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Abstract: The growing field of 4D printing has spurred
extensive exploration into applications of stimulus-responsive
materials, such as hydrogels for micro-actuators. However, the
hydrogel-based micro-actuators fabricated by one-step, single-
material printing are typically bilayer, and their actuation
capabilities are limited. This study proposes a novel gradient
printing strategy via two-photon polymerization (2PP) based
4D printing to enhance the actuation performance of stimulus-
responsive hydrogel micro-actuators. The feasibility of this
approach was demonstrated by investigating the shrinkage
rates and elastic moduli of the poly(N-isopropylacrylamide)
(PNIPAm) hydrogel micro-cuboids printed at different laser
doses using the confocal laser scanning microscope and
atomic force microscopy based nano-indentation respectively.
The 2PP-based gradient printing was used to fabricate bilayer
and trilayer PNIPAm hydrogel micro-actuators, with the laser
dose programmed to modulate the crosslinking degree of each
layer. These micro-actuators were actuated by near-infrared
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(NIR) light in the gold nanorods (AuNRs) solutions. The effects
of the NIR light powers, micro-actuator sizes, and layer
thicknesses on the actuation behaviors were systematically
investigated. Compared with 12-pm-thickness bilayer micro-
actuation, the introduction of the transitional layer into the
gradient trilayer one significantly enhanced the actuation
amplitude and speed (the bending angle and curvature
increased by about 150 and 70%, respectively, and the cycle
time of actuation and recovery shortened by 35%). These
advancements have significant implications for printing micro-
scale gradient materials and enhancing their applications.

Keywords: 4D printing, stimulus-responsive hydrogels, gra-
dient printing, two-photon polymerization

1 Introduction

Micro-actuators, which can convert external stimuli into
mechanical motion or deformation, show promise for
diverse applications such as micro-robotics, biomedical
devices, and soft microelectronics [1]. However, it is still
challenging to fabricate soft micro-actuators with defined
3D structures and high actuation performance. 4D printing,
an evolution of 3D printing, incorporates the temporal
dimension and enables materials to morph, self-assemble,
or respond to external stimuli over time [2,3]. 4D printing
at the microscale allows the fabrication of dynamic micro-
structures with controllable functionalities [4], offering
significant implications across disciplines such as biomedi-
cine [5,6] and robotics [7]. The 4D-printed micro-actuators,
with intricate motion and high actuation performance, can
be fabricated by high-precision 4D printing technologies,
such as two-photon polymerization (2PP) [8]. This precision
4D printing technology advances the development of
intricate devices with tailored functionalities, particularly
beneficial in microrobots [9], microfluidics [10], and elec-
tronics [11-13].

Compared to other soft materials used in the 4D
printing of micro-actuators, such as shape memory
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polymers and liquid crystal elastomers, hydrogels have
gained considerable attention and have been widely applied
for sensors [14], drug delivery [15], biomedical [16], and soft
robots [17-19] due to their unique biocompatible and tun-
able properties. These 3D crosslinked polymer networks,
swollen with water, exhibit high biocompatibility, flexibility,
and responsiveness to environmental changes [20,21]. Sti-
mulus-responsive hydrogels, in particular, can undergo sig-
nificant reversible changes in volume, shape, or mechanical
properties in response to stimuli such as pH [22], tempera-
ture [23], light [24], electricity [25], and magnetic field [26].
Among the stimulus-responsive hydrogels, the poly (N-iso-
propylacrylamide) (PNIPAm) hydrogel is inherently tem-
perature-responsive, and it can undergo a phase transition
near its lower critical solution temperature (LCST) which is
close to the physiological temperature. This phase transition
enables the PNIPAm hydrogel to expand or contract when
the temperature changes around its LCST, making it well
suitable for applications requiring reversible and repeatable
actuation. Moreover, it can incorporate photothermal mate-
rials, such as gold nanorods (AuNRs), to fabricate light-
responsive hydrogels. This light-driven hydrogel can be
stimulated by light stimuli in a contactless manner by con-
verting light into localized heat [25], unlike other types of
stimulus-responsive hydrogels that require precise and com-
plex stimulus control. These unique properties make the
PNIPAm hydrogel become the suitable material for actua-
tors [27]. By harnessing the responsiveness of hydrogels and
4D printing, the actuators can be engineered to perform
intricate motion and shape transformations, mimicking biolo-
gical systems. The tunable responsiveness and biocompatibility
of hydrogel actuators further expand their utility in biomedical
devices and soft robotics [28,29].

Various macroscale hydrogel actuators have been fab-
ricated by 4D printing technologies such as direct ink
writing (DIW) and stereolithography (SLA). However, at
the microscale, the fabrication of hydrogel actuators pre-
sents several challenges, particularly in achieving precise
and facile fabrication and enhanced actuation perfor-
mance [30,31]. Current strategies, such as multi-material
and multi-step printing, aim at printing heterogeneous-struc-
tured hydrogels [32,33]. For instance, bilayer soft micro-actua-
tors made of PNIPAm and commercial IP-I. were printed
using the multi-material strategy [34]. This method encoun-
ters issues like complex fabrication processes and poor inter-
facial adhesion, resulting in interfacial delamination during
actuation in bilayer actuators [35-37]. To address the inter-
facial problems, researchers have explored adding an inter-
mediate layer to fabricate trilayer actuators [38,39]. For
instance, the inclusion of a poly(2-ethylhexyl acrylate)
interfacial layer between polyacrylamide and polyethylene
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terephthalate layers has been proven to improve the actua-
tion performance of the trilayer actuator [39]. Similarly,
gradient structures exhibit transitional material properties
across the heterogeneous structure and can alleviate inter-
facial adhesion problems [40,41]. Since the trilayer and gra-
dient structure has been demonstrated to enhance the
actuation performance of macro-actuators, the strategy of
fabricating gradient trilayer structure would be a promising
method for the actuation enhancement of micro-actuators.
To fabricate such gradient trilayer micro-hydrogels, among
the current 3D printing technologies such as DIW, SLA, and
2PP, 2PP technology has a high printing resolution (about
100 nm) beyond the diffraction limit achieved by focusing an
ultrashort femtosecond laser pulse into a voxel of photosen-
sitive material to initiate polymerization through two-photon
absorption. It also allows programming the laser doses to
fabricate heterogeneous microstructures in a single-material
and one-step printing manner [42-44]. The laser dose can be
tuned via 2PP-based printing through variations of the scan-
ning speed and laser power [45] or the slicing and hatching
distances to fabricate heterogeneous-structured bilayer
micro-actuators [46]. The laser dose variation produces a dif-
ference in the crosslinking densities of hydrogel, thus causing
a difference in swelling or shrinking capabilities for micro-
actuator layers. Therefore, 2PP was used to fabricate gradient
trilayer micro-actuators to improve the actuation perfor-
mance and simplify the fabrication process. By leveraging
the 2PP-based gradient printing strategy and trilayer micro-
structure, it is easy to print hydrogel micro-actuators with
enhanced actuation performance.

In this article, we present a facile approach to fabri-
cating stimulus-responsive hydrogel micro-actuators uti-
lizing 2PP-based gradient printing (Figure 1). The gradient
printing strategy was developed to achieve precise spatial
control of the laser dose, enabling the fabrication of intri-
cate structures with tailored material properties. Lever-
aging this strategy, the gradient bilayer-structured and
multilayer-structured hydrogel stripes with varying sizes
were designed. The crosslinking variations within the bilayer
and gradient multilayer stripes were achieved by program-
ming the laser dose. A series of gradient PNIPAm hydrogel
micro-actuators were printed by a 780-nm femtosecond laser
and subsequently actuated by 808-nm near-infrared (NIR)
light in the AuNRs solutions. To the best of our knowledge,
printing gradient micro-structures remains a challenge and
has not been applied in the 4D printing of hydrogel micro-
actuators. This research aims to fabricate gradient hydrogel
micro-actuators with improved actuation performance
using stimulus-responsive materials and a gradient printing
strategy. The gradient-printed trilayer hydrogel micro-actua-
tors demonstrated enhancement in the light-actuated
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performance, including both bending amplitude and speed.
This printing method highlights its versatility and potential
applications in fabricating diverse materials and gradient
microstructures.

2 Materials and methods

2.1 Materials

N,N-methylenebisacrylamide (MBA, 98%), 3-(trimethoxy-
silylpropyl acrylate (TMSPA, 92%), and lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP, 95%) were pur-
chased from Sigma-Aldrich. Acrylic acid (AAc, 99.5%) was
obtained from Thermo Scientific Chemicals, while metha-
cryloxyethyl thiocarbamoyl rhodamine B was procured
from Polysciences, Inc. Ethylene glycol (>99%), acetone
(99.5%), isopropanol (>99.5%), n-hexane (ACS), ethanol
(>99.8%) and chloroform (>99.8%) were purchased from
Anaqua Company Limited, Hong Kong. Poly(ethylene glycol)
methyl ether thiol (mPEG-SH, Mn = 2000) was procured
from Sigma-Aldrich. All chemicals were used as received
without additional purification or treatment. N-isopropyla-
crylamide (NIPAm, 97%) was purchased from Sigma-
Aldrich, recrystallized in hexane, and stored at 4°C. Gold
nanorods (AuNRs) (0.1 mg/mL, aspect ratio = 4:1) stabilized
by cetyltrimethylammonium bromide (CTAB) were acquired
from Xianfeng, China.
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2.2 Preparation of photoresist and
modification of AuNRs

The PNIPAm hydrogel photoresist was prepared by dissol-
ving N-isopropylacrylamide (45 wt%), MBA (4 wt%), AAc
(0.5wt%), and LAP (1wt%) with ethylene glycol (48 wt%).
Methacryloxyethyl thiocarbamoyl rhodamine B (0.5 wt%)
was also added for fluorescence imaging. The mixture was
filtrated by 0.22 um syringe filters. The as-prepared photo-
resist was put in a brown reagent bottle, stored at room
temperature, and shielded from visible light to prevent
undesired polymerization.

To obtain PEG-modified AuNRs, the CTAB-stabilized
AuNRs were modified by HS-PEG-OCHj3 according to the
previously reported article [47]. The details of the proce-
dures are presented in Supplementary Materials.

2.3 Design and fabrication of hydrogel
micro-actuators

2.3.1 Design of 3D structures for the hydrogel micro-
actuators

To demonstrate the effectiveness of gradient printing in
enhancing actuation performance, the hydrogel micro-
actuators were designed as bilayer and trilayer hydrogel
stripes, utilizing the temperature-responsive property of
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Figure 1: Schematic of fabrication and light-actuation of hydrogel micro-actuators. (a) Schematic of fabrication of hydrogel micro-actuators by 2PP
using gradient printing; (b) gradient hydrogel micro-actuators immersed in the AuNR solution; and (c) 808-nm NIR light-actuation of gradient

hydrogel micro-actuators.
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the PNIPAm hydrogel [48], and the one-step, single-mate-
rial gradient printing strategy. To achieve complex defor-
mations like bending, the gradient printing strategy was
employed to print heterogenous-structured PNIPAm hydrogel
as the homogenous-structured PNIPAm hydrogel exhibits iso-
tropic expansion or contraction. The gradient printing enables
the fabrication of micro-actuators with gradient crosslinking
across layers, driving the micro-actuators to bend [49]. The
gradient crosslinking of the layers can be controlled by the
gradient laser dose, which can be modulated by printing para-
meters such as laser power and scanning speed using the 2PP
technology. Layers exposed to higher laser doses exhibit
higher crosslinking, reduced shrinkage rates, and greater stiff-
ness, while lower laser doses produce the opposite effect.
However, excessive crosslinking can restrict deformation
due to the low shrinkage rate and high rigidity. Additional
design factors, including layer thickness and length, can
influence the actuation speed and amplitude. By tailoring
printing parameters, such as laser dose modulation, and
structural factors, such as size and layer arrangement, the
actuation performance of bilayer and trilayer micro-actua-
tors can be systematically improved.

The gradient bilayer hydrogel micro-actuator was
designed as a strip with upper and lower layers having
different cross-linking densities (Figure 1). In contrast, the
gradient trilayer hydrogel micro-actuator has a thinner
layer thickness, and the laser dose variation between adja-
cent layers is less apparent than that of the bilayer ones. To
study the effect of varying thicknesses and structures of the
micro-actuators on their actuation performance, five micro-
actuators with varying sizes and layer thicknesses were
designed and labeled as micro-actuators a, b, ¢, d, and e
(Table 1). The micro-actuators a, b, and d have gradient
bilayer structures, while micro-actuators ¢ and e possess
gradient trilayer structures. The micro-actuator a has a
length of 150 um, while the others are 225pm in length,
with all micro-actuators having the same width. The thick-
nesses of micro-actuators a, b, and ¢ are 12 um, whereas the
micro-actuators d and e are 6 um thick. Based on the overall
thickness and number of layers, the layer thicknesses of the
micro-actuators a, b, ¢, d, and e were 6, 6, 4, 3, and 2 um,
respectively.

Table 1: The size information of micro-actuators a-e

Name of micro-actuators a b c d e

Length (pm) 150 225 225 225 225
Width (um) 20 20 20 20 20
Thickness (um) 12 12 12 6 6
Layer thickness (um) 6 6 4 3 2
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2.3.2 Fabrication of hydrogel micro-actuators

The 3D structures of hydrogel micro-actuators with both bilayer
and tri-layer structures were designed using SolidWorks 2016,
and the resulting STL files were processed with Describe soft-
ware to generate GWL files compatible with the Nanoscribe
system. The 3D printing of the PNIPAm hydrogel micro-struc-
tures was conducted using a Photonic Professional DLW system
(Nanoscribe GmbH, Germany). The printing was under the oil
immersion mode using a 63x objective lens (numerical aperture
of 14, Zeiss, Germany). A femtosecond laser with an emission
wavelength of 780 nm served as the laser source. The pulse
width and repetition rate were 120 fs and 100 MHz, respectively.
The photoresist was exposed to the laser beam according to
CAD design, resulting in polymerization and crosslinking at the
focal point to form PNIPAm micro-gels. Slicing and hatching
distances were adjusted within a 200400 nm range to optimize
the printing parameters.

To prevent the PNIPAm hydrogel structure from being
damaged by overexposure or incomplete curing due to
underexposure, the laser power and scanning speed were
first optimized to laser dose range to print for the printing of
PNIPAm photoresists by Nanoscribe [50]. After the preli-
minary investigations on these two parameters, the laser
powers from 25 to 45mW, and the scanning speeds from
5,000 to 15,000 um s~ were used to print PNIPAm hydrogel
micro-cuboids for further observing the printed structures.
The PNIPAm hydrogel micro-stripes of varying widths were
printed to investigate the resolution of this hydrogel (Figure S1).

To fabricate the gradient bilayer and trilayer hydrogel
micro-actuators, a user-defined subroutine programming
the laser power and scanning speed for different layers
across the thickness of the micro-actuators with the aid
of Describe software of the Nanoscribe System. For the
laser power for bilayer micro-actuators a, b, and d, the
bottom layer was printed at 40 mW and the upper layer
at 30 mW, respectively, which are determined based on
the results of shrinkage rates and elastic moduli of the
hydrogel micro-cuboids.

The trilayer hydrogel micro-actuators ¢ and e were
printed with the laser power decreasing from 40 to 30 mW
from the bottom to the top. All these micro-actuators were
printed at a printing speed of 10,000 pm/s.

Before the hydrogel micro-actuators were printed, the
glass coverslips were cleaned with acetone and treated
with TMSPA solutions to enhance the adhesion between
the glass substrates and the printed hydrogel structures.
After printing, the samples were immersed in isopropanol
for 24 h to remove the uncured photoresist. Subsequently,
isopropanol was replaced with water to obtain the PNIPAm
hydrogel micro-actuators.
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2.4 Characterization and testing

2.4.1 Confocal imaging of PNIPAm hydrogel micro-
cuboids

The swelling and shrinking behaviors of homogeneous
PNIPAm micro-cuboids, printed at printing speeds ranging
from 5,000 to 10,000 um/s and laser powers from 20 to
40 mW, were investigated using a confocal laser scanning
microscope (CLSM) (Leica TCS SP8, Leica, Germany). The
micro-hydrogel sample printed on the glass coverslip was
immersed in ultrapure water for 24 h before characterization.
The petri dish containing the sample was placed in a tempera-
ture-controlled chamber (Tokai Hit chamber). Initially, the
sample was imaged at room temperature, followed by heating
and stabilization in the chamber at 37°C for 20 min to acquire
confocal images of the shrunk hydrogel micro-cuboids. Image
analysis was performed using Image] software.

2.4.2 Micromechanical characterization by atomic force
microscopy (AFM)

The micromechanical properties of the PNIPAm hydrogel
micro-cuboids were determined by atomic force micro-
scope (BioScope Catalyst, Bruker). The AFM was integrated
with an inverted microscope (Nikon, Eclipse Ti) equipped
with a 20x objective to enable visualization of the probe,
facilitating precise control of tips and sample positioning.
Silicon cantilevers (MLCT, Bruker) with a spring constant k
of 0.03N/m were employed for the measurements, with
setup and calibration of the AFM conducted before testing.
Specifically, the contact model and ScanAsyst in the fluid
model were selected to evaluate hydrogel stiffness in aqu-
eous environments. The laser positioning, AFM positioning,
and cantilever calibration were carried out sequentially.
Young’s modulus (E) of the hydrogel sample was determined
by analyzing the force (F) generated during the indentation
between the probe and hydrogel. The force was calculated
using the formula: F = k x &, where k represents the spring
constant of the cantilever, and 6 denotes the deflection of
the cantilever. Data analysis was performed using the soft-
ware Nanoscope Analysis 1.7. The Hertzian model was
employed to fit force—indentation curves generated by the
AFM for cantilevers with a pyramidal indenter. Young’s
moduli of hydrogel micro-cuboids were obtained from the
force-indentation curves via the Nanoscope Analysis.
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2.4.3 Characterization of AuNRs by UV-Vis and
transmission electron microscope (TEM)

To confirm the light absorption properties of the PEG-mod-
ified AuNRs at 808 nm for the light actuation of PNIPAm
micro-hydrogels, both the PEG-modified AuNRs and
the CTAB-modified AuNRs were characterized using a
UV-Vis—NIR spectrometer (PerkinElmer, USA). The light
wavelength range for the testing was set from 400 to
1,180 nm.

The morphologies of CTAB-stabilized AuNRs and PEG-
modified AuNRs were examined using the TEM. The sam-
ples were prepared by depositing the AuNR solutions
on carbon-coated copper grids, followed by drying at
room temperature. TEM imaging was conducted using
the Jeol JEM-2011 microscope (Japan), operating at an accel-
erating voltage of 120kV. The sizes of these AuNRs,
including their lengths and diameters, were analyzed using
Image].

2.4.4 NIR light actuation of hydrogel micro-actuators

An 808-nm laser (LSR808h-4W-FC; Lasever Inc., Ningho,
China) served as the NIR light source. The coverslip with
the printed hydrogel sample was placed in the petri dish
and immersed in the solution of PEG-modified AuNRs. The
NIR light was used as the stimulus for actuation because of
its deep penetration, minimal phototoxicity, and potential
applications in biomedical fields, while UV light poses high
risks of photodamage and limited penetration depth. The
light source was placed 20 cm away from the sample.
The laser power for the actuation of micro-actuators a—c
ranged from 1.50 to 2.5W for investigating the effects of
laser power on the actuation behaviors. A FLIR C3-X (FLIR
System OU, Estonia) thermal camera was used to record
the temperature changes during the actuation. To compare
the actuation behaviors of micro-actuators a—e, the laser
power of NIR light was kept the same at 2.0 W (the power
density, 1.34 W cm ™). Observation of the light actuation
of these micro-actuators was conducted using an optical
microscope, and the videos were recorded using a CCD
camera. The actuation behaviors, including the measure-
ment of bending angles (a), curvatures (x), and calculation
of the actuation time (¢,) and recovery time (t,), were ana-
lyzed using Image] from the recorded videos, based on five
cycles of actuation and recovery.
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3 Results and discussion

3.1 Modification of AuNRs by PEG

The optical properties and morphologies of the PEG-mod-
ified AuNRs were characterized using UV-Vis spectroscopy
and TEM. Figure 2 presents the characterization results of
the AuNRs before and after modification. In the UV-Vis
spectra of CTAB-stabilized AuNRs and PEG-modified AuNRs
(Figure 2(a)), both spectra exhibit strong absorption peaks
around 800 nm, indicative of the localized surface plasmon
resonance characteristic of AuNRs. However, the absorption
peak of PEG-modified AuNRs appears slightly shifted com-
pared to CTAB-stabilized AuNRs, suggesting alterations in
the optical properties due to surface modification. From the
TEM images of CTAB-stabilized AuNRs and PEG-modified
AuNRs (Figure 2(b) and (c)), the average aspect ratio of the
PEG-modified AuNRs is approximately 3.86, slightly lower
than that of CTAB-stabilized AuNRs (Table S1). This reduction
in aspect ratio may result from the binding of PEG molecules
to the AuNR surface, leading to alterations in nanorod dimen-
sions. Nevertheless, despite these changes, the PEG-modified
AuNRs retain their nanorod morphology and exhibit high light
absorption at approximately 800 nm. Overall, these results
confirm the successful modification of AuNRs with PEG, high-
lighting the potential for tailoring their optical and morpholo-
gical properties for the application of NIR light actuation.

3.2 Relationship between laser dose and
swelling/deswelling ability

The effect of printing laser dose on the swelling and deswel-
ling behaviors of PNIPAm hydrogel micro-cuboids fabricated
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via 2PP was investigated using CLSM. Figure 3 shows the
micro-cuboids printed at different laser powers and scanning
speeds, along with their corresponding shrinkage rates. In
Figure 3(a) and (b), the laser power for printing each micro-
cuboid increases from 20 to 45 mW from the left to the right,
while the scanning speed increases from 5,000 to 10,000 um/s
from the bottom to the top. The sizes of micro-cuboids
printed at 20 mW are slightly smaller than the designed
size and are less bright compared to those printed at higher
laser powers (Figure 3(a)). This is caused by incomplete
curing due to the lower laser dose below the polymerization
threshold of the hydrogel photoresist or the weak fluores-
cent signal below the LCST, especially for the edge regions.
When the temperature of the sample reaches 37°C, the
micro-cuboids in Figure 3(b) become smaller and brighter
than those in Figure 3(a). This is because when the tempera-
ture of the sample exceeds the LCST of PNIPAm hydrogels,
the hydrogel networks contract and expel water, causing the
incorporated fluorescence molecules to aggregate closer,
which increases the fluorescence signal intensity [51]. By
analyzing the volumes of micro-cuboids at room tempera-
ture and 37°C, the volumetric changes of the PNIPAm
hydrogel micro-cuboids produced at different printing
settings were obtained. The relationships among shrinkage
rates, scanning speed, and laser power are presented in
Figure 3. In general, the shrinkage rate of PNIPAm micro-
cuboids increases noticeably with decreasing laser power
and slightly with increasing scanning speed. The maximum
difference in the shrinkage rate reaches over 40% between
the one printed at 45 mW, 5,000 um/s and the one printed at
25mW, 10,000 um/s. This result reveals that both higher laser
power and lower scanning speed contribute to increased expo-
sure of the photoresist to the laser, resulting in denser cross-
linking of the PNIPAm hydrogel and less pronounced swelling
and deswelling behaviors. These findings demonstrate that
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Figure 2: Characterization of the light-absorption properties and morphologies of PEG-modified and CTAB-stabilized AuNRs: (a) UV-Vis of CTAB-
stabilized AuNRs and PEG-modified AuNRs; (b) TEM image of the CTAB-stabilized AuNRs; and (c) TEM image of the PEG-modified AuNRs.
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Figure 3: The shrinkage behavior of PNIPAm hydrogel micro-cuboids printed at different laser doses. The CLSM images of PNIPAm hydrogel micro-
cuboids (a) at room temperature and (b) at 37°C; and (c) the shrinkage rates of PNIPAm hydrogel micro-cuboids printed at different laser power and

scanning speed.

variation in printing settings, particularly laser power, can
effectively modulate the swelling and deswelling capabilities
of the PNIPAm hydrogels. This fundamental understanding
underpins the feasibility of one-step printing of stimulus-
responsive micro-actuators with tailored functionalities.

3.3 Relationship between micro-mechanical
properties and laser doses

The micro-mechanical properties of PNIPAm hydrogel micro-
cuboids printed at varying laser powers and scanning speeds
were investigated using AFM-based nanoindentation. A series
of PNIPAm hydrogel micro-cuboids arranged in a 3 x 3 array

was printed using a laser power varied from 25 to 45 mW and
scanning speeds ranging from 5,000 to 10,000 um/s (Figure
S2). The nanoindentation analysis was performed on these
printed hydrogel micro-cuboids. The force—separation curves
obtained from nanoindentation experiments were analyzed
using the Hertzian model to determine Young’s moduli. The
force-separation curves obtained from curve fitting show the
correlation between applied force and indentation depth
under various printing conditions (Figure 4(a)). Young’s
moduli of the printed hydrogels vary with laser doses,
including scanning speed and laser power (Figure 4(b)).
Young’s moduli of the hydrogels significantly increase
with the laser power while showing a slight decrease with
the scanning speed (Figure 4(b)). For instance, at a fixed
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Figure 4: Elastic moduli of PNIPAm hydrogel micro-cuboids printed at different laser doses: (a) The fitted force-separation curves of PNIPAm
hydrogel micro-cuboids printed at the scanning speed from 5,000 to 10,000 um/s and the laser power from 25 to 45 mW; and (b) Young’s moduli of

the hydrogel micro-cuboids.
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scanning speed of 10,000 um/s, when the laser power
increases from 25 to 45 mW, Young’s modulus of the hydro-
gels significantly increases from 1.2 to 90.4 kPa (Table S2).
Moreover, maintaining a constant laser power at 35 mW
while decreasing scanning speed from 10,000 to 5,000 pm/s
can lead to an increase in Young’s modulus from 6.7 to
18.7kPa but with a lesser amount. The increase in Young’s
moduli of the hydrogels can be attributed to their enhanced
crosslinking induced by higher laser doses [45,52], thus
demonstrating the potential for tailoring the mechanical
behavior of hydrogels through precise control over printing
parameters such as laser power.
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3.4 NIR-light actuation behaviors of PNIPAm
hydrogel micro-actuators

The actuation performance of hydrogel macro-actuators
can be predicted and optimized for design purposes using
simulation models via various methods such as residual
neural networks and genetic algorithms [53,54]. However,
predicting the actuation performance of micro-actuators
by simulation would be challenging due to the difficulty
of determining accurate model parameters such as viscoe-
lastic properties of the micro-hydrogels. In this study, the
actuation performance of the gradient hydrogel micro-
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Figure 5: (a) Schematic for measurement of the a and the Aa,,.x of PNIPAM hydrogel micro-actuators a-c at different power levels; (b) variation of the
t, and t, at different power levels; (c)-(e) thermal images of micro-actuator a during the NIR-light actuation under the light power of (c) 2.50 W, (d)
2.0W, and (e) 1.5W and recovery (images (i), (ii), and (iii) refer to the state of samples at the time of 0.0s, ¢, and t. [or t, + t,]); and (f) temperature
changes of micro-actuator a during the NIR light actuation at 2.50, 2.0, and 1.5 W (the solid lines and dotted lines indicate the actuation under the NIR
light and the recovery process with the NIR light off, respectively).
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actuators was assessed experimentally by investigating
various factors, including the power of NIR light during
the actuation, gradient structures, and sizes. The actuation
behaviors investigated include the a, k, t, and t,. a was
measured as the angle between the bent state and the ori-
ginal state (Figure 5(a)) [55,56]. The difference in bending
angle (Aa) from the initial state to a certain state of actuation
or recovery was calculated to present the shape change
degree during the actuation and recovery. Moreover, to
determine the shape-changing capability of the micro-actua-
tors, the maximum values of the difference in bending angle
change (Aay,.x) were compared. Meanwhile, ¢, and ¢, were
adopted to evaluate the shape-morphing speed. The ¢, refers
to the duration from exposure to NIR light until Aa reaches
its maximum, while ¢, denotes the time taken for the micro-
actuator to return to its original state upon the light being
turned off. Additionally, the cycle time of actuation and
recovery (t. = t, + t,) was used to evaluate the overall actua-
tion and recovery speed.

3.4.1 Effects of laser power of NIR light on actuation
behaviors

The power of the NIR laser could affect actuation behaviors
such as a, t,, and ¢,. The bending behaviors of the gradient
bilayer micro-actuators a and b and the gradient trilayer
micro-actuator ¢ were investigated across a range of laser
powers from 2.50 to 1.50 W. When the laser power increases
from 150 to 1.75W, the Aanax increases apparently, but
when the laser power further increases, there is only a slight
increase in Adn,x (Figure 5(a)). Meanwhile, in Figure 5(b),
with the increase of laser power, their t, values decrease
while the t, values increase. Particularly, the ¢, values of
these micro-actuators reach their minimum values at the
laser power of 2.00 W, which can serve as the optimum laser
power for the micro-actuator to achieve a larger Aay,.x and a
shorter t. as compared with other conditions.

The influence of laser power on the actuation behaviors
of the 4D-printed micro-actuators is related to the photo-
thermal performance and thermal dissipation of the AuNRs
solution. To investigate this relationship, micro-actuator a
was selected to observe the temperature changes during its
NIR-light actuation and recovery at three different laser
powers (Figure 5(c)-(e)). Figure 5(c)(i)-(e)(i) correspond to
the states before exposure to NIR light (ie., t = 0.0s), with
the maximum temperatures in the center of the light spot
recorded around 24.0°C. Under the NIR light exposure, respec-
tively, when maximum bending angle achieving their max-
imum bending angles (Figure 5(c)(ii)—(e)(i)), the temperatures
reach a maximum at 52.7, 46.5, and 34.7°C for the light power
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of 2.5, 2.0, and 1.5 W, respectively. Upon turning off the NIR
light, the temperature gradually declines to near room tem-
perature. Notably, as the laser power is reduced from 2.50 to
1.50 W, the peak temperature decreases from 52.7 to 34.7°C
(Figure 5(f). Concurrently, ¢, increases from approximately
3.0 to 12.0 s, while ¢, decreases from nearly 7.0 to 5.0s.

These results suggest that a higher NIR laser power
accelerates the actuation but reduces the recovery time.
Conversely, low laser powers, such as 1.75 and 1.50 W,
fail to fully actuate the micro-actuators to their maximum
bending angles. Particularly at the laser power of 1.50 W,
the maximum temperature in the central spot of the light-
exposed area is 34.7°C, just above the LCST of PNIPAm
hydrogels. The temperature gradually decreases from the
center to the edge of the light spot due to the gradient
distribution of laser energy density and heat transfer in the
aqueous solution [57]. Consequently, although the micro-
actuator exhibits slight bending behavior, the maximum tem-
perature remains higher than the LCST of PNIPAm [58]. The
heat generated by the photothermal effects of AuNRs dissi-
pates in the outer area, preventing further shrinkage of the
PNIPAm hydrogel micro-actuator to its most bent state. When
the laser power is above 1.75 W, the center temperature of the
micro-actuator would be much higher than the LCST of
PNIPAm, so it rapidly shrinks and leads to its maximum
bending. However, at high laser power levels such as 2.25
and 2.50 W, the high temperatures when the micro-actuator
reaches its maximum bending angle result in a slow cooling
and recovery. Therefore, to achieve both a higher bending
angle and a shorter cycle time of actuation and recovery for
the micro-actuator, a power of 2.00 W was chosen as the
optimum NIR laser power for investigating the effects of
size and layer thickness on the actuation behaviors of
micro-actuators a—e.

3.4.2 Effects of size and layer thickness on actuation
behaviors

Although the NIR laser power could affect the actuation
behaviors of the hydrogel-based micro-actuators, their
actuation capabilities were determined by their sizes and
layer thickness. The effects of length, overall thickness, and
layer thickness on the actuation behaviors, including Aay,ay,
te tr, and Ak . (the maximum value of the difference of the
curvature between the original state and the most bent
state) of micro-actuators a—e under the NIR laser power of
2.00 W were investigated. Since the side-view optical images
of the micro-actuator cannot depict the bending behavior
(Figure S3), the top-view optical images of the micro-actua-
tors a—e in Figure 6(a)—(e) are used to evaluate their bending
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degree during the one-cycle NIR-light actuation and
recovery. The actuation behavior of each micro-actuator
over two cycles is presented in Video S1. The performance
was evaluated over five consecutive actuation-recovery
cycles, with no noticeable decline in actuation efficiency
observed (Figure S4). The as-printed hydrogel micro-actua-
tors show different degrees of bending angles during expo-
sure to the NIR laser. Their bending results from their
heterogeneous structures with the differences in cross-
linking density induced by varying laser doses during
printing. It is found that the bending direction is dominated
by the elastic modulus [59], with all these micro-actuators
bending toward the layer printed with a higher laser dose
and, namely, with a higher elastic modulus. Although the
densely crosslinked PNIPAm hydrogel layer exhibits lower
shrinkage, its Young’s modulus is significantly higher than
that of the sparsely crosslinked layer, as indicated by the
nanoindentation results in Section 3.3. Within a hydrogel
micro-actuator, the layer with a high elastic modulus
shows much higher bending stiffness than the one with
a low elastic modulus. If their bending is regarded as the
bending of a cantilever beam, the bending behavior can
be explained by the equation of bending
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F CEI

-3 m
where F is the actuation force, C is the constant, § is the
deflection, E is the elastic modulus, I is the second moment
area or the moment of inertia, and L is the length of the
micro-actuator.

Since the cross-section of these micro-actuators is a
rectangle, the moment of inertia can be given by

h3
I=Dbx 7L )
where b and h are the width and the thickness of the micro-
actuator, respectively [60].

For a single micro-actuator, the moment of inertia and
lengths of different layers are the same. From equation (1),
under the same load, the layer with high elasticity would show
less displacement, so the layer with high elasticity lies in the
inner layer of the bent micro-actuator. For the other aspect,
the shrinkage of the hydrogel network, the hydrogel layer
printed at a lower laser dose exhibits a higher volumetric
contraction rate, which can occur along both length and thick-
ness. Although the lengthwise shrinkage of the sparsely cross-
linked layer is partially constrained by the high bending

(i) 3D Models (ii) Actuation under NIR Light (iii) Recovery with NIR Light off
@0 (i)0.0s 10s 20s 37s _ (i)0.0s __ 1.0s 20s 525
®)0) (i)0.0s 1.0s 30s 51 (111)0 0s. 20 635
©) @) (11)0.0 s 0.5s 1.0s 3.1s (iii))0.0s 1.0s

— il ol JJ;./W

(d)(@d) (11)OOS 2 s: 5.0s IOSS (111)OOS 2 s 6.0s : 26.3s
(e)(0) (1) 0.0 s 2.0s 50s 9.8s (iii)0.0s  3.0s 7.0s 18.8 s

vQQOO

Figure 6: 3D models, NIR-light actuation, and recovery of micro-actuators with varying sizes and layer thicknesses. (a)-(e) corresponds to micro-
actuators a-e; (a)(i)-(e)(i) 3D models for printing of micro-actuators a-e; (a)(ii)-(e)(ii) the NIR-light actuation process of micro-actuators a-e; (a)(iii)-(e)
(iii) the recovery process of micro-actuators a-e with the NIR light off.
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stiffness of the densely crosslinked layer, the contraction in
thickness compensates for the overall shrinkage. This revealed
that the bending mechanism is essential for designing and
printing the gradient micro-actuators with specified bending
directions, particularly in complex hydrogel structures.

The variation in parameters evaluating the bending beha-
viors of micro-actuators a—e, including the Aa, Ax during the
actuation and recovery, as well as AQpax, AKmax o and t,, are
shown in Figure 7. The values of Adpay, AKmax g and & of
these micro-actuators are also listed in Table 2. The differences
in the actuation behaviors of the micro-actuators resulting
from the variation in their length, overall thickness, and layer
thickness are elucidated below.

3.4.2.1 Effect of length variation
The gradient bilayer micro-actuators a and b have lengths
of 150 and 225 pm, respectively, with the lower and upper
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layers printed at the laser dose of 40 and 30 mW. The
longer micro-actuator b shows higher values of Aapax
and Axp,.x as compared with the shorter micro-actuator
a, namely increasing from 25.0° to 39.2° and from 0.0093
to 0.0138 um ™, respectively. The higher curvature Akyay of
the longer micro-actuator b during actuation is attributed
to the increased arc length of its bent state compared with
micro-actuator a [61]. However, the length increase also
results in longer actuation and recovery, with the ¢, value
rising from 3.7 to 5.1 s, and the ¢, value increasing from 5.2
to 6.3 s separately. Given that both micro-actuators a and b
have identical thickness and their upper and lower layers
were printed at the same laser dose, the shrinkage speed is
also uniform because of the consistent crosslinking in each
layer and the water repulsion properties of the PNIPAm
hydrogel network [62]. The increased actuation and recovery
time for the longer micro-actuator is due to the greater dis-
tance the free end needs to travel to reach the maximum
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Figure 7: The actuation behaviors of micro-actuators a-e: (a) the bending angle changes and (b) the curvature changes of micro-actuator a-e during
the NIR-light actuation and recovery; (c) the comparison of maximum bending angle and curvature of micro-actuator a-e; and (d) the comparison of

actuation time and recovery time of micro-actuator a-e.
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Table 2: Comparison of maximum 4 bending angle, maximum 4 curvature, actuation time, and recovery time of micro-actuators a-e

Name of micro- Maximum 4 bending angle

Maximum 4 curvature

Actuation time (t,, s) Recovery time (¢, s)

actuators (Dlmayx, 0) (BKmax, pM")

a 25.0 £1.73 0.0093 + 0.0016 3.7+0.25 52+0.34

b 39.2 +1.99 0.0138 + 0.0018 5.1+0.58 6.3+ 0.42

c 101.3 £ 0.98 0.0233 + 0.0021 3.1+0.16 4.2 +0.50

d 157.9 + 1.47 0.0204 + 0.0028 10.5 + 0.67 26.3 +2.53
e 184.6 + 1.21 0.0241 + 0.0029 9.8 + 0.59 18.8 +1.76

bending angle and return to the original position. These
results indicate that increasing the length is a method to
fabricate the micro-actuator with a large bending angle
despite slightly slowing down the actuation and recovery.

3.4.2.2 Effect of thickness variation

The effect of thickness variation on the actuation behaviors
of the micro-actuators b—e, all with a length of 225 pym, is
summarized as shown in Table 2. When the thickness
decreases from 12 to 6 um, both the gradient bilayer
micro-actuator d shows higher values of Adyax and Axpax
as compared with the gradient bilayer micro-actuator b,
namely increasing from 39.2° to 157.9° and from 0.0138 to
0.0204 um™, respectively. Similarly, the gradient trilayer
micro-actuator e also exhibits higher values of Aa,.x and
Axmax @s compared with the gradient trilayer micro-actuator
¢, namely rising from 101.3° to 184.6° and from 0.0233 to
0.0241 um™, correspondingly. The thicker gradient bilayer
micro-actuators b and trilayer micro-actuator ¢ show lower
maximum bending angles and curvature correspondingly
as compared with the micro-actuator d and e because of
the higher moment of inertia for a thicker cross-section
according to equation (2). However, the decrease in the
overall thickness also slows the actuation and recovery pro-
cess, specifically, the t, and ¢, values for the gradient bilayer
micro-actuators increasing from 5.1 to 10.5 s and from 6.3 to
26.3 s, respectively, and the t, and ¢, values for the gradient
trilayer micro-actuators rising from 3.1 to 9.8 s and from 4.2
to 18.8 s, respectively. The thinner gradient bilayer and tri-
layer micro-actuators b and ¢ show slower actuation and
recovery mainly because of the longer trajectory for their
free ends to reach the maximum bending angles.

3.4.2.3 Effect of varying layer thickness

The impact of varying layer thickness on their actuation
behaviors is assessed by comparing 12-um-thickness
micro-actuators b and ¢, as well as the 6-um-thickness
micro-actuators d and e. The individual layer thicknesses

of micro-actuators b, ¢, d, and e are 6, 4, 3, and 2 um, respec-
tively, exceeding the resolution (~0.8 um) of the printed
PNIPAm hydrogel stripes (Figure S1). The bilayer gradient
micro-actuators b and d were separately printed at 40 and
30 mW for the lower and upper layers, while the laser powers
for the printing of lower, intermediate, and upper layers of
triple-layered gradient micro-actuators ¢ and e were 40, 35,
and 30 mW, respectively. The variation from a bilayer to
trilayer gradient structure leads to a significant increase in
Alpax, Namely from 39.2° to 101.3° for micro-actuators b and ¢
and from 157.9° to 184.6° for the micro-actuators d and e,
respectively. Similarly, the Ak, ax increases from 0.0138 to
0.0233 um™ for the micro-actuators b and ¢ and from
0.0204 to 0.0241 um ™ for the micro-actuators d and e, respec-
tively. The t, are reduced by 2.0 and 0.7 s, and ¢, decreases
by 2.0 and 7.5s, correspondingly. For the 12-pym-thickness
micro-actuators b and ¢, when the layer thickness decreases
from 6 to 4 pm, the Aayax and Ak, increase by over 150
and nearly 70%, respectively, and the cycle time of actuation
and recovery shortens by about 35%. Similarly, for the 6-um-
thickness micro-actuators d and e, when the layer thickness
decreases from 3 to 2 pm, the Aa,ax and Ak increase by 17
and 18%, respectively, and the cycle time of actuation and
recovery shortens by about 22%. These results indicate that
decreasing layer thickness enhances the bending angle and
accelerates both the actuation and recovery processes. This
is because a more gradual crosslinking gradient within the
trilayer hydrogel structure leads to a more uniform and
continuous stress distribution [63]. The gradient trilayer
structure, with an intermediate layer, also facilitates a gra-
dual transition in crosslinking density and elastic modulus
across layers, reducing internal stress and improving actua-
tion amplitude and speed. In contrast, the sharp change in
the elastic modulus at the interface in the gradient bilayer
structure increases the internal stress, resulting in rougher
and slower actuation and recovery [64]. It is noted that the
micro-actuator e exhibits the largest bending degree change
(over 180°) among these micro-actuators as the layer thick-
ness is the minimum at 2 um and the crosslinking within
the micro-structure varies at 2-um level. Theoretically, the
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minimum layer thickness can be designed as the hatching
distance (generally less than 1 um) to fabricate the gradient
structure with the sub-microscale crosslinking gradient and
multilayer gradient microstructures.

Overall, increasing the length and decreasing the overall
thickness of the micro-actuators enhance the bending angles
and curvature but slow down the actuation and recovery.
Reducing the layer thickness in gradient hydrogel structures
is also favorable for increasing the bending angles and expe-
diting the actuation and recovery processes. This study was
among the first attempts to demonstrate the applicability of
the programming-based gradient crosslinking strategy for
fabricating the hydrogel micro-actuators with enhanced
bending performance achieved in the trilayer structure
over the bilayer one. Moreover, using this gradient printing
strategy, the micro-actuators could be fabricated in a one-
step and one-material process. Compared with multi-mate-
rial printing, this gradient printing method simplifies the
fabrication process and alleviates issues of the interfacial
adhesion between different materials.

4 Conclusion

In conclusion, the 2PP-based 4D printing coupled with the
innovative gradient printing strategy has been demon-
strated to be capable of fabricating stimulus-responsive
hydrogel micro-actuators with different bending perfor-
mance. With the developed gradient printing strategy, the
micro-actuators with gradient variations in cross-linking
densities and, thus, mechanical behaviors across their thick-
ness were realized by creating a user-defined subroutine
programming the laser dose and scanning speed of different
layers. Among the various studied factors, including NIR
laser power, length, thickness, and the number of layers
of the micro-actuators, it was found that the number of
layers played the most significant role in enhancing the
actuation performance. From the bilayer to the gradient
trilayer, the maximum bending angle and curvature change
increased by over 150% and nearly 70%, respectively, and
the cycle time of actuation and recovery shortened by about
35%. This gradient printing strategy overcomes the chal-
lenges associated with multi-material printing, such as com-
plex printing procedures and interfacial adhesion issues.
The as-printed gradient micro-actuators highlight the versa-
tility of this technique, opening avenues for applications in
fields such as soft robotics, biomedical devices, and micro-
fluidics. Furthermore, this technique holds great potential
for developing universal strategies for printing gradient multi-
layer microstructures across various materials. Future research
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could explore the gradient printing of other materials and
micro-actuators with complex functions and other materials,
as well as the applications of the micro-actuators.
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