPs/LC pho-
toresist (Fig. 6a). The SEM image of the printed structure is shown
in Fig. 6b, which is consistent with the designed model. The align-
ment of the rigid mesogens on the PI-coated substrate was verified
through the polarized optical microscope (POM) with the printed
microstructures placed between crossed polarizers. There is a clear
difference in the molecular orientation-induced birefringence of
the CPs/LCEs microstructures under polarized light. The porous
scaffold appeared dark when the rubbing direction aligned parallel
to either the polarizer or analyzer (Fig. 6c). In contrast, the scaffold
turned bright when the rubbing direction was rotated at 45� to the
polarizer (Fig. 6d). The difference demonstrates that the printed
microstructures comprise the homogeneous orientation of the
mesogens along the rubbing direction.

The microactuator showed a large anisotropic shape change
upon NIR light irradiation, which contracted and expanded along
parallel (lk) and perpendicular (l\) to the alignment direction,
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respectively. The anisotropic photothermal response in different
directions is characteristic of uniaxially aligned polymerized net-
works. Interface adhesion between the microactuator and the glass
substrate has a great influence on axial deformation. Therefore,
specific cylindric supporters with 3 lm of diameter are designed
to reduce the adhesion of the microactuator for light-induced actu-
ation after development. The photo-triggered actuation was inves-
tigated by placing the developed microactuators on the glass
substrate. Upon NIR light irradiation with the wavelength of
808 nm, the local temperature will increase quickly to disorder
the mesogen arrangement of the LCEs due to the photothermal
conversion ability of the DPP58-TBZ12 CPs (Fig. 7a). The whole
printed microactuator can be carefully detached from the glass
substrate by a micromanipulation setup. It is clear to observe that
the microactuator contract along the alignment direction under
the irradiation with the NIR laser (Fig. 7b, Video S1). To systemat-
ically characterize the response performance of the printed LCEs
microstructures, maximum actuation strains of the microactuator
on the glass substrate along lk as the function of NIR laser power
intensity are shown in Fig. 7c. The actuation strain (e) is defined as

e ¼ L� l
L

ð5Þ



Fig. 6. (a) Top view of the designed microactuator composed of two layers of 3D inverse opal structure with 3.7 lm radius. (b) SEM image of porous 0.3 wt% CPs/LCEs
microstructure. The inset is the enlarged view of the structures. (c-d) Polarized optical microscope pictures of the printed CPs/LCEs microstructures with the rubbing direction
along the analyzer ‘‘A” and rotated by 45� with respect to the polarizer ‘‘P”. The white arrows show the rubbing direction in the PI-coated glass. Scale bar: 50 lm.
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where L is the length of the microactuator in the original state,
whereas l is the length of the deformed microactuator in the actu-
ated state. As shown in Fig. 7d, pristine LCEs microactuator without
CPs showed neglectable actuation strains under different laser
power intensities when the NIR laser power intensity rose from
47 to 173 mW/mm2 at an interval of about 16 mW/mm2. In con-
trast, the CPs/LCEs microactuator exhibited remarkable contraction
strain values. Small actuation strain increases were observed as the
NIR laser power intensity increased from 142 to 173 mW/mm2.
When the NIR laser power intensity was 173 mW/mm2, the actua-
tion strains of the CPs/LCEs microactuator reached the maximum
values, 25.0% for the lk direction and 13.6% for the l\ direction
(Fig. 7d, Video S2). A laser power intensity of 173 mW/mm2 is
advised as a suitable external stimulation value to assess the NIR
photothermal actuation performance.

For the study on the effect of NIR laser power intensity on the
response sensitivity of the soft microactuator, Fig. 7e shows the
deformation and recovery time of the CPs/LCEs microactuator
under NIR laser intensity of 94, 126, and 173 mW/mm2. The
microactuator displayed significantly different actuation perfor-
mances at different laser power intensities. The contraction strains
were 11, 20, and 25% when the power intensities were 94, 126, and
173 mW/mm2, respectively. The microactuator could respond to
the NIR laser quickly within 1 s. The microactuator could reach
the maximum photo-induced actuation strain in 5 s under the
NIR laser intensity of 173 mW/mm2. Larger laser power intensity
could trigger a shorter response time of the CPs/LCEs microactua-
tor, which might be attributed to a higher local heating speed.

The photothermal actuation response of the porous CPs/LCEs
microstructures to NIR light is fully reversible and reproducible
for many actuation cycles. Periodic continuous NIR light on (5 s)/
off (5 s) cycles was carried out to investigate the durability of the
CPs/LCEs microactuator, and the results are shown in Fig. 7f. The
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actuator maintained the original uniaxial actuation strain (e �
25.0%) without obvious distortion after 100 cycles, indicating
excellent anti-fatigue properties of the CPs/LCEs microstructure
sample. The ability of microactuators to undergo significant rever-
sible contraction strain is crucial in various functional devices and
soft robotics applications. A larger contraction strain indicates the
broader working range of the CPs/LCEs microactuators by control-
ling the external stimuli.

It is worth mentioning that the maximum contractile strain
(25.0%) of the CPs/LCEs microactuator is higher than that of the
previously reported DLW-TPP-printed light-responsive LCEs
microactuators (20% for gold nanoparticles-incorporated LCEs
woodpile microstructure under NIR laser [25], 20% for
azobenzene-doped LCEs microstructure under 532 nm laser excita-
tion [5], and 19% for azobenzene-filled LCEs micro-block under a
green laser light [13]). With TPP-compatible CPs/LC photoresists,
the fabrication of the light-responsive microactuators via DLW-
TPP has been realized, and their excellent actuation performance
under NIR light irradiation has also been demonstrated.

4. Conclusion

In summary, we have developed a new light-responsive LC pho-
toresist that can be used in the precise construction of 3D
micrometer-sized actuators via DLW-TPP technology. Different
component ratios are carefully designed and tuned for room-
temperature DLW-TPP. Conjugated polymers DPP58-TBZ12 with
NIR absorption, high photothermal conversion efficiency (52.7%),
and photostability were successfully synthesized via Stille cross-
coupling polymerization to serve as the photothermal dopants.
The CPs with D-A alternating backbone structures could be uni-
formly incorporated into LC photoresists to achieve the light
response of the LC photoresists. And the CPs/LC photoresists could



Fig. 7. (a) Schematic illustration shows reversible photothermal actuation styles of CPs/LCEs microactuators under an on–off switching of NIR light and corresponding
reversible rearrangement mechanism of mesogens in LCEs polymeric network. (b) A microactuator is held on a steel tip in the air and illuminated by a NIR laser. Scale bar:
50 lm. (c) Photographs of microactuators in the equilibrium state under different NIR laser power intensities. Scale bar: 50 lm. (d) Maximum Actuation strain of the CPs/LCEs
microactuator exposed to different laser power intensities. Error bars mean standard deviations for N = 3 measurements. (e) Actuation strain in the parallel and perpendicular
directions as the function of time for the CPs/LCEs microactuator under different laser power intensities. (f) Reversible contraction strain of the microactuator triggered by the
NIR light (808 nm, 173 mW/mm2) on/off (ON: 5 s; OFF: 4 s).
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maintain the room temperature liquid crystal phase stable for at
least 7 days. The incorporation of CPs also lowered the TNI value
of the LC photoresists largely to alleviate some degrees of crystal-
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lization at room temperature, making them compatible with the
commercial DLW-TPP without the need for a heating stage. By
carefully tuning the photoresist formulation and printing parame-
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ters (laser power and scanning speed), we demonstrate that the 4D
microprinted porous CPs/LCEs microactuator with as low as 0.3 wt
% CPs can achieve 25.0% actuation strain upon stimulation to NIR
light (808 nm) of 173 mW/mm2. The results demonstrate that
the developed CPs/LC photoresists are promising materials for
TPP-printable actuating micro-objects. This work enriches the
choice library of DLW-TPP-compatible LC photoresists for fabricat-
ing responsive microactuators at room temperature. It is worth
mentioning that the CPs/LC photoresists can also be applied to
other 4D printing techniques like UV-assisted direct-ink-writing
to manufacture macroscale structures, which paves the way
toward the multi-scale 3D actuators with promising potential in
the fields of functional separation membranes, and soft robotic sys-
tems and beyond.
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