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ARTICLE INFO ABSTRACT

Keywords: Actuators are largely used in biomedical applications in the presence of sensitive live cells or biomolecules,
Actuator which makes actuators triggered by water uptake highly appealing. Dual-material printing and hydration driven
Stereolithography

expansion is a method of choice to produce such actuators, but mostly rely of non-degradable polymers or on the
combination of polymers of different nature that may lead to interface incompatibilities. To overcome this
challenge, we report here on two photocrosslinkable resins based on a single family of degradable hydrophilic or
hydrophobic star-shaped poly(ethylene glycol)-poly(lactide) copolymers. The two materials are first printed
individually and characterized to ensure that their properties enable the printing of dual material objects by
stereolithographic digital-light processing. Dual-materials actuators are then printed by sequential switching of
the hydrophobic and hydrophilic resin baths. Objects of simple and complex shapes are easily obtained and
exhibit rapid actuation (<60 s) upon hydration. The swelling-induced shape changes are accurately reproduced
by numerical modeling of the printed geometries using the obtained material swelling properties. This set of

4D printing

star PEG-PLA copolymer
Dual material printing
Numerical modeling

results offers new perspectives to develop 4D-printed temporary medical devices.

1. Introduction

Polymeric actuators rely on materials able to change their shape in
response to a stimulus. They are of great interest for the development of
smart materials and devices and have therefore appeared in a broad
range of fields in the recent years, including biomedical applications
[1,2]. The use of polymers enables both the design of hard actuators, as
well as soft actuators compatible with soft living tissues and present the
advantages to be easily processed in a wide range of forms and shapes
[3,4]. Moreover, many polymers are biocompatible and biodegradable,
which allows the integration of actuators in living systems followed by
their resorption. Finally, polymers can be sensitive to different stimuli,
which enables the development of actuators controlled by temperature,
pH, biological signals, light, or solvent absorption [5].

Based on the mechanism involved, polymeric actuators can be clas-
sified into four categories [1,2]. The first group gathers the systems
based on elastic relaxation of shape after deformation and mainly in-
cludes shape memory polymers [6]. In these systems, the permanent

shape is determined by the crosslinking. When the polymer is heated, it
becomes flexible and can be easily deformed. The deformed shape can
then be frozen by cooling the material below the melting temperature or
glass-transition point, where the mobility of the chains of the polymer is
limited. Finally, the initial shape can be restored by increasing the
polymer chain mobility when the temperature is increased. The second
category is liquid-crystalline actuators, which are hierarchical materials
that display a defined microstructure over macroscopic length scales and
can stretch or shrink anisotropically along the director orientation when
the order parameter is affected, for instance by a change in temperature
or chemical environment [7]. The third family is composed of actuators
based on a reversible change in the volume, including hydrogels that can
swell and shrink in aqueous environment or humid air [8], or materials
able to change in volume due to thermal expansion and shrinking or
melting and crystallization [9,10]. Finally, the fourth category focuses
on actuators for which the driving force is surface tension. Their
development is strongly dependent on the size of the systems. Indeed, at
a macroscale the contribution of surface tension is negligible, and the

* Corresponding authors at: Polymers for Health and Biomaterials, IBMM, Univ Montpellier, CNRS, ENSCM, 34090 Montpellier, France (B. Nottelet).
E-mail addresses: nibl@dtu.dk (N.B. Larsen), benjamin.nottelet@umontpellier.fr (B. Nottelet).

https://doi.org/10.1016/j.matdes.2024.112953

Received 6 February 2024; Received in revised form 13 April 2024; Accepted 16 April 2024

Available online 17 April 2024

0264-1275/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:nibl@dtu.dk
mailto:benjamin.nottelet@umontpellier.fr
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.112953
https://doi.org/10.1016/j.matdes.2024.112953
https://doi.org/10.1016/j.matdes.2024.112953
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

M. Grosjean et al.

movement is produced due to a change in the internal properties of the
polymers. When the size of the actuators is diminished to the microscale
or nanoscale, the role of surface tension becomes significant and can
enable the design of actuators driven by surface tension. Of notice, be-
sides research on biomaterials and their combination, optimization of
actuation, of its predictability and of its autonomous character are
currently investigated in the frame of soft robots by addition of topology
optimization approaches, finite element methods and machine learning
[11,12].

Actuators have been developed for various biomedical applications
[13,14], including soft robotics [15-19], tissue engineering [20], de-
livery systems [21-28], and organ-on-chip [29-31]. Within this fields,
the possibility to 3D-print actuators to yield high resolution 4D printed
devices/scaffolds as recently emerged as a prime opportunity. However,
although 4D printing is gaining in popularity, recent reviews clearly
points out major challenges [32-34]. First, 4D printing is often restricted
to non-degradable materials as the number of fully degradable polymers
suitable for high resolution printing remains low. Second, most 4D
printed biomaterials rely on thermal triggers with temperatures out of
the physiological range, making them incompatible with tissues.
Therefore, to be used in the presence of sensitive cells or active mole-
cules, developing systems in which the motion is driven by hydration
becomes of great interest. Third, the opposition between the printing of
high mechanical properties objects (which require high molar masses)
and high-resolution printability (which requires low viscosities) remains
prevalent and is generally solved by using reactive dilutants [35,36] that
put to risk the degradability and compatibility of the resulting bio-
materials. Finally, the printing of high resolution multi-material actua-
tors is still limited as stereolithography is usually limited to the printing
of one material at a time [37-39]. Some methods have been proposed to
overcome this limitation but are all associated with drawbacks. The first
and simplest method consists in preparing several resins and switching
the bath during printing [40,41]. This method is often associated with
delamination problems as immersing the printed part in the second resin
may induce uncontrolled swelling or shrinking which compromises the
adhesion of the second material to the first one. Another method is based
on the use of a single resin and tuning the properties of the materials
within the bulk by varying the crosslinking (e.g., grayscale illumination
[42-44]) or post-curing conditions [45]. In the last technique, a single
resin containing several macromers is used. By playing on the functional
groups of the macromers and depending on the wavelength and initia-
tors used, a crosslinking reaction can be initiated preferentially to
another [46-48].

Taking these challenges and constraints into account only few
combinations of materials have been reported so far to yield degradable
hydration-driven 4D-printed actuation systems. The combination of
biopolymers (gelatin, hyaluronic acid, alginate) is an example, but is
limited to very soft actuators due to the hydrogel nature of the resulting
constructs that are restricted to bioinks and tissue engineering applica-
tions. For scaffolds or medical devices requiring higher mechanical
properties, synthetic materials are preferred. Degradable poly(ester
urethane) or polyesters have been combined with hyaluronic acid
hydrogels or acrylic-based hydrogels to yield at least partly degradable
actuators [49,50]. However, the different nature of the components used
may put a threat on an optimal transfer of stress. To the best of our
knowledge, the only tentative to produce 3D printed hydration-based
actuators using a single type of polymers has been reported by Song
et al. who used two non-degradable polyurethane elastomers [51].These
examples clearly point out the lack of materials that have been designed
to combine degradability, distinct swellability, compatibility with
printing processes and a similar chemical nature.

In response to these challenges, we propose the DLP-based stereo-
lithography printing of a single family of degradable star-shaped poly
(ethylene glycol)-poly(lactic acid) (PEG-PLA) photopolymers recently
developed by our group to prepare 4D printed water-swelling responsive
actuators. The rational for this choice of copolymers relies on their star
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topology enabling the formulation of resins with suitable viscosity
despite high molecular weight polymers, and the possibility to soundly
select (compositions and molecular weight) and associate (elastomer/
hydrogel bilayer) such copolymers to generate spontaneous and rapid
actuation when immersed in water [52]. In more details, a hydrophobic
PEGgarm10k-(PLAgg)g-methacrylate (MC) and a  hydrophilic
PEGgarm20k-(PLA;3)g-MC are formulated in distinct photoresins. The
cure depth as a function of the irradiation time is first studied to
determine the 3D-printing conditions. The two materials are printed
separately and characterized through gel fraction, volume shrinkage,
water uptake and volumetric swelling measurements to ensure that the
properties of each independent material allow for the preparation of
dual material constructs. Dual materials constructs are then printed
based on the manual resin bath switching method. Similar shrinkage and
cohesion of the two layers are ensured by the similar chemical structure
of the two copolymers, which enables the use of resins of similar com-
positions. Objects of simple structures but also more complex shapes are
obtained. Finally, actuation of a complex 3D printed designs according
to their 3D structure are demonstrated upon immersion in water. Nu-
merical modeling of the swelling process is shown to accurately predict
the geometry of the final swollen state of the dual-material actuators,
which in future applications could be employed to predict the required
3D printed geometry to achieve a targeted actuator motion pattern.

2. Materials and methods
2.1. Materials

PEGgarm10k-(PLAgg)s-MC and PEGgym20k-(PLA13)g-MC were syn-
thesized and characterized as described in our previous study [52]. In
addition, Irgacure 819, Sudan I, and propylene carbonate were pur-
chased from Sigma-Aldrich.

2.2. Resin formulation

After optimization, the following resin composition was used:
PEGgarm10k-(PLAg9)g-MC or PEGgym,20k-(PLA;3)g-MC (300 mg.mLfl),
Irgacure 819 (10 mg.mL 1), Sudan I (1 mg.mL %) and propylene car-
bonate (solvent). The different components were solubilized in the sol-
vent until a homogeneous resin was obtained. When needed, an
ultrasonic bath was used. The bath temperature was controlled to avoid
unintentional crosslinking.

2.3. Determination of cure depth

50 uL of resin was deposited on a glass coverslip, which was placed in
the transparent printer vat. The sample was flood-irradiated for a spe-
cific time at a wavelength of 365 nm. The excess of uncured resin was
removed with paper tissue and the thickness of the cured part was
measured with a micrometer. The measurements were performed for
both polymers for exposure times ranging from 5 to 30 s.

2.4. 3D printing conditions

The 3D printing was performed using a custom-built stereo-
lithography printer and methacrylate-silane treated cover-glasses were
used as build-supports to ensure adhesion of the printed part [46,53].

Autodesk Inventor Professional 2022 (Autodesk) was used to
generate 3D designs exported as STL files, and the open-source Slic3r
software was employed for slicing into exposure images for the indi-
vidual print layers.

For each print, at least 1.5 mL of the resin solution was added to the
printer vat, having a transparent bottom for light exposure from below.
Each 20 pm thick layer was illuminated at 365 nm for 7 s at a power
density of 12 mW/cm?. To ensure good adhesion to the cover-glass, the
first four layers were printed with a nominal thickness of 5 um and the
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next two with a nominal thickness of 10 um, each exposed for 10 s. After
printing, the objects were washed in acetone for 24 h with solvent-
changes three times a day. Then, the samples were dried under vacuum.

2.5. Gel fraction

Cylinders of 5 mm diameter and 5 mm height (volume of 98.1 mm®
= 0.098 mL) were printed. Then, the samples were washed in acetone
for 24 h with solvent-changes three times a day before being dried under
vacuum and weighed.

As the initial polymer concentration in the resin is 300 mg.mL ™}, the
final expected mass of polymer in a cylinder is 29.4 mg.

The gel fraction was determined by comparing the final experimental
mass of a cylinder with the theoretical mass according to equation (1).
The experiment was run with n = 6.

Experimental mass
Theoretical mass(29.4mg)

Gel fraction =

@

2.6. Volume shrinkage

Cylinders of 5 mm diameter and 5 mm height (volume Vi, of 98.1
mm® = 0.098 mL) were printed. Then, the samples were washed in
acetone for 24 h with solvent-changes three times a day before being
dried under vacuum. Finally, the diameter and height of the cylinders
were measured with a micrometer and used to calculate the final volume
of the samples.

The volume shrinkage was determined by comparing the final vol-
ume of a cylinder after washing and drying with the initial volume of a
cylinder just after printing according to equation (2). The experiment
was run with n = 6.

Viinal

Volume shrinkage = 1 — m

(2)

2.7. Water uptake, volumetric swelling and actuation

Cylinders of 5 mm diameter and 5 mm height (volume of 98.1 mm?®
= 0.098 mL) were printed. Then, the samples were washed in acetone
for 24 h with solvent-changes three times a day before being dried under
vacuum.

Samples were weighed (W; = initial weight), measured (V; = initial
volume) and placed in 5 mL of water at room temperature under stirring.
At different time points, samples were removed from water, weighed
(W, = weight of the wet samples after x time in water) and measured
(Vx = volume of the wet samples after x time in water). The water uptake
and the volumetric swelling of the samples were calculated from equa-
tion (3) and (4). The experiment was run with n = 6.

Water uptake = W= Wi 3
Wi
Vx - Vl

i

Volumetric swelling =

G

For actuation experiments, the printed dual-material objects were
immersed in water at room temperature.

2.8. Numerical modeling

COMSOL Multiphysics 6.1 (COMSOL) was employed to numerically
model the time-dependent swelling of dual-material printed objects
using Finite Element Modeling. The initial non-swollen model geometry
was designed to match the dimensions of the washed and dried printed
object geometry to account for the removal of the resin solvent fraction
and uncured resin components after printing, i.e., a reduction in linear
dimensions to 62 % of the design in all three dimensions to match the
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Table 1

Properties of the materials based on PEGg,;m10k-(PLAgg)s-MC and PEGga,20k-
(PLA;3)g-MC processed by stereolithography 3D printing. Data are expressed as
the mean + SD and correspond to measurements with n = 6.

Copolymer Gel Shrinkage Water Volumetric
fraction (%) uptake (%) swelling (%)
(%)
PEGgarm10k- 92.3+26 76.0+1.0 21.1+09 37.0+49
(PLAgg)g-MC
PEGgarm20k- 94.8 +£ 2.9 75.8 £ 1.6 176.5 + 226.2 +7.9
(PLA13)g-MC 1.3

volumetric shrinkage to (0.62)° = 0.24 (76 % volumetric shrinkage,
Table 1) of the printed volume on washing and drying. Water uptake was
modeled by diffusion from a pure water phase at all outer object
boundaries with a diffusion constant D = 8-10~%m?2 /s for both material
types, optimized to match the experimentally observed rate of swelling
for printed objects of each material. Swelling coefficients of Brydrophitic =
4.8-107*m3-kg™! and By grophovic = 1.1-107*m> kg™ for the PEGgarm20k-
(PLA;13)g-MC and the PEGgyrm10k-(PLAgg)g-MC materials, respectively,
were calculated from measurements of water uptake and volumetric
swelling of the two materials printed separately.

Both printed materials were modeled as being linear elastic and
having a Poisson’s ratio of 0.45. Prior reports have in detailed consid-
ered the modeling of water-induced swelling of nonlinear elastic mate-
rials with a fundamental outset in contributions to free energy change of
the hydrogel during swelling [54,55]. The more accurate predictions of
such models come with a requirement for providing detailed material
characteristics beyond standard mechanical testing. The linear elastic
approximation in our model is supported by the nearly linear stress—
strain relation of the individual cross-linked materials for strains up to
80 % [52]. Elastic moduli of Epygrophiic = 3.1 MPa and Epydrophobic =
2.4MPa were obtained in our previous report [52]. Objects were
modeled with 4-way vertical axial symmetry for cylinders, i.e., using arc
segments, or with a center line vertical symmetry plane perpendicular to
the extruded hydrophilic bars of the actuator objects. The two material
domains were separately meshed using a free triangular end-face mesh
having a maximum element size of 70 um swept equidistantly along the
extrusion axis with an element width of 200 ym. In the actuator
modeling, a mechanical fixed constraint was applied on a 50 x 50 pm
square at the bottom center of the hydrophobic part. Numerical
modeling proceeded by temporal tracking of water diffusion into each
object (“Transport of Diluted Species” module) followed by modeling of
the internal mechanical stress field and resulting object deformation
(“Solid Mechanics” module) for each time point. The deformed objects
are presented as either mirrored (actuators) or two-fold mirrored (cyl-
inders) representations of the computed volumes for easier visual
comparison to the 3D printed objects.

3. Results and discussion
3.1. Adjustment of the printing conditions

The initial step of this work was to determine the printing conditions
of the materials. As the printer operated at a wavelength of 365 nm, the
composition of the resins was optimized according to this parameter.
The main component of a resin for stereolithographic 3D printing is the
macromer, which must be photocrosslinkable since stereolithography
produces 3D objects by light-induced resin solidification, most
commonly by radical photopolymerization. In this case, two resins based
on hydrophobic PEGgarm10k-(PLAgg)s-MC or hydrophilic PEGgarm20k-
(PLA;3)g-MC were prepared. These polymers were selected because their
combination demonstrated the best results regarding the design of self-
rolling tubes in a previous study reported by our group [52]. Thanks to
the presence of photoreactive methacrylate moieties at the chain-ends,
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Fig. 1. Working curves at 365 nm for the resin based on (a) PEGgarm10k-(PLAgg)g-MC and (b) PEGgam20k-(PLA;3)sg-MC, showing cure depth as a function of

exposure time with regression curves.

these copolymers are suitable for radical photopolymerization. For
either polymer, the concentration was set at 300 mg.mL~!. This value
appeared as the best compromise to obtain a low-viscosity resin that
allows for easy printing and 3D objects capable of maintaining their
structure after curing. Propylene carbonate was chosen as solvent
because it is non-toxic and is compatible with the various components of
the 3D printer. Its role is to solubilize the constituents to obtain a ho-
mogeneous resin. A resin for stereolithography 3D printing also includes
a photoinitiator and an absorber. Their quantities must be adjusted to
reach the best compromise between printing speed and good resolution.
As demonstrated in our previous study, the methacrylate functional star-
shaped copolymers were able to achieve high crosslinking efficiencies
without the use of photoinitiators [52]. Here, in order to minimize the
time required for printing, Irgacure 819 was added to the resin
composition at a concentration of 10 mg mL™'. Indeed, an important
factor for successful printing is fast light-induced solidification. Each
layer is cured successively, so the exposure time needed for sufficient
conversion at the appropriate wavelength must be minimized to reduce
the printing time. The use of Irgacure 819 allows to initiate the radical
polymerization when exposed at 365 nm, thus generating the cross-
linked network. Finally, the absorber is used to control the layer cure
depth while still allowing for sufficient layer-to-layer adhesion. Indeed,
to obtain a 3D construct of good resolution, the crosslinking should be
limited to the sliced layer. However, for the object to be built, there must
be a slight interpenetration between neighboring layers. Sudan I was
selected as the absorber and a concentration of 1 mg.mL ™! was used,

based on prior results from our group [46].

To determine the thickness of the layers and the exposure time, a
study of the crosslinking depth as a function of time was carried out.
Working curves according to Jacobs [56] were created for the two resins
(Fig. 1). According to equation (5), there is a relationship between the
cure depth and the energy provided by the light irradiation, related to
the exposure time.

Emax
Cy = Dplog( z ) = DplogE . — DylogE, 5)

Cy refers to cure depth, D, is the penetration depth of light, Ey is the
dose of the incident light, and E. is the critical energy necessary for
polymerization.

At an exposure time of 7 s, both systems exhibited a cure depth above
20 um with 65 and 40 um for PEGgym 10k-(PLAgg)g-MC and PEGgy;, 20k-
(PLA13)g-MC, respectively. These results supported the selection of a
printing time of 7 s per 20 um layer. The larger cure depth will allow
layer-to-layer adhesion and thus ensure robust printing.

3.2. 3D-printing of single materials and characterization

Once the printing conditions were set up, the two materials were
printed separately and characterized via gel fraction, shrinkage, water
uptake, and volumetric swelling measurements. These analyses were
performed to ensure that the properties of each independent material

e ]

Fig. 2. Pictures of 3D-printed single materials: (a) example of cylinders just after printing, cylinders based on (b) PEGg,m20k-(PLA;3)g-MC and (c) PEGgyrm10k-

(PLAgo)s-MC after washing and drying (left) and after swelling in water (right).
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Fig. 3. Water uptake of the networks: (a) mass, (b) volume. Data are expressed as the mean + SD and correspond to measurements with n = 6.
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5mm
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¥ J ¢

~ Hydrophilic ¥

Vi
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Fig. 4. (a) Schematic representation of dual material cylinder. Photos in side
view of the 3D printed dual material cylinder (b) after post-treatment and (c)
after immersion in water. Perspective renditions of the numerically modeled
swelling process (d) before exposure to water and (e) after reaching steady-
state swelling.

would allow for the printing of dual material objects. The results are
presented in Table 1.

For each material, cylinders of 5 mm diameter and 5 mm height were
printed (Fig. 2). The samples were then washed in acetone and dried
under vacuum to obtain the final objects.

First, gel fraction measurements were carried out to quantify the
photopolymerization efficiency. The final theoretical mass of polymer in
a cylinder on complete curing was calculated to be 29.4 mg based the
initial concentration of polymer in the resin and the volume of the

cylinder just after printing. Comparison to the experimentally measured
masses of the cylinders after post-treatment showed that both printed
materials exhibited gel fractions above 90 %, with 92.3 % and 94.8 % for
PEGgarm10k-(PLAgg)g-MC and PEGgam20k-(PLA;3)s-MC, respectively.
These results confirmed the efficient formation of crosslinked networks.
The lower gel fraction of PEGgarm10k-(PLAgg)sg-MC can be explained by
its higher molecular weight (50 000 vs. 27 500 g.mol™%).

Finally, as the objective was to prepare materials with actuation
properties based on the differences of swelling when immersed in water,
the water uptake and the volumetric swelling of the two materials were
studied for 24 h (Fig. 3). At different time points, the weight and the
volume of the samples were compared to their initial weight and vol-
ume, after printing and post-treatment. The water uptake and the vol-
ume of the cylinders increased with time to reach a plateau after 4 h. As
expected, the material based on hydrophilic PEGgarm20k-(PLA13)g-MC
(EG/LA = 4.4) displayed higher absorption capacities with a water up-
take of 176 % and a volumetric swelling of 226 % against only 21 % and
37 % for hydrophobic PEGgarm10k-(PLAgg)g-MC (EG/LA = 0.4). These
differences in terms of swelling should make it possible to develop
systems able to actuate by immersion in water as demonstrated in our
recent work [52].

3.3. 3D printing of dual material objects

Both polymers were able to be processed by stereolithographic 3D
printing, and their properties appeared to be compatible with the design
of a dual material object. Thus, the next step consisted in combining the
two materials into one single object of simple shape to establish suitable
printing conditions for a stable interface between the materials. There-
fore, cylinders in which the two materials were superimposed, as
described on the scheme in Fig. 4a, were printed. For this purpose, the
hydrophobic part was first processed. When the printing was finished,
the excess of hydrophobic resin was removed and replaced by the hy-
drophilic resin. A new print was then started with the height of the
hydrophobic part as starting point. The main challenge was to make the
second material adhere to the first one. This difficulty was easily over-
come by the use of polymer of the same nature, as well as resins with
similar compositions. The fact that the same solvent could be used for
both polymers avoided shrinkage problems that could have occurred if
the solvent had been changed between the two steps. In case of
shrinkage, the required start height for the printing of the second part
would change with time. Thus, dual material cylinders were printed
successfully, and no delamination occurred during the post-treatment
thanks to the similar shrinkage of the two materials during washing
and drying steps (Fig. 4b). As expected, immersing the printed object in
water resulting in a change to its shape, from a cylinder to a goblet-like
geometry. As shown on Fig. 4c, the hydrophilic part swelled unlike the
hydrophobic part that kept its original dimensions. The resulting
dimensional mismatch at the interface of the materials induced local
compressive strain of the hydrophilic material and local tensile strain of
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(1.b)

Hydrophilic material
PEGgarm20Kk-(PLA; 3)g-MC

Hydrophobic material
PEGgarm10k-(PLAgg)e-MC

<«— Fixed distance

«—» Expansion

(4.b)

(5.b)

-4 2 0 2 4

Fig. 5. (1) Schematic representation of the designed structures of the dual materials with the pyramid-shaped lines oriented (a) widthwise or (b) lengthwise. (2)
Photos of the 3D printed constructs after post-treatment seen from the structured side (left) and in sideview (center and right). (3) Schematic representation of the
expected change of shape. (4) Photos of the 3D printed constructs after swelling in water. (5) Numerical modeling of the 3D printed post-processed geometries after

swelling in water.

the hydrophobic material. Again, no delamination occurred at this stage
because of the strong adhesion at the interface between the two mate-
rials. Thus, this experiment confirmed the possibility to develop 3D-
printed actuators able to change their shape thanks to the swelling dif-
ferences between the materials.

Numerical modeling of the water absorption process and resulting
swelling of the 3D printed post-treated dual material cylinder (Fig. 4b)
accurately replicated the final swollen 3D geometry (Fig. 4d). The
temporal shape changes during swelling (Supporting Information,
Movie M1) were also well reproduced by the numerical model, as
assessed by visual inspection of the printed cylinders upon immersion in
water.

Finally, the work focused on the preparation of more complex
actuating structures. Guided by their 3D design, the constructs should be
able to curl into a controllable 3D shape upon immersion in water. The
idea was to develop a construct for which the change of shape was
mainly guided by the swelling of the hydrophilic part. The designed
structure was composed of a flat hydrophobic layer on which is added
the hydrophilic part that consists of connected bars of linearly extruded
triangles. The triangular design of the array of extruded highly swellable

hydrophilic material was chosen to support a hinged rotation between
neighboring extruded volumes and to enable less residual stress at the
interface between the materials at the equilibrium degree of swelling
than if designing for full interfacial contact between the two materials
having very different degrees of swelling. In order to experimentally
assess the role of the hydrophilic layer on the direction of the shape
change, two structures were designed with the array of hydrophilic bars
being parallel to the shorter or longer dimension of the hydrophobic
rectangular base, as shown on Fig. 5.1a and Fig. 5.1b. Upon immersion
in water, the hydrophilic bars are expected to swell unlike the hydro-
phobic base, which is predicted to largely keep its initial dimension. By
swelling, the triangular bars are supposed to expand in width and height
as described in Fig. 5.3. It is assumed that the 3D object would conse-
quently bend perpendicular to the extrusion axis of the hydrophilic bars,
guided by the expansion of the upper part of the bars.

To confirm these hypotheses, the designed constructs were pro-
cessed. The hydrophobic layer was printed first and then the hydrophilic
part was added on top. To facilitate the detachment of the samples from
the glass slide, the hydrophobic rectangular base part design includes an
underlying array of pillars that could easily be cut with a scalpel blade
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Fig. 6. Numerical modeling of a dual material 3D printable design predicted to only curl along one axis, with the hydrophobic and the hydrophilic materials shown
in orange and blue, respectively. (a) Numerical modeling with the developed COMSOL model was iteratively employed to adjust the axial and perpendicular strains
after swelling (b) to produce a fully swollen structure having (c) curl around the axial dimension, while remaining largely uncurled (d) along the perpendicular
dimension. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Supporting information, Figure S1). The resulting prints were post-
treated by washing and drying, and the structure of the obtained ma-
terials was visually validated (Fig. 5.2). Finally, the samples were
immersed in water. A rapid motion was observed upon immersion
within the first minute, and then slowed down due to the slower swelling
rate as shown by the swelling experiments (Fig. 3). This rapid actuation
was reproduced by numerical modeling with most of actuation occur-
ring within the first 60 s (Supporting information, Movie M2 and M3). Of
notice, the conditions used to induce bending are compatible with
physiological conditions as only hydration was required to trigger
actuation. Visual inspection showed that swelling of the two printed
objects resulted in largely equivalently bi-directional curled geometries
after swelling (Fig. 5.4). Numerical modeling of the swelling process
confirmed that a bi-directional curl is the mechanically least stressed
configuration on swelling of both the printed dual-material geometry
(Fig. 5.5). The bending of the prints parallel to the hydrophilic bars
arises from the connected bars’ isotropic expansion during swelling
giving rise to a bi-axial stress at the interface between the materials. The
temporal evolution of the object curling depends on the water transport
rate into the materials. The numerical modeling shows that the majority
of the shape change happens on minute time scale due to the small
structural dimensions achievable by stereolithographic 3D printing
(Supporting information, Movie M2 and M3).

Even if the 3D structure still needs to be optimized to control the
motion precisely, this work demonstrated that methacrylate functional
star-shaped PEG-PLA copolymers are good candidates for the develop-
ment of sophisticated actuators using DLP. Indeed, dual materials could
easily be printed and numerically predictable changes of shape could be
observed when immersed in water. We explored predictive application
of the developed COMSOL model to obtain a dual-material design that
would selectively curl around a single axis as a simple example of en-
gineering more complex topologies using layered 3D printing. The
optimized 3D printable design is presented in Fig. 6a, with different

views of the fully swollen design shown in Fig. 6(b-d). The cross-bar
structures in the highly swellable hydrophilic material give rise to
stress perpendicular to the axial dimension, while the lower stress
induced by the axial bar structure of smaller cross-section provides axial
rigidity without introducing axial curl. Interestingly, an equivalent ge-
ometry could not be attained during modeling if using an axial bar of
equal height to the cross-bar structures, implying that high-resolution
3D printing does indeed provide unique opportunities to engineer
complex swollen topologies.

Additionally, it is important to notice, that these actuators are
composed of biomaterials that show a linear degradation in about 50 or
150 days depending on the hydrophilicity of the networks (Fig. S2a) and
are cytocompatible according to ISO-10993 standard (Fig. S2b). In more
details, under physiological mimicking conditions (phosphate saline
buffer, pH 7.4, 37 °C) the more hydrophobic layer composed of cross-
linked PEGgarm10k-(PLAgg)s-MC due to its lower swelling showed a slow
initial degradation with a mass loss limited to 15 % after 55 days fol-
lowed by a faster and linear degradation phase to reach 95 % of
degradation after 150 days. On the opposite, the more hydrophilic layer
composed of crosslinked PEGg,rm20k-(PLA13)g-MC showed a single and
rapid linear degradation phase with 95 % of degradation at 55 days
(Fig. S2a). The cytocompatibility towards L929 murine fibroblasts was
confirmed following the extract method according to ISO-10993 with all
layers showing a cell viability above the threshold of 70 % (Fig. S2b).

Taken together, this set of data confirm the ease of printing of these
biomaterials, their facilitated combination thanks to their similar na-
ture, their ability to yield hydration-based actuation systems as well as
their degradability and cytocompatibility, which highlights their po-
tential for the development of 4D-printed temporary medical devices.

4. Conclusion

This work highlights the great potential held by the family of star-



M. Grosjean et al.

shaped PEG-PLA copolymers for 4D-printing of fully degradable
swelling-based actuators from a single family of biocompatible

degradable

photopolymers. Both PEGgym10k-(PLAgg)g-MC and

PEGgarm20k-(PLA;3)g-MC could easily be 3D-printed with fast printing
conditions to obtain crosslinked materials. Their high gel fractions and
different water uptake confirmed their potential to be used for the
design of water-responsive actuators. Thanks to their similar topology
and chemical nature dual materials printing, which generally remains
challenging by stereolithography, was easily reached via their formu-
lation in resins of similar compositions that ensure comparable printing
behaviors, as well as a cohesion of the polymeric networks at the
interface. The design and printing of dual materials with complex shapes
to develop water-responsive actuators was therefore made possible. This
was illustrated with 3D-designs thought to produce hydrophobic/hy-
drophilic structures able to coil up in a controllable curled 3D shape on
immersion in water. The designed 3D-shapes were successfully printed
with a good resolution, and the observed deformation upon swelling
could be modeled numerically. This set of results opens the door of
resorbable and biocompatible biomaterials for 4D-printing and the
development of degradable actuators based on hydration for biomedical
applications via stereolithographic 3D printing.
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