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Abstract: In 4D printing, structures with gradients in physical properties are 3D printed in order to
dramatically increase deformation. For example, printing bilayer structures with passive and active
layers has been proposed, however, these methods have the disadvantages that the material of each
layer is mixed, and the modeling process is complicated. Herein, we present a method of creating
gradient gels with different degrees of polymerization on the UV-exposed side and the other side
using a single material by simply increasing the amount of initiator. This gel is the first example in
which the differential swelling ratio between two sides causes the gradient to curl inward toward the
UV-exposed side. The mechanical properties (swelling ratio and Young’s modulus) were measured
at different material concentrations and structures, and the effects of each on deformation were
analyzed and simulated. The results show that adding an initiator concentration of 0.2 (mol/L) or
more causes deformation, that increasing the crosslinker concentration by a factor of three or more
increases deformation, and that adding a hinge structure limits the gradient gel to deformation up to
90°. Thus, it was found that the maximum deformation can be predicted to some extent by simulation.
In the future, we will be able to create complex structures while utilizing simulation.

Keywords: 4D printing; 3D printing; gel; swelling; soft actuator; gradient gels; flexible hinge

1. Introduction

Four-dimensional (4D) printing is a new concept that was proposed by Skylar Tibbits
in 2013, in which 3D modeling objects are given temporal deformation [1,2]. In conventional
3D modeling, the object itself is assumed not to be movable or deformable in the scene
of use and is often treated like a rigid body. In contrast, since this event, various studies
have been conducted as soft robotics [3]. Various studies inspired by Tibbits have been
reported. The concept of 4D printing is now well established, in which 3D printed objects
change shape, function, properties, and position “in time” in response to the surrounding
environment [4–8]. For example, 4D printing has been proposed in which a 3D printer model
is placed in water and the model spontaneously deforms in the process of absorbing water
and swelling [9]. The main components defined within 4D printing include 3D printing
technology, smart and intelligent materials, external stimuli, deformation mechanisms, and
deformation-controllable structures [10–15]. Among them, 3D printing technology is an
important factor. It has a major impact on the choice of materials and the availability of
structures [16]. Previous research on 3D printing technology includes direct ink writing
technology and stereolithography (SLA) technology [17–19]. In direct writing technology,
gel-like materials are cured by UV light after the extraction, which is repeated to form layers.
The accuracy of 3D printing depends on the thixotropy of materials. SLA technology is
the method in which the container of gel solutions is cured by the laser. When the gel
solution is scanned with a UV laser from one direction, the UV-exposed side polymerizes
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first. Subsequently, a gel is formed under the gel solution by laser transmission. Therefore,
a gradient is formed such that the crosslink density of the UV-exposed side is higher than
the other side. In this case, the printed modeling object when placed in water is deformed
because of the mismatched swelling ratios between the UV-exposed and other side. The
differential swelling ratio between the two sides cause the gradient to curl inward toward
the UV-exposed side [20–24].

Recently, however, we have found a case in the above SLA method where the gradient
gel curls inward toward the other side, not the UV-exposed side. This is the first study
of this direction of deformation, which is different from the conventional direction of
deformation. In this paper, we investigated a single-material 4D printing method using
originally developed 3D gel printer and Inter-Crosslinking Network (ICN) gel, one of the
high-strength gels that have been actively studied since 2002 [25–29]. The method is to
increase the initiator concentration to create gels with different degrees of polymerization
on the UV-exposed side and other side [30–32] and to deform the gels by swelling based
on the difference in swelling ratios. The advantage of this method is that it can deform
by simply increasing the initiator concentration to the material, which allows for a much
wider range of materials. In order to explore the factors important for actuation, the effects
of different crosslinker concentration and thicknesses on deformation, as well as the effects
of using a hinge structure on deformation, were investigated [33–36].

2. Concept and Design

The 4D printing concept is being developed using a stereolithography (SLA) technique
and the gradient of gel polymerization. This development approach includes experiments
to illustrate the mechanism.

2.1. 4D Printing Concept

In this 4D printing, the swelling ratio is varied by creating a polymerization degree
gradient in the gel to create a difference in crosslink density. In the case of radical poly-
merization, it is possible to increase the polymerization speed of the gel by adjusting the
initiator and crosslinker required for the reaction. The degree of polymerization can also
be changed by UV scan time. A proprietary 3D gel printer was used to fabricate the gels.
As shown in Figure 1a, a container filled with UV-curable hydrogel monomer solution
was placed on the platform of the 3D gel printer and scanned by irradiating the laser from
the top to form the desired shape. The container with the solution is constantly scanned
from above with a laser. Therefore, the degree of polymerization at the top increases with
the number of scans, and the cured area becomes larger and thicker. Layers with a high
degree of polymerization and layers with a low degree of polymerization are also formed.
The photoinitiator TPO used in this study precipitates white crystals at a certain degree
of polymerization. Therefore, the UV-exposed side turns white first, and as the number
of laser scans increases, the area of the white side increases. As shown in Figure 1b, it is
also possible to intentionally design a thick molding (scanned five times, thickness: 5 mm)
and a thin molding (scanned one time, thickness: 3 mm). In the hinge fabrication method,
a 3D modeling object with a total length of 22 mm, a width of 5 mm, and a thickness
of t1 is initially created in one scan. Next, as the number of scans is increased from 2 to
5 times only at both ends of the hinge recess, the thickness increases to t2 and t3 (4 mm and
5 mm). The degree of polymerization also increases. The length of the hinge recess, lHS, is
2 mm. The deformation of the gel after molding is driven by the difference in local swelling
ratio and swelling ratio due to the difference in crosslink density of the gel according to
the intensity of the scanned laser (scanning numbers). When a hydrogel sheet formed
by the method shown in Figure 1a is placed in water, it deforms as shown in Figure 1c.
As noted in the introduction, unlike the conventional method, the swelling ratio of the
UV-exposed side is higher than that of the other side. As a result, deformation occurs
so that the UV-exposed side covers the other side. Figure 1d shows a scanning electron
microscope (SEM, JEOL JSM-7600FA) image in which the crosslink density is varied by a
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degree of polymerization gradient. Printing on the 3D gel printer was done using ICN gel
with an initiator concentration of 0.02 (mol/L), dried at room temperature for 2 days, and
then coated with Pt-Pb coating.

Figure 1. The process of 3D printing of the ICN gels with the hinge structure. (a) The side cross
sectional view of the silicone mold placed on the platform of GelPiPer. Pre-gel solution is sandwiched
with the picture-flame shape of 2 mm or 5 mm thickness silicone spacer (outer size: 8 cm × 8 cm,
inner size: 7 cm × 7 cm) in the couple of 2 mm thickness glass plates, whose surfaces are covered with
0.5 mm thickness PET films. (b) The molding process of the 3D printed bilayer hydrogels with hinge
structure. The scanning numbers can be increased in some areas, and the areas where the scanning
numbers are increased will increase in thickness, and polymerization will progress. (c) Deformation
of printed modeling objects. The upper figure shows deformation before being placed in water, and
the lower figure shows it after being placed in water. Gels with different swelling on the top and
bottom layers were printed. (d) The SEM image of the cross section of the dried ICN gels indicates
the existence of the bilayer structure. The left side, which seems white, is the UV-exposed side. This
part is the upper, thinner layer. The right side is the lower, thicker layer, where the particles of
photoinitiator TPO crystals precipitated during the 3D printing process are observed.

2.2. Materials

The structural formula of the ICN gel is shown in Figure 2. In the ICN gel, multiple
polymers crosslink each other to form a three-dimensional network. The internal structure
is a crosslinked network structure only between different polymers [37–40]. Therefore,
the inter-polymer restraints are looser and more spreadable than those of conventional
composites, resulting in greater strain in response to tension. In particular, crosslinking
flexible and rigid gels can create gels that exhibit even higher ductility. In this study, gels
with high strength and ductility and high maximum swelling ratio are preferred because of
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the tensile and compressive forces that occur when the gel is deformed. In addition, ICN
gels was determined to be effective because of their proven track record in 3D gel printing.

The material used for ICN gels is the hydrophilic monomer, DMAAm (N,N-dimethylac
rylamide), purchased from Tokyo Kasei Kogyo Co (Tokyo, Japan). The polymer, HPC (hy-
droxypropylcellulose), was purchased from Wako Pure Chemical Industries, Ltd (Osaka,
Japan). The crosslinker, KarenzMOI-EG (2-(2-methacryloyloxyethyl)ethyl isocyanate) was
purchased from Showa Denko K.K (Tokyo, Japan). The hydrophobic initiator, TPO (diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide) and hydrophilic initiator TPO (lithium phenyl (2,4,6-
trimethylbenzoyl)phosphite) were purchased from Tokyo Kasei Co (Tokyo, Japan). The UV
absorber AS150 (KAYAPHOR AS150) was purchased from Nippon Kayaku Co (Tokyo, Japan).

To synthesize the ICN gels, DMAAm was added to HPC and stirred for about 1 day to
completely dissolve the HPC, then the crosslinking agent was added and stirred for 30 min.
Next, purified water was added dropwise to stop the reaction. Finally, photoinitiator,
absorbent, and purified water were added and stirred for 30 min. The 3D model was
created using the 3D software Fusion360 (Autodesk). The maximum thickness depends on
the thickness of the silicone spacer. The adjusted ICN gels were printed using the 3D gel
printer under the following printing conditions: scanning speed 20 mm/s, modeling pitch
0.3 mm, spot diameter 0.3 mm, wavelength 405 nm, and UV intensity 10 mW.

Figure 2. Schematic illustration of fabrication process of the gradient ICN gels. When the ICN gel
solution is scanned with the UV laser from one direction, the UV-exposed side has a higher crosslink
density, and the other side has a lower crosslink density.
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3. Factors for Actuation

The composition of gel materials and structures are the key elements of the swelling
soft actuators we have developed [41]. The degree of polymerization and physical proper-
ties of hydrogel sheets can be adjusted by changing the material composition. The degree
of polymerization and deformation properties can be also adjusted by the structural pa-
rameters of the hydrogel sheets such as thickness and the hinge joint. In this experiment,
we investigated the influence of the initiator concentration and crosslinker concentration
on the material, the thickness of the structure (scanning numbers), and the hinge structure
applied to it.

Three evaluation methods were used: swelling ratio measurement, Young’s modulus
measurement, and deformation measurement. First, the method of swelling ratio mea-
surement is explained. The test specimens used for the swelling ratio measurement were
formed of cylindrical gels of 16 mm in diameter with different degrees of polymerization,
with different numbers of laser scans. The gel sheets were immersed in water and weighed
at regular intervals. The swelling ratio was then calculated from the ratio of the weight
immediately after formation to the weight after swelling.

For the swelling ratio measurement, three samples each were measured and the
average was calculated. The swelling ratio was determined by the following equation:

SR =
Wa

Wb
(1)

Here, Wa, Wb, and SR refer to the weight of gel per expansion time, weight of gel before
swelling, and swelling ratio, respectively. Silicon spacers of 2 mm and 5 mm thicknesses
were used to fill the solution used to create the modeling objects with the 3D gel printer.

Young’s modulus of the ICN gels was calculated from the compression test. The
samples used for the test were cylindrical gels of 16 mm in diameter with different scans.
The thickness of the sample depended on the thickness of the silicone spacer used. The
tabletop material testing machine (Orientec Corporation, STA-1150) was used for compres-
sion testing. The speed of the compression test was set at 1 mm/min, and each sample
was measured three times. Based on the measured results, Young’s modulus was calcu-
lated from the gradient up to a strain of 0.1, and the average value of three times each
was obtained.

An important parameter for producing the desired 4D structure is the bending angle,
θ, between the hydrogel sheet and the glass substrate at the time of deformation due to
swelling behavior (Figure 3). The silicone spacer with a thickness of 5 mm was used to
form a rectangular specimen with a width of 5 mm and a length of 22 mm. The thickness
of the specimen depended on the scanning numbers and the initiator and crosslinker
concentrations. A part of the specimen was glued to the bottom of the container so
as not to interfere with the bending motion before the container was filled with water.
The angle θ was determined from the images taken by a camera using image analysis
software (ImageJ).

3.1. Materials Composition
3.1.1. Initiator Concentration

First, the effect of swelling ratio at different initiator concentrations was investigated. The
specimens used to measure the swelling ratio were fixed to one and three laser scans, and
two types of cylindrical gels (Table 1) with different degrees of polymerization were formed.
In this experiment, the effect of the concentration of the photoinitiator TPO on the swelling
ratio was investigated. The crosslinker concentration was fixed at 0.02 (mol/L), and cylindrical
gels were formed with three solutions in which the initiator concentration was 0.005 (mol/L),
0.01 (mol/L), and 0.02 (mol/L) relative to the monomer. The silicon spacer with 2 mm thickness
was used to fill the solutions. When the silicon spacer is 2 mm thick, it is possible to form a
gel with no difference in the degree of polymerization between the top and bottom layers of
the object because the hardening area that can be formed by one laser scan is shorter than the
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amount of laser light transmitted. Table 1 shows that at a TPO addition level of 0.01 (mol/L), the
white area gradually appeared after three laser scans cycles, and at 0.02 (mol/L), the area turned
completely white. Figure 4a also shows that for the initiator concentration of 0.005 (mol/L), the
swelling ratio was higher with fewer laser scanning times, whereas for initiator concentrations
of 0.01 (mol/L) and 0.02 (mol/L), the swelling ratio was higher with more laser scanning times.
This indicates that the TPO crystals play a role in raising the swelling ratio. In addition, the
results showed that initiator concentration of 0.01 (mol/L) resulted in highest swelling ratio of
three initiator concentration after one and three scans.

Figure 3. The photos of 3D printed bilayer gels of the hydrogel sheet without/with the hinge structure
during swelling process. The left half side of all the gels is bonded on glass plate. The right half side
in not bonded and then can lift up in the swelling process. The red angles indicate the degree of
bending deformation.

Table 1. Photographs of 3D printed one-layer gels in the various concentrations of the initiator TPO
and in the one or three scanning numbers of UV irradiation in 3D printing.

TPO 0.005 (Mol/L) TPO 0.01 (Mol/L) TPO 0.02 (Mol/L)

1 Scan

3 Scan
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Next, the Young’s modulus of cylindrical gels at different initiator concentrations
(0.005, 0.01, and 0.02 mol/L) was examined from compression tests. The samples to be
measured were prepared immediately after printing one and three times of laser scanning.
Any correlation of Young’s modulus with the initiator concentrations was not observed,
as shown in Figure 4b, whereas the Young’s modulus increased with increasing laser
scanning time.

Finally, deformation measurements were performed. The hydrogel sheets were
3D printed with three scans and with three different TPO concentrations: 0.005 (mol/L),
0.01 (mol/L), and 0.02 (mol/L). The results in Figure 4c,d show that increasing the initia-
tor concentration increased the bending angle. In addition, the initiator concentration at
0.005 (mol/L) and 0.01 (mol/L) did not deform much, whereas the initiator concentration at
0.02 (mol/L) deformed more than twice as much, indicating that the initiator concentration
has a significant effect on the deformation.

Figure 4. (a) The swelling ratio measurement as a function of time, in the various concentrations of
the initiator TPO and in the one or three scanning numbers of UV irradiation in 3D printing. (b) The
Young’s modulus measurement as a function of the concentration of the initiator TPO in the one or
three scanning numbers of UV irradiation in 3D printing. (c) The bending angle with the various
concentrations of the initiator TPO. The inset photographs indicate the final states of deformation.
(d) The bending angle vs. the concentration of the initiator TPO.
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3.1.2. Crosslinker Concentration

First, we investigated the effect of different crosslinker concentrations on the ratio of
swelling. The specimens used to measure the swelling ratio were fixed to one and three
laser scans, and two types of cylindrical gels with different degrees of polymerization
were formed with the silicone spacer thickness of 2 mm. In this experiment, the effect of
crosslinker concentration on the swelling ratio was investigated. The initiator concentration
was fixed at 0.02 (mol/L), and three crosslinker concentrations of 0.02 (mol/L), 0.1 (mol/L),
and 0.2 (mol/L) were used with respect to the monomer to form cylindrical gels and
measure swelling ratio. The samples were transparent after one scan and whitened after
three scans with 0.02 (mol/L) and 0.1 (mol/L) of crosslinker and slightly whitened after one
scan with 0.2 (mol/L) of crosslinker. Figure 5a shows that the swelling ratio was increasing
with decreasing crosslinker concentrations. This indicates that the swelling ratio is higher
when the crosslinking density is lower. In addition, the swelling ratio is higher for three
scans than for one scan for any crosslinker concentration.

Next, the effect of Young’s modulus at different crosslinker concentrations was inves-
tigated. The cylindrical gels were printed for the swelling ratio measurement. From the
results in Figure 5b, it can be seen that Young’s modulus is higher for three scans than
for one scan. Young’s modulus increases with increasing crosslinker concentration. This
indicates that Young’s modulus can be controllable by the crosslinker concentration.

Finally, deformation measurements were performed. All scanning numbers were
fixed at three times. The results in Figure 5c,d show that the bending angle increased
with increasing crosslinker concentration. It was also found that 0.1 (mol/L) of crosslinker
addition caused the most deformation, whereas 0.02 (mol/L) caused the least deformation.
From these results, it is considered that for three scans, the difference between the UV-
exposed side and other side was the largest at a crosslinker concentration of 0.1 (mol/L). At
0.2 (mol/L), the polymerization was too strong, resulting in a low difference in the degree
of polymerization between the top and bottom layers.

3.2. Structure
Thickness and Hinge Structure

First, the effect of swelling ratio on the thickness was investigated. The number of laser
scans was varied from one, two, three, and five times to form a cylindrical gel structure.
For the materials, the initiator concentration and crosslinker concentration was fixed at
0.02 (mol/L). The thickness of the silicon spacer was set to 5 mm. The transparent specimens
of 3 mm and 4 mm thickness were made after one and two scans, respectively. In the case
of three and five scans, the 5 mm thick gel was formed, including white and transparent
layers. The white layer in five scans was thicker than in three scans. Figure 6a shows that
the swelling ratio decreased with increasing scan number. However, the swelling ratio in
five scans was higher than in three scans. From these results, it can be predicted that the
swelling ratio is higher due to increasing white layer.

Next, the effect of Young’s modulus was examined when the thickness was changed.
The sample used was fixed at the silicone spacer thickness of 5 mm, and the same samples
as for the swelling ratio measurement was prepared and measured. The results in Figure 6b
show that Young’s modulus increases as the scanning numbers increases. Young’s modulus
increased about three times when the scanning numbers increased from two to three,
and Young’s modulus was close between three and five scans. From this result, it can
be predicted that the Young’s modulus reaches its maximum around five scans under
these conditions.

Finally, deformation measurements were performed. The specimens were scanned
two, three, and five times. The results in Figure 6c,d show that the bending angle became
lower as the scanning numbers increased. Comparing the three and five scans, the bending
angle is larger in the three scans, indicating that the difference in crosslink density between
the UV-exposed side and the other side and the ratio of each is important.



Machines 2023, 11, 103 9 of 15

Figure 5. (a) The swelling ratio measurement as a function of time, in the various crosslinker
concentrations and in the one or three scanning numbers of UV irradiation in 3D printing. (b) Young’s
modulus measurement as a function of the crosslinker concentration, in the one or three scanning
numbers of UV irradiation in 3D printing. (c) The degree of deformation measurement as a function
of time in the various crosslinker concentrations. The inset photographs indicate the final states of
deformation. (d) The bending angle vs. the concentration of the crosslinker Karenz MOI-EG.

Based on the deformation measurement results, we attempted a deformation measure-
ment of a hinge structure. This hinge has a structure with a concave part 2 mm length and
3 mm thick between convex parts 10 mm length and 5 mm thick (Figure 1b). The number
of scans of the convex parts was changed to two three, and five times, whereas the number
of scans of the concave part was fixed at one time. In addition, 10 mm of the convex part
was glued, whereas the opposite convex part and the concave part between them were
left free. Figure 6e,f show that the hinge structure was less deformed than the hydrogel
sheet after two scans. This result is thought to be due to the fact that the concave part of the
hinge structure was deformed roundly before the convex part, so that the bonded convex
part and the free convex part collided and could not be deformed any further. It was also
found that the hinge structure works to increase the bending angle when the material not
deformed to 90° when it was hydrogel sheet, as in the case of three or five scan times.
This result is thought to be because the concave part deforms before the convex part, thus
combining the deformation of the convex part with the deformation of the concave part.
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Figure 6. (a) The swelling ratio measurement as a function of time, in the one, two, three, and five
scanning numbers of UV irradiation in 3D printing. (b) Young’s modulus measurement as a function
of the scanning number of UV irradiation in 3D printing. (c) The bending angle as a function of time,
in the various scanning numbers, without hinge structure. The inset photographs indicate the final
states of deformation. (d) The bending angle as a function of the scanning number, without hinge
structure. (e) The bending angle as a function of time, in the various scanning numbers, with/without
hinge structure. The inset photographs indicate the final states of deformation. (f) The bending angle
as a function of the scanning number, with/without hinge structure.

3.3. Important Factors

Table 2 summarizes the factors important for 4D printing from the above results.
The initiator concentration is probably the most important factor for deformation, as low
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initiator concentration significantly reduces deformation. The crosslinker concentration
increases the hardness of the material by a factor of nearly 40, which may help the material
retain its shape when it is removed from the water. Adjusting the crosslinker concentration
enables a wider range of deformation adjustment than changing the initiator concentration.
Without the changing material compositions, the bending angle can be controlled by the
thickness of the gel sheet that can be changed with the scanning number during 4D printing.
In addition, the hinge structure can be applied to origami structures such as boxes because
the deformation can be limited to 90° by the deformation irregularities.

Table 2. Summary of important factors for 4D printing.

Max. Angle θ Role for Deformation
Initiator concentration 52° Must

Crosslinker concentration 128° Enhancement
Thickness

(scanning number) 140° Enhancement

Hinge structure 67° Limitation

4. Application of Hinge Structure

Various shapes can be created by applying the above hydrogel sheets with/without a
hinge structure. For example, in Figure 7a, a model of a jellyfish was created by rounding
the entire layer using curvature drawing when the hinge structure is not included. This
modeling is deformed only by the degree of overlapping gradient between the top and
bottom layer. In Figure 7b, the hinge structure is created by using the concave part as the
axis of deformation, and the hinge structure is used as the joint when the cube is unfolded.
In Figure 7c, the deformation pattern was adjusted by changing the angle of the hinge
structure, as shown in Figure 8. By changing the angle and shape of the hinge structure in
this way, the type of deformation can also be increased. In Figure 7d, the method to deform
the legs downward, the tail upward, and the scissors in the horizontal direction at the same
time is based on separate printing for each direction to be deformed, as shown in Figure 9.
By creating the body and tail at the beginning and sculpting the legs to be deformed in
the opposite direction by flipping the container filled with solution, mountain folds and
valley folds were the legs to be deformed in the opposite direction are formed by turning
the container filled with the solution upside down. As for the scissors, the hinge structure
was added to the triangle as shown in the red frame in Figure 9, which made it possible.

Figure 7. The before and after photographs of 4D printing of hydrogels controlled by hinge structure
and spatially gradient swelling at 0 min and 30 min. (a) Jellyfish model (without hinge structure).
(b) Cubic origami. (c) Warm models with two different hinge structures. (d) Scorpion model.
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Figure 8. The 4D printing of worm models with two different hinge structures. (a) The design of
the two different hinge structures. Type 1 is a transverse hinge, whose angle between the hinge
direction and the longitudinal direction of the worm is 90 degrees. Type 2 is a tilted hinge, whose
angle between the hinge direction and the longitudinal direction of the worm is 120 degrees. (b) The
before and after photographs of the two different worms. Type 1 is the transverse hinge bent until it
came around. Type 2 is the tilted hinge twisted until it formed an S shape.

Figure 9. The 4D printing of the scorpion model. (a) The two-step method of 3D printing of the
scorpion. In the first step, the body and scissor parts are 3D printed. In the second step, the previously
printed body and scissors are flipped over and then the eight legs are 3D printed. (b) The actual 3D
printing process. After the first step of 3D printing, the silicone mold is turned over and the part to
be made in the second step is 3D printed from the opposite side. This enables the 4D printing of both
valley and mountain folds as in origami.

5. Simulation

To better understand the deformation of bilayer gels and predict the bending angle for
design purposes, we developed finite element (FE) swelling models of bilayer gels using Abaqus
(SIMULIA, Dassault System, MA). Two FE models with different layered structures were built.
One has two identical layers with dimensions of 22 mm (L) × 5 mm (W) × 2.5 mm (H) for each
layer. The other has the same geometry with the hinge at the middle, as shown in Figure 2. To
simulate the gel swelling phenomenon, coupled-thermal displacement analysis was performed
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with thermal expansion coefficients as given in Figure 4a with TPO addition of 0.02 mol/L. The
bilayered gels were bonded together using “tie” constraints, and half of the bottom layer was
constrained to not have deformation in the Z−axis to simulate the boundary condition used in
experiments. The FE model was meshed with 20-node tetrahedron elements (C3D20T) with a
global mesh seed of 0.5 mm. As the gel experiences large deformation, geometric non-linearity
was considered in the simulation.

Simulation results are shown in Figure 10. The bending angle was calculated as shown
in Figure 10a with the dashed lines. The bending deformation experienced in different
time periods is shown in Figure 10c. The largest bending angle is approximately 62◦,
and the bending deformation is converging along with the time increase. Comparing
with the experimental results shown in Figures 7 and 8, FE simulation resulted in less
bending deformation, especially in the model with the hinge structure. One possible reason
might be the complex swell property during the scan, and a swelling gradient may exist.
Nevertheless, we can simulate and predict gel bending deformation induced by swelling
using FE simulation, and it could help the design of complex bending geometry.

Figure 10. FE simulation results of: (a) the two identical layer model, (b) the model with a hinge
structure, and (c) the bending deformation in different time periods.

6. Conclusions

In this work, we developed self-folding 3D printed ICN gels that resemble a bilayer
structure using SLA techniques. The UV-exposed side has the higher crosslinking density
of the ICN gels than the other side because of higher concentration of free radicals on
the UV-exposed side. Thus, the thickness and the crosslinking density gradient of the 3D
gels along the thickness direction were adjusted by the material composition and the laser



Machines 2023, 11, 103 14 of 15

scan intensity. The existence of and crosslinking density gradient of the ICN gels were
confirmed by SEM. When immersed into water, the originally flat sheet of the ICN gels
curved up toward the UV-exposed side along the lateral axis into a U structure due to the
high swelling ratio of the UV-exposed side. By controlling the composition of the ICN gels,
the UV irradiance, and the shape (hinge structure), the bending angle can be programmed.
In addition, FEM simulation for bending phenomena provides insights that the bending
shape can be designed in cyberspace.
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