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A Superabsorbent Sodium Polyacrylate Printing Resin as

Actuator Material in 4D Printing
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and Bernhard Wolfrum*

Superabsorbent polymers are materials that exhibit a high swelling behavior
in liquids and can hold the absorbed liquid even against externally applied
pressure. They are commercially used, for example, in baby diapers, fake
snow, or swellable children’s toys. Most commercially available
superabsorbent polymers are based on polymerized and crosslinked sodium
acrylate. Here, a material formulation to create 3D objects using
stereolithographic printing of sodium acrylate is demonstrated. The material
shows typical superabsorbent properties that cannot be reached with
conventional 3D printing materials. The printed structures swell strongly (up

as the ability to fabricate customized com-
plex structures with freedom of design at
low material consumption compared to tra-
ditional manufacturing. A commonly used
method of additive manufacturing is stere-
olithographic printing (SLA). In this tech-
nique, a liquid photosensitive resin is poly-
merized layer by layer to the designed shape
by a structured light source, such as a laser
scanner or a dynamic mirror array.'3] An
extension of classical additive manufactur-

to 20 times in weight) in aqueous environments and still show 65% of the
swelling under an external load of 100 kPa. This swelling can be used for 3D
printed parts that can automatically change their size or shape when exposed
to water. To show the versatility of this approach, selected structures are 3D
printed, including a ship and a medical stent. Also the applicability of
actuation by printing a structure is demonstrated, which deforms to a

self-closing container upon exposure to water.

1. Introduction

Additive manufacturing has seen a rapid increase in applications
over the last decades. This development has been primarily mo-
tivated by several advantages of 3D printing techniques, such
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ing is 4D printing, a term proposed in
2013 by Tibbits for using smart materials
in structures that can change shape or other
properties over time because of an interac-
tion with external stimuli.>*7] For exam-
ple, a change in size can lead to the defor-
mation of a 3D printed device because of
the resulting internal stress. By combining
multiple materials in one printed structure,
complex deformations can be generated
without the need for different mechanical
parts, like joints or gears. Examples of such
multi-material structures are printed bilayers composed of a wa-
ter swelling and a non-swelling but flexible material that fold
when immersed in water. This technique has been used to de-
velop, for example, grippers or a self-folding box.51*l The pos-
sibility of miniaturizing such moving structures and the broad
selection of soft materials is particularly beneficial in biomedical
engineering or soft robotics.[*>1]

Stimuli-responsive materials for 4D printing often use the
shape memory effect or swelling in a medium as a driving force,
like hydrogels in water.[27142°] While the swelling behavior of
some hydrogels is solely triggered in the presence of water, 2123
other materials can react to different external factors such as
temperature and light (e.g., poly(N-isopropylacrylamide) called
PNIPAm),1-132425] an electric field,?*?] or a change in pH
(polyacrylic acid).3%-321 It is often beneficial if the hydrogel
material exhibits a strong swelling behavior—a high swelling
ratio as well as the ability to expand against external pressure—to
use hydrogels as actuators in 4D printed parts.?334 The strong
swelling against an external pressure is crucial for strongly
deforming structures, or structures that can hold a load, such as
grippers. Several examples of highly swelling 3D printing resins
have already been reported in the literature, such as mixtures
of Pluronic F127 and acrylic acid showing swelling up to 71
times their initial weight.*®] Another hydrogel based on acrylic
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Figure 1. Molecular representation of superabsorbent polymer. a) Chem-
ical structure and neutralization reaction with NaOH. b) Chemical struc-
ture of HEMA as a second monomer. c¢) Schematic representation of the
polymerized hydrogel network in a non-swollen state. d) Swollen polymer
network with dissolved ions resulting in an uptake of water due to osmo-
sis.

acid shows pH-sensitive swelling to 20-fold its weight after
being dried from the printed state.?? So far, the investigation
of swelling behavior in the presence of an external load has not
been the focus of most 4D printing publications. Exceptions are
a reported PNIPAm hydrogel, which could produce 80 kPa of
maximal swelling pressure,*®! and a reinforced thermosensitive
PNIPAm hydrogel, which generated 10 kPa while shrinking.[*]

Crosslinked sodium polyacrylate is a hydrogel material show-
ing strong swelling properties also against an external load.
This material is commonly called “superabsorbent” as it exhibits
swelling up to 285 times its initial weight in the presence of
water.l’’~*01 Tt finds commercial applications in baby diapers, chil-
dren’s toys, or fake snow. Sodium polyacrylate superabsorbent
polymers are generated by partly neutralizing acrylic acid (Figure
1a) with sodium hydroxide. The sodium ion (Na*) binds to the
acid’s OH group, forming the sodium acrylate salt (Figure 1b).
Due to the acrylate group’s C-C double-bond, the molecules
can undergo radical polymerization forming sodium polyacry-
late. A crosslinked polymer network is formed with a diacry-
late monomer, which is not dissolvable in water in contrast to
not crosslinked sodium polyacrylate. Na* ions are released upon
exposure to water but stay within the network because of the
remaining negative charge. The resulting dissolved ions gener-
ate an osmotic pressure, which draws water into the polymer
network and causes the strong swelling behavior of the hydro-
gel. The high osmotic pressure, compared to other hydrogels,
renders sodium polyacrylate a suitable base material to actuate
4D printed structures, allowing deformations against an external
load.!*!]

In this work, we developed an SLA printable resin based on
acrylic acid and sodium acrylate to use superabsorbent proper-
ties in printed structures. We demonstrated the 3D printing of
complex structures and investigated the swelling behavior of our
materials in different solutions. Furthermore, we characterized
the mechanical properties, investigated the force generation dur-
ing swelling, and tested the material’s biocompatibility for poten-
tial biomedical applications. Finally, we demonstrated the print-
ing of a self-folding cage by printing joined layers of two different
materials.
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2. Results

2.1. Resin Development

The usual synthesis of sodium polyacrylate superabsorbent poly-
mers involves radical polymerization of acrylates, which is also
the primary polymerization method in SLA 3D printing.['?]
Therefore, we used identical base monomers to develop an ul-
traviolet light (UV) sensitive 3D printable resin. Hydrogel resins
printed with acrylic acid are usually mixed with water as a dilu-
ent to final concentrations of 10-30%.13%32] Here, the aim was
to develop a resin with lower water content for two reasons:
first, a low water content in the printed material results in a
high degree of swelling capability directly after printing with-
out the need to dry the printed structure. This is advantageous
because drying can lead to unwanted deformations depending
on the geometrical structure in multi-material samples. Second,
water-soluble photoinitiators, which are usually expensive and
have low activity, would add additional constraints on the resin
development.[*}] Ultimately, we used 1% Omnirad 2100, which
showed sufficient reactivity for printing and was easily dissolv-
able in the resin given a sufficiently low water content. Fur-
thermore, we dissolved 2-isopropylthioxanthone (ITX) as a pho-
toabsorber and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as
a polymerization quencher in the resin to enhance the printing
resolution. ITX is a type II photoinitiator with an absorption max-
imum at 380 nm. It limits the penetration depth of the print ex-
posure preventing over curing of the print in the deeper layers. It
thereby increases the print resolution perpendicular to the print
layer without initiating additional polymerization of the resin,
since there is no amine group present in the mixture. TEMPO
molecules can terminate the radical polymerization and confine
the polymerization just in the exposed areas, achieving better res-
olution within the build layer (Figure S1, Supporting Informa-
tion). The sodium acrylate is generated by neutralizing the acrylic
acid with sodium hydroxide (NaOH) to a mole degree of 37%.1]
As shown in Figure 1, water is generated in this reaction adding
up to 26% w/w in the final mixture. This water content was nec-
essary to dissolve sodium acrylate and prevent crystallization.

Acrylic acid is a reactive and fast polymerizing molecule,
which by itself renders 3D printing challenging to control. Thus,
mixing acrylic acid with a slower polymerizing monomer con-
taining methacrylic groups can give a well-controlled printing
performance.[** Further, this mixture results in a better inter-
layer adhesion as more unreacted methacrylic functional groups
than acrylate groups remain after curing a layer. These unre-
acted groups can link to subsequently printed layers. We chose 2-
hydroxyethyl methacrylate (HEMA) as a methacrylate monomer.
It mixes well with acrylic acid and water, forms a biocompatible
hydrogel, and does not interfere with the swelling of the sodium
polyacrylate.[*”] Resin mixtures without adding HEMA showed
spontaneous polymerization during the preparation and were
therefore not usable (Table S1, Supporting Information).

The composition of the primary monomers after the neutral-
ization reaction is summarized in Table 1, with the resins named
SAP 37/X. The base monomers all have a single acrylic group,
polymerize as a linear polymer chain, and must be crosslinked
to make the hydrogel insoluble in water. We used poly(ethylene
glycol) diacrylate (PEGDA, M, 525) with two acrylate groups as
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Table 1. Composition of the 3D printing resins, after neutralizing the acrylic
acid with the sodium hydroxide. The printing additives were added with
respect to the weight of the base monomer mixture.

w/w SAP 37/X
Base monomers Acrylic acid 29%

Sodium acrylate 22%

Water 26%

HEMA 23%
Additives PEGDA 525 0.5%, 1%, 5%

Omnirad 2100 1%

ITX 0.05%

TEMPO 0.02%

a crosslinker since it is more hydrophilic than shorter PEGDA
chains forming a biocompatible hydrogel.!*¢!

2.2. 3D Printing of Superabsorbent Material

The SAP 37/1 resin achieved reliable printing of down to 0.4 mm
sized features (Figure S2, Supporting Information). We printed
a ship and a stent-like mesh structure, as shown in Figure 2. Fur-
ther printed examples of different geometries are shown in Fig-
ure S3, Supporting Information. The printed structures exhibited
a high swelling when immersed in water, as expected from super-
absorbent material. The images compare the devices directly after
printing (small yellow part) to the same design after immersion
in water (bigger structures in the back). A time-lapse video show-
ing the swelling of the stent-like mesh structure can be found
in Video S1, Supporting Information. During water immersion,
thinner model parts swell much faster than thicker parts because
the diffusion of the water into the material is the time-limiting
factor. In designs with different wall thicknesses, this can lead to
strong deformations and even rupture the material. The printed
boat’s interior was hollow and had a maximum wall diameter of
1 mm to avoid this effect, so all parts of the boat had a similar
swelling speed. For structures with varying wall thicknesses, a
stepwise swelling in decreasing salt solution can be done to pre-
vent a rupture (Figure S3b, Supporting Information). The printed

a)
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boat and the stent structures show a possible field of applica-
tion for smart materials like the superabsorbent resin. Both parts
must be transferred through a narrow opening (neck of the bottle
or vascular system, respectively), and later expand to their desired
shape or size.l*’]

2.3. Swelling Characteristics

We measured the mass gain of printed 5 mm cubes after immer-
sion into aqueous salt solutions (e.g., sodium chloride, NaCl) to
quantify the swelling. Since the absorption mainly results from
the osmotic pressure of the Na* ions inside the superabsorbent
polymer networks, the swelling is expected to decrease with a
higher salt concentration in the solution.[***8] We also investi-
gated the change in mass for differently crosslinked materials
since a higher crosslinking degree is expected to cause a lower
swelling.[**#9] Therefore, we mixed resins with concentrations of
0.5%, 1%, and 5% of PEGDA 525 (SAP 37/05, SAP 37/1, and
SAP 37/5, respectively). Figure 3 shows the relative change of
mass (Am m, ') after immersion for 24 h compared to the mass
of cubes directly after printing (m).

We investigated the mass change of the superabsorbent poly-
mer after drying the printed cubes for 24 h in an evacuated desic-
cator with silica beads to emulate storing conditions in a lab envi-
ronment. We observed a negligible change in mass after storage,
which is surprising considering the water content of the printed
resin (26%). At elevated temperatures (100 °C), the samples lost a
higher amount of mass (SAP 37/1 18%). However, the slight de-
crease in the water content in the dry vacuum already rendered
the parts rigid and brittle. After a minor swelling with a maxi-
mum increase of Am m,~! = 0.1 + 0.1 in saturated NaCl solution
for 24 h, the parts were flexible again. This change in stiffness
can be caused by hydrogen bonding between the acrylic acid and
the HEMA OH side groups. The hydrogen bonds dissociate with
higher water content in the material, lowering the glass transition
temperature and making it flexible.l%! This swelling in saturated
solution was used to precondition stored, dried parts, before com-
plete swelling in the final solution. The highest swelling occurred
in pure water with Am m,~! = 21 + 3 for the low crosslinked SAP
37/05 resin. The higher crosslinked resins SAP 37/1 and SAP
37/5 showed a mass increase of Am m,™! =15+ 1and 5.8 + 0.5,

Figure 2. 3D printed superabsorbent structures in “as printed” and swollen states. a) A benchmarking model known as “Benchy” in the 3D printing
community, was printed with SAP 37/1 at a length of 15 mm. In the front, it is shown as printed in the non-swollen state. The blue ship inside the flask
was transferred through the narrow neck in this small state and then swollen in ink-dyed water to the full size. b) A stent-like mesh structure from SAP
37/05 as printed and after swelling for 1 h in water.
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Figure 3. Mass change (mean and standard deviation, n = 15) of 5 mm cubes from the different SAP/X resins, compared to the weight as printed. The
cubes were dried after printing for 24 h in a vacuum desiccator and subsequently swollen in a series of solutions with descending salt concentrations
for 24 h each.
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Figure 4. a) Stress—strain curves of printed SAP 37/X test rods during tensile testing at 2 min~! elongation rate until breakage. The solid curves show
the mean value of each group while the translucent lines represent individual samples (applies to (b), too). The dots show the intersection point of
the curves with the calculated mean elongation during swelling measurements in water. The elongation was obtained from measurements in Figure 3.
The size change was related to the mass change via a cubic relationship and the density of water. The purple line displays the mean stress value of the
intersection points. b) Normalized thickness change of 2 mm thick 100 mm? SAP 37/1 disks over time during swelling in water. Red curves show the

swelling of the material without an external load, while in the blue curves, the disks had a 10 N external load against the measured swelling.

respectively. As expected, the water uptake in the salt solutions (2
M NaCl and PBS) was lower than in pure water, showing the role
of the osmotic pressure for the swelling (Figure 3). The swelling
of the SAP 37/05 is still far from the 285-fold water absorption
capacity of commercial sodium polyacrylate superabsorbent ma-
terials. This could be due to the commonly used solution poly-
merization for commercial applications resulting in linear, sepa-
rated chains. The linear but more tangled chains obtained during
printing might restrict extensive swelling behavior.[4048:49]

A characteristic of superabsorbent materials is that they can
strongly swell against an external load. This strong swelling is
advantageous in 4D printing applications when something needs
to be mechanically actuated. In equilibrium, the force (F;;) gener-
ated by the osmotic pressure balances the elastic force generated
by the network (F, . With an additional external load (F,

elastic) external ) ’
the forces therefore equilibrate as:[36°1]

F n= F elastic

+ Fexternal (1)
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The elastic component can be determined from the stress—
strain relationship obtained in a tensile test. However, this re-
lationship is an approximation since it only represents a load in
1D, while swelling is a 3D process. For the tests, we printed ten-
sile test rods from the three superabsorbent materials SAP 37/X,
having a different crosslinker content (SAP 37/1, SAP 37/05, SAP
37/5). The measured stress—strain (Al [,™!) curves are given in
Figure 4a. Initially, all materials show a stiff stress—strain rela-
tion. Starting from elongations of ~0.2, however, a flattening of
the curves indicates a soft elastic region. With higher elongations
(>3), the materials’ stiffness increases until they brake (Table S2,
Supporting Information). As expected, the different materials get
stiffer and less extensible with a higher crosslinking degree since
the crosslinks limit the length increase of the entangled chains.
Overall, the elongation at break was found as Al I,™' = 1.6 +
0.1, 4.6 +£ 0.2 and 4.3 + 0.1 for the SAP 37/5, SAP 37/1 and the
SAP37/05, respectively. Similarly, an engineering stress of 1.4
+0.1,32 + 05, and 3.7 + 0.3 MPa (SAP 37/5, SAP 37/1, and

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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SAP37/05, respectively) showed a decrease in stretchability with
an increase in crosslinking. The initial region where the material
changes its characteristic from stiff to soft is in good accordance
with the pre-swelling in saturated NaCl, helping to render the
dried prints flexible again.

Since the concentration of soluble Na* ions is the same in all
SAP 37/X formulations, the osmotic pressure can be assumed to
be similar.?®! From Equation (1), we know that without external
stress, the osmotic force is equal to the elastic relaxation force of
the polymer network. Therefore, the elastic stress in the hydrogel
should be similar for all SAP 37/X prints with different degrees
of crosslinking at an equilibrium swelling state. We confirmed
this assumption from the measured stress—strain curves shown
in Figure 4. To find the relevant elongation for each material, we
used the results from the swelling tests shown in Figure 3. We
converted the measured change in mass to the elongation via a
cubic relation and the density of water. The relevant elongation
for each material is indicated (colored dots) in Figure 4a. As ex-
pected, the corresponding stress values of 820 + 40, 830 + 50, and
780 + 30 kPa (SAP 37/5, SAP 37/1, and SAP37/05, respectively)
were similar with a mean of 810 + 60 kPa (maximum absolute
errors). Under the assumptions made, the superabsorbent prints
could perform a movement during swelling against an external
load up to a pressure of ~#810 kPa. The resulting force by this pres-
sure is usually referred to as an actuator’s blocking force.[3¢>2]

To validate this force stroke relation, we recorded the swelling
of 2 mm thick SAP 37/1 discs (radius of 5.6 mm) in water with-
out and with an external load (100 kPa) over a time of 8 h. From
the stress—strain curve in Figure 4a, a 100 kPa load is expected to
decrease the relative elongation to 1.2 + 0.2. Figure 4b shows the
measured increase in thickness over time. The red curve shows a
significant swelling of the disks without external load, equilibrat-
ing after 8 h. The strong variation in the change during the initial
30 min is caused by warpage because of non-uniform swelling.
This buckling is prevented and flattened by the external 100 kPa
load in the blue curves. As expected, the approximately constant
thickness changes of Al l;=! = 1.7 + 0.1 for the swelling with-
out load are higher than 1.1 + 0.2 with the external load (mean
and standard deviation n = 4). Within its standard deviation, this
value is consistent with the prediction above. It shows that the hy-
drogel can still perform 65% of the swelling stroke with a 100 kPa
load. The other PNIPAm-based hydrogel actuators already show
no swelling atlower external loads of 80 and 10 kPa.[3¢] This high
actuator’s stroke under load is a key advantage of our 3D printed
sodium polyacrylate superabsorbent polymer compared to other
4D printing resins.

2.4. Biocompatibility

Biomedical applications can benefit from the printable superab-
sorbent hydrogel to fabricate miniaturized, soft, self-deforming
parts such as the shown stent structure. A critical material prop-
erty for biomedical applications is compatibility with biologic tis-
sue. One essential indicator of biocompatibility is cytotoxicity,
that is, whether the material negatively affects cell growth. There-
fore, materials are usually tested in vitro to assess their biocom-
patibility. Sodium polyacrylate hydrogels are already reported to

Macromol. Mater. Eng. 2022, 307,2200306 2200306 (5 of 8)
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Figure 5. Inhibition of cell metabolism in a WST8 cytotoxicity test using
eluates of neutralized and pre-extracted superabsorbent 5 mm cubes with
polypropylene tubes as negative and SAP 37/1 with 5% zinc salt as the
positive control.

@
09"‘“q

be cytocompatible in literature.[>*) However, not fully polymer-
ized acrylic acid monomers and unreacted photo initiators could
still harm the cells. The open network and the high-water content
in the swollen hydrogel can promote the diffusion of such harm-
ful molecules into the cells’ environment. To avoid this problem,
we post-cured the material after printing to polymerize the un-
reacted groups. Furthermore, the printed cubes were immersed
in cell culture medium for seven days to remove the remaining
soluble cytotoxic components.

Another problem is that partially neutralized acrylic acid shifts
the pH-value of the cell culture medium to more acidic values,
which is unfavorable for cell survival. To address this issue, we
soaked the prints in 0.5% NaOH in PBS solution for 24 h be-
fore extraction, neutralizing the remaining polyacrylic acid and
thus keeping the culture medium in a suitable range. After the
pre-treatment of the prints, the metabolism of cells exposed
to the SAP 37/X eluates was compared to blank and negative
reference samples using the 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium
(WST-8) eluate test (cell inhibition shown in Figure 5). The ma-
terial did not show cytotoxic behavior in this test and could there-
fore potentially be used in biomedical applications.>]

2.5. 4D Printing

To illustrate the applicability in multi-material 4D printing, we
designed a self-folding tetrahedron shown in Figure 6. The SAP
37/5 (purple in Figure 6a) was printed between the thicker side-
walls as a bilayer onto a layer of commercial flexible resin to form
a hinge. The superabsorbent resin swells in water, creating stress
against the flexible non-swelling layer. This stress is released by
the structure folding along the edge (see Figure 6b,c and Video
S2, Supporting Information). Compared to other printed fold-
ing bilayers, the 3D printed superabsorbent resin swells strongly
even under counter-pressure, allowing smaller folding radii. Fu-
ture research could address how the thicknesses of the flexible
non-swelling layer and the swelling superabsorbent polymer in-
fluence the folding.

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. a) CAD design of a foldable tetrahedron printed from two mate-
rials. Structures which are printed with flexible resin are displayed in gray.
Structures which are printed in between the flexible resin layers with SAP
37/5 are indicated in magenta. c—e) The microscope images show the fold-
ing process. When the print is immersed in water, the superabsorbent
polymer swells and actuates the folding from a flat structure to a tetra-
hedron.

3. Conclusion and Outlook

In summary, we have shown a simple formulation for a repro-
ducible SLA printable superabsorbent resin. The sodium acrylate
units in the polymer generate an internal osmotic pressure when
immersed in water. This allows the material to swell over 20 times
its initial weight even against an external load (65% remaining
stroke at 100 kPa load). Furthermore, it is printable with low wa-
ter content, cytocompatible, and easily combined with other ma-
terials in printing. These properties make it an optimal candidate
for 4D printing applications when large deformations or exertion
of forces in contact with water are needed. Depending on future
applications, variations of the mixture presented in this work are
conceivable. The formulation may be changed to study the ef-
fect of different neutralization degrees or co-polymers with other
materials like chitosan.®>7] Further surface crosslinking of the
printed part could ensure an equal swelling in parts with chang-
ing wall diameters.[*8] Furthermore, complex printed structures
like foldable parts could be fabricated in combination with other
deformable materials such as silicones.[*38>]

4. Experimental Section

Materials:  Acrylic acid (AA), 2-hydroxyethyl methacrylate (HEMA),
sodium hydroxide (anhydrous; NaOH), poly(ethylene glycol) diacrylate
(PEGDA, M, 525), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
phosphate-buffered saline (PBS), calcium alginate, sodium algi-
nate, sodium chloride (NaCl), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum, l-glutamine, penicillin, streptomycin,
and trypsin were purchased from Sigma Aldrich (USA). 2-Propanol
(>99.5%) and ethanol (>99.5%) were obtained from Carl Roth (Ger-
many).  B(2,4,6-trimethylbenzoyl)phenylphosphine  oxide/ethyl(2,4,6-
trimethylbenzoyl) phenylphosphinate (Omnirad 2100) as photoinitiator
blend and 2-isopropylthioxanthone (ITX) as UV-absorber was obtained
from IGM Resins (Netherlands). The flexible 3D printing resin luxaprint

Macromol. Mater. Eng. 2022, 307,2200306 2200306 (6 of 8)
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flex was obtained from Detax (Germany). Deionized water was gener-
ated by an Ultra Clear purification system (Evoqua Water Technologies,
Germany). For the biocompatibility testing, a CK04-13 CELL COUNTING
KIT-8 from GERBU Biotechnik (Germany) was used. 96-well tissue culture
plates were obtained from TTP Techno Plastic Products (Switzerland).
50 mL centrifuge tubes (Falcon, Corning Life Science), 2 mL centrifuge
tubes (Safelock, Eppendorf), 76 x 52 x 1 mm? microscopy slides
(Marienfeld), and cleanroom wipes (ReFIBE, Contec) were purchased
from VWR (USA).

Resin Preparation: We prepared the resin as batches in 50 mL tubes
as follows. First, the authors mixed the acrylic acid (23 g) with the HEMA
(11.5 g). Then, the sodium acrylate was generated by neutralizing the
acrylic acid with sodium hydroxide. To this end, they mixed dropwise the
sodium hydroxide solution (15.5 g) of to the acrylic acid, HEMA mixture
(34.5 g) under vigorous stirring. This resulted in a stable reaction without
crystallization of the sodium acrylate or an introduced polymerization of
the acrylic acid through the heat of the reaction, as observed for higher
concentrations of sodium hydroxide. After the solution cooled down to
room temperature, they added PEGDA 525 (0.5%, 1%, and 5%) to the base
monomer mixture as a crosslinker and Omnirad 2100 (1%), ITX (0.05%),
and TEMPO (0.02%) as the printing additives (w/w). Finally, the resin was
homogenized by sonication (30 min, Branson 5510, USA) until the ITX
powder was dissolved and stored dark until usage. The resin composi-
tions are summarized in Table ST, Supporting Information.

Printing Conditions: The authors printed the resin using a Miicraft 50X
(Miicraft, Taiwan) SLA printer. The printer features an inverted setup with
a 365 nm wavelength UV exposure through a dynamic mirror array from
the bottom. The authors chose 10 s exposure time with an increased base
exposure of 30 s for the first layer and 3 mW cm=2 (300%) as printing pa-
rameters. To remove the prints, they attached a glass slide (76 X 52 mm?)
with a calcium alginate sacrificial layer onto the picker using adhesive tape
(Tesa, Germany). To improve the adhesion of sodium alginate, the glass
was hydrophilized in O, plasma (Diener Femto 90%, 0.8 mbar oxygen,
Diener, Germany) for 5 min. after which a solution of sodium alginate (1
M) was spin-coated (Polos SPIN 200, 2000 min~' for 45 s, SPS-Europe
B.V., Netherlands) and dried with pressurized air. Next, the sodium algi-
nate layer was gelled by immersion into a calcium alginate solution (0.5
M), rinsed with water, and dried again with pressurized air.

After detaching the prints from the glass slide, they were alternately
rinsed with deionized water and ethanol, ending with ethanol to prevent
swelling. To fully polymerize the samples, the prints were post-cured in
a UV chamber (Otoflash G171, NK-Optik, Germany) using 2000 flashes
under nitrogen flux. They were stored dry and, if not stated otherwise, were
preconditioned to regain their flexibility in a saturated NaCl solution (5.4
M) for 24 h prior to experiments.

The parts were designed with the computer-aided design (CAD) draw-
ing software Inventor 2022 and Meshmixer (Autodesk, USA), exported as
stl-format, and sliced at 50 um height with the printer control software
MiiUtility (Miicraft Taiwan).

Swelling Characterization: The swelling capability of the different resin
compositions was analyzed by measuring the mass difference of printed
5 mm cubes. The cubes were first dried in a vacuum for 24 h (MD 1, 1.5
mbar, Vacuubrand, Germany), and subsequently immersed in solutions
with decreasing salt concentrations. After a drying or swelling period of 24
h, excess water was removed from the cubes with a paper towel and the
cubes’ weight was determined (Sartorius CP225D, Germany). The change
of mass (Am) was compared to the initial mass after printing (my) as rela-
tive change in mass (Am mg™"). The mean value of 15 separate cubes, and
the standard deviation was calculated using Gaussian error propagation.
For comparison, the mass change was converted to a change in length
using a cubic relation and the density of the absorbed water.

3D-Structure Fabrication: We printed a 3D -design of a ship known as
“Benchy” in the printing community. The original model was reduced in
size to a length of 15 mm and made hollow for a maximum wall thickness
of T mm. It was transferred into the bottle in the dry state and swollen in
water with 1% ink (Lamy, Germany) for 24 h to stain it blue. Subsequently,
the colored water was replaced by clear water to make the ship visible
inside the bottle. A second 3D structure resembling a medical stent was

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

‘[M}ggco-ulqr

Materials ana Engineering

www.advancedsciencenews.com

composed of a mesh-like hollow cylinder with a diameter of 7.2 mm, a
height of 9.6 mm, and a wall thickness of 1.2 mm (details shown in Figure
S4, Supporting Information).

Mechanical Characterization: The material’s flexibility is essential for
deformable structures in a 4D printing approach. Thus, the authors con-
ducted tensile tests following a standard protocol 1ISO 527-1:2012. They
printed the test specimens with a cross-section of 3.33 x 2 mm? and a
length of 50 mm oriented parallel to the build platform. The structure had
atapered gauge length of 20 mm, as shown in Figure S6, Supporting Infor-
mation. They performed the tests on a Zwick Z2.5 (Zwick-Roell, Germany)
universal testing machine with 40 mm min~" (twice initial gauge length
per minute) tensile speed until breakage.

To examine the ability to swell against an external force, the authors
recorded the thickness increase of a printed disc in water with and with-
out external load over 8 h using a dial indicator (Wabeco, Germany). They
printed the discs from SAP 37/1 with 2 mm thickness and a radius of 5.6
mm. For the measurement with an external load, they applied 10 N with a
weight on the disk, equivalent to a pressure of 100 kPa on the surface. To
ensure wetting of the superabsorbent polymer from both sides, top and
bottom, a piece of tissue (Cleanroom Wipes) also soaked in water, which
can be considered incompressible in this context, was put under and on
top of the superabsorbent disk. A picture and schematic of the setup are
displayed in Figure S7, Supporting Information.

Biocompatibility: ~ Biocompatibility of the material is an essential char-
acteristic for potential biomedical applications in contact with living tissue.
As one of the critical factors, the authors tested the cytotoxicity of the mate-
rial. The experiments were conducted following the ISO 10993-5:2009 and
I1SO 10993-12:2012 standard as an eluate test using a WST-8 assay, which
measures the cell viability via inhibition of the dehydrogenase activity. They
used HT1080 cells as a test cell line. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with fetal bovine serum
(10% v/v), penicillin/streptomycin (100 U mI='/0.1 mg ml~1), and L-
glutamine (2 mu), in a humidified incubator at 37 °C and 5% CO,. For pas-
saging after confluence, the cells were detached with 0.5% Trypsin-EDTA.
They used 3D printed 5 mm cubes of the SAP 37/1 and SAP 37/5 materials
as samples. A 2 mL polypropylene tube served as a negative control and
an SAP 37/5 cube with 5% zinc chloride as a positive control. The samples
were immersed in PBS with 0.5% NaOH for 24 h and then extracted in cell
culture media for one week to stabilize the pH and extract possible toxic
not cured monomers. The preconditioned samples were first disinfected
by dipping them into 2-propanol solution (70%) and drying for 1 h. Then,
the samples were stored in 50 mL tubes (to fit the swollen samples) with
the cell culture medium adjusted to 25 mL volume in the incubator for 96
h to produce the eluates. The medium for blank control was also stored
under the same conditions. The HT1080 cells were seeded onto 96-well
cell-culture plates with 4k cells per well. After initial culturing for 24 h, the
medium was replaced with the eluates and incubated for 72 h. Then, the
cell activity was measured via a colorimetric assay and compared to the
activity of cells supplied with the control culture media. To this end, the
WST-8 stock solution was added to the media in the wells in a 1:10 (v/v)
ratio and the samples were incubated for 1 h. After the incubation, the
absorption of the media was measured with an ELISA photometer (Sun-
rise, Tecan Group, Switzerland) at 450 and 620 nm. Blank measurements
of wells without cells were also included to correct the readings for po-
tential color changes of the eluates. The inhibition of cell metabolism is
calculated by:

(A-A)

Inhibition = 1—
(Ac _Acb)

2

where A_ is the absorption of the control culture supplied with fresh media,
A, is the absorption of the fresh media without cells, A is the absorption
of the tested cell culture supplied with eluates and A is the blank eluate
absorption. The mean was calculated for 8 cell culture wells per eluate
and three eluates produced with each superabsorbent polymer mixture.
The error is the standard deviation propagated as Gaussian error.

Folding Structure:  The folding structure was composed of 4 equilateral
triangles with a 4.5 mm side length connected with a joint bridge of 0.45
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mm at the edges, as shown in Figure S8, Supporting Information. The part
was printed by combining the swelling superabsorbent resin and a com-
mercial flexible resin (luxaprint flex). First, one layer (50 um thickness) of
the flexible resin was printed, forming the triangles and the connection in
the joints. Then, the build platform was cleaned with 2-propanol, and the
resin tank was changed to the SAP 37/5 resin. Next, the actuating super-
absorbent layer (50 um) was printed in the joint area, followed by cleaning
with water and ethanol and switching the resin back to the flexible resin.
Then the rest of the triangles were printed to reach a total thickness of 350
um. Finally, the folding was performed in deionized water under a stere-
omicroscope (BMS Microscopes, Netherlands) and recorded with an op-
tical camera (Canon M5, Japan).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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