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Abstract

Photopolymerization of hydrogels films has gained interest in many biomedical and industrial fields. Hydrogel micro-
patterns fabricated directly on a device are used as filtering barriers, however, due to weak mechanical properties,
these parts require a stable support but deposition of hydrogel in non-polymerized state brings a risk of sinking inside
the structure. These limitations can be overcome by applying a hydrophobic surface. This paper presents a novel two-
step method, in which a hydrophobic surface was designed and manufactured using mask-projection vat photopoly-
merization additive manufacturing (VPP). Afterwards, PEGDA-based hydrogel photopolymers were deposited on the
surface and a micro-scale patterns were cured. The parts were subjected to water immersion and heating in order to
evaluate the swelling and shrinking behaviour of hydrogel. The parts remained stable on the substrate and main-
tained the properties and the results revealed the shape retention over 97%. This work shows that VPP can be applied
in the manufacturing of hydrophobic surfaces for hydrogel photopolymer deposition and curing without sacrificing

critical properties.
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Introduction

Hydrogels have obtained a widespread interest of
research and industry because of their diversified prop-
erties, such as water absorption without dissolution, bio-
compatibility and flexibility. Among synthetic hydrogels,
PEGDA has become a focus of studies due to combina-
tion of manifold characteristics. It is a highly reactive
polymeric material, synthesized from a polyethylene
glycol (PEG) precursor and diacrylate (DA) crosslinker.
PEGDA-based components can swell under immersion
in water, and upon exposure to sufficiently high temper-
ature, regain their initial shape. Additionally, due to the
feasibility for modification of hydroxyl groups, PEGDA
can be customised and processed with numerous
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fabrication methods, such as spin coating, chemical
vapour deposition, and electropolymerization [1, 2].
Thus, PEGDA is extensively used in humidity sensing
devices in quartz tuning forks [3], tissue engineering for
cells proliferation [4, 5] and controlled substance release
capsules in drug delivery systems [6].

An emerging application of PEGDA-based hydrogels
are thin films and coatings. They have been reported
as a promising component for antibacterial, antifoul-
ing and immunoprotective layers [1, 7]. In this applica-
tion, hydrogel can be designed as the protecting film or
chemically altered to function as an independent agent
to form a barrier for antimicrobial substances [8-11].
Example of devices in which PEGDA-based films have
the potential to significantly improve the performance
and life-span are dialysis media and hearing aids, which
require to be equipped with filters to prevent environ-
mental and microbial contamination [12]. The filters are
difficult to clean due to small size of the mesh and there-
fore they are often single-use, generating waste. To over-
come this issue a porous, net-shaped hydrogel membrane
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can be attached as a supplementary physical and chemi-
cal barrier simultaneously providing a sufficient flow of
the desired substances. Contaminated filter can be sub-
merged in water to trigger the swelling and expansion of
the structure. With enlarged net, the pollutants can be
easily removed leaving the device clean. Finally, by apply-
ing heat, the hydrogel filter can be recovered to its initial
shape and reused.

PEGDA-based hydrogels, however, have low mechani-
cal properties and are susceptible to damage upon
handling, which require the parts to be suspended or
chemically bonded to a substrate. This significantly pro-
hibits the flow of substances and lateral swelling or can
lead to part damage when subjected to mechanical loads
[13-15]. It can be overcome by direct fabrication of the
part on the device, but such a method requires deposi-
tion of the hydrogel in a non-polymerized liquid state,
which can leak through the substrate. Therefore, a lig-
uid-repellent base is preferable. This can be achieved
by applying a hydrophobic surface, which is a specially
designed surface for liquid retention by means of increas-
ing the contact angle between the liquid droplet and the
substrate [16]. Such surfaces generate a great interest in
applications that require controlled wettability, corrosion
resistance, anti-freezing, anti-bioadhesive, liquid trans-
portation and many others [17]. To fabricate a compo-
nent where a hydrogel part is attached to a hydrophobic
surface, a two-step manufacturing process needs to be
adapted. In such approach, a hydrophobic surface is fab-
ricated first and serves as a substrate for PEGDA hydro-
gel deposition and polymerization. Due to complexity of
the surface, a suitable method, which can provide high
fidelity and resolution, is required. Among available pro-
cesses, vat photopolymerization additive manufacturing
(abbreviated as VPP) is the most suitable method as it
is characterized by a high level of customization, a wide
range of available materials and high resolution allowing
for production of parts at a sub-millimetre scale, which
are required for fabrication of ultra-complex micro-
structures. It is a process that employs structured ultra-
violet (UV) light to crosslink a liquid polymer and create
a solid structure [18]. The parts made by VPP are built
layer-by-layer, where the area exposed to irradiance is the
cross section of the produced part with a defined thick-
ness. The subsequent layers are added by moving the
build plate in the vertical direction. In addition, there
are two types of light excitation: focused laser beam and
mask projection, which uses a high-resolution projec-
tor with either Liquid Crystal Display (LCD) or Digital
Micromirror Device (DMD"™). The level of photopoly-
merization can be controlled by optimization of main
process parameters, which are layer thickness, irradi-
ance level of the UV light and exposure time [19]. VPP
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has found application in fields such as custom-fit hear-
ing aids, dental crowns, robotics, functional surfaces and
soft tooling [20, 21]. VPP techniques can be also used for
processing of PEGDA hydrogels, which, when combined
with photoinitiator and exposed to UV light, can undergo
free radical photopolymerization, due to double-bond
acrylate groups at the ends of the PEG chain [22].

This work proposes a process chain, in which mask-
projection VPP technique is used for manufacturing
of hydrophobic substrate for hydrogel deposition. The
hydrogel is subsequently cured into a solid pattern and
subjected to water immersion and heating experiment
to evaluate the influence of the surface on the swelling-
shrinking behaviour. This novel approach explores the
feasibility of application of hydrophobic structure for
facilitated hydrogel parts manufacturing and application
without the loss of the properties of the hydrogel.

Materials and methods

Design, materials and fabrication

The proposed structure was designed as a two-compo-
nent assembly made of a liquid-repellent substrate and
a simple hydrogel feature located at the apex. To imi-
tate the filtering device, both components had vertically
aligned apertures and their overall dimensions were
interdependent. The overview of the part is shown in
Fig. 1. The substrate function was to provide a base for
the liquid hydrogel deposition, photopolymerization and
the swelling and shrinking procedure. For this purpose
the specimens fabrication was divided into two stages.
First, the base was designed as a hydrophobic surface and
manufactured using mask projection VPP setup. Next, a
photoreactive hydrogel was synthesised, deposited on the
surface and cured used a specially designed ultra high-
resolution photopolymerization setup.

Liquid-repellent base

The base was designed following the Cassie-Bax-
ter state, in which the hydrophobicity occurs due to

Hydrophobic surface

Hydrogel part

1mm

Fig. 1 Top-view of the hydrogel part and the hydrophobic surface
assembly
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roughness-induced formation of air pockets between
the surface and the liquid droplet [23]. Such surfaces are
often made from pillar-like structures, with wider, re-
entrant upper part and pointed or spiky tops for rough-
ness enhancement [24, 25]. Cassie-Baxter model is
preferable for the proposed components configuration,
as it elevates the liquid above the air pockets, instead of
allowing it to penetrate through the features of the sur-
face. The surface was designed by assembling a 4 x 4 array
of dome-shaped features with sharp tips, then placed on
the pillar to trap the air between the deposited material
and the substrate. The dimensions of the features were
based on several constraints, deriving from the resolu-
tion of the VPP unit, curing characteristics of the resin
and surface design aspects (i.e. micro-scale and arrayed
arrangement). The pillars’ diameter was set to 0.6 mm, as
smaller values led to delamination of layers due to pull-
ing forces during vertical movement of the build plate.
The diameter of the dome was dependent on the inclina-
tion angle of the re-entrant structure. It was selected at
60° relative to the horizontal plane (150° from the pillar)
as the previous study determined that, despite it being
possible to achieve a lower angle, an overcuring typically
takes place under the inclination as an effect of the stair-
case effect [26]. The 90° angle of the top of the structure
was a trade-off between preferred enhanced roughness
and low staircase effect. The close distance between the
single re-entrant structures aimed to simulate the inter-
connected net structures, like in filtering devices. The
final feature is depicted in Fig. 2a. The overview of the
part can be seen in Fig. 2b.

The commercial Anycubic® Photon S desktop bot-
tom-up, mask projection VPP unit was applied for the
base fabrication. The system uses a 405 nm LCD projec-
tor with resolution of 2560 x 1440 pixels, a pixel pitch of
47 wm and 50 W rated power. The specimens were man-
ufactured at 4 s of exposure time and layer thickness of
50 wm. The post-processing included cleaning with iso-
propanol in an ultrasonic unit for 10 min, air-dried by a
pressurised nitrogen and post-cured in a flood-light UV-
light unit for 20 min. The material for the surface was a
commercial FTD® SnowWhite photopolymer resin.

Hydrogel-based parts

PEGDA-based photopolymer resin of two molecular
weights were prepared; Mn = 250 g/mol and Mn = 575 g/
mol, further referred to as PEGDA250 and PEGDA575.
The monomer was synthesized with Phenylbis (2,4,6-tri-
methylbenzoyl)phosphine oxide (97%) photoinitiator for
radical polymerization (2wt%). An additional solution
consisting of PEDGA250, photoinitiator and 1-(Phenyldi-
azenyl)naphthalen-2-ol) (known as Sudan I, 0.7wt%) was
prepared. Sudan I inhibits the UV curing rate, therefore
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Fig. 2 Hydrophobic base. a Single feature. b Overview of the entire
part

is often used for high-resolution features. All chemicals
were purchased from Merck. The solutions were mixed
with magnetic stirrer at 120 rpm for 24 hrs at a room
temperature.

The parts were fabricated using in-house developed
high-resolution mask-projection system using 10x objec-
tive lens capable of achieving pixel size of 1.3 pm [27]. It
has a standard resolution of 1930 x 1080 pixels and the
maximum image size of 3.46 x 1.94 mm. In this setup, it
is possible to enlarge the building envelope by applying a
lens with higher magnification, at the expense of limited
optical diffraction and therefore pixel size. In this study,
the 10x lens supplied a sufficient trade-off between the
resolution and maximum patterning area. The mask pro-
jection is realised with a 405 nm UV-light emitting diode,
a DLP LightCrafter™ 6500 EVM DMD"'module from
Texas Instruments ', modular elements for light manipu-
lation (lens, mirror ad beam splitter) and a CCD camera.
During the process the bitmap image of the part cross-
section is sent to the DMD"". It is further reflected as a
light pattern by activating the selective mirrors [3]. The
setup is depicted in Fig. 3.

The critical step in the manufacturing phase was
determination of the exposure time and level UV-light
irradiance for the hydrogel resins. For this purpose, the
solutions were cured independently, before the deposi-
tion on the liquid-repellent structure. To establish the
acceptable UV-dose level, a plate with micro-scale hol-
low affiliation logos was designed, as shown in Fig. 4a.
The part was cured at varied parameters and the final
settings were determined when the features where
obtained, as depicted in Fig. 4b. The most satisfactory
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Fig.4 Specimen used for qualitative analysis (values in mm). a Part
design. b Part made of PEGDA250

results, with the minimum feature size of approximately
10 wm, were achieved at exposure time of 0.2 s and irra-
diance of 38.07 mW/cm? Minor overcuring was detected
in some regions, but decrease of the UV-dose revealed
lack of cross-linking. Following the curing, the parts were
cleaned with ethanol.

Quantitative analysis required a simple design, which
is shown in Fig. 5. The dimensions of the square corners
of the specimen geometry corresponded to the centre-to-
centre distance of the dome-shaped tips of the substrate.
Analogically, the opening in the feature was located
above the space between the pillars in the liquid-repel-
lent base. The fabrication took place by first deposition of
the liquid PEGDA resin using a syringe on the top of the
hydrophobic base. Next, the pattern from the DMD" was
projected onto the material and polymerized into a tough
structure. To obtain the final part, the residue hydrogel
was rinsed with ethanol. Figure 6 depicts the fabrication
process chain.
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Fig. 5 Design of the specimen used for quantitative analysis

Hydrogel properties evaluation

Assessment of the hydrophobic properties of the surface
Prior to curing, the apparent contact angle (CA) between
the substrate and the deposited hydrogels was measured.
For the reference, the CA for water was also obtained. To
additionally evaluate the efficiency of the substrate, the
results were compared to CA of PEGDA-based resins
deposited on a flat substrate made from the same com-
mercial FTD® resin.

Dimensional stability of the parts

To evaluate the stability of the hydrogel parts with respect
to the design, the diameter of the inner hole of the hydro-
gel feature was measured immediately after cleaning with
ethanol and after 24 h. The inspection of the movement
or delamination of the part was performed using micro-
scopic pictures.

Swelling and shrinking properties of the hydrogel parts

The ability of the specimen to demonstrate intrinsic
hydrogel behaviour - swelling and shrinking - was inves-
tigated through immersion in water followed by exposure
to heat at 60 °C. Both procedures had holding time of
one minute and were followed by the inner hole diameter
measurement.

Results and discussion

Apparent contact angle

Figure 7a shows the obtained CA values. The data indi-
cates the native hydrophilic properties of the material at
the level of 65°[28], 27°and 44.5° for water, PEGDA250
and PEGDAS575 respectively. From the right panel of
the plot it can be seen that application of the proposed
surface significantly increased the liquid repellency. The
obtained CA were 112.5 + 1.4° for water, 101.2 + 3.7° for
PEGDA250 and 99 + 2° for PEGDA575. Figures 7b and
¢ show the deposited PEGDA575 hydrogel on flat and
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3. UV curing
using mask

5. Cured
hydrogel part
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Fig. 6 Deposition and fabrication process chain. 1,2 PEGDA hydrogel droplet deposition with a syringe. 3 A pattern curing using a UV mask. 4

Residue hydrogel rinse with ethanol. 5 Final part
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Fig. 7 Water, PEGDA250 and PEGDA575 interaction with the substrates. a Static contact angle for the liquids without and with applied
hydrophobic surface. b and ¢ PEGA575 deposited on a flat and structured subtrates respecitely

hydrophobic substrates and the difference in the liquid
spread across the surface. Deposition of the last solution,
PEGDA250+Sudan I, was not achievable as the material
immediately sank inside the pillar structure due to its low
surface tensions properties [29]. Therefore, it was not
considered in the further study.

Dimensional stability of the parts

Figure 8 shows the microscope picture of the hydrogel
feature after curing. Fabrication of the parts was suc-
cessful for solutions with both molecular weights. A
substantial amount of unpolymerized hydrogel inside
the hole and on the outer space around the part can be
seen in Fig. 8a. The ethanol rinse removed the remain-
ing photopolymer, resulting in clean structure which
can be seen in Fig. 8b. Upon cleaning, the part retained

fixed, indicating the efficiency of the net-like structure
of the pillars assembly, which in effect supplied sufficient
adhesion between the cured hydrogel and the substrate.
Moreover, the empty space between the pillar features
facilitated the cleaning process. The cleaning of the part
is critical, as the remaining material can lead to clogging
of the hole in the hydrogel feature and as an effect, distort
the geometry and decrease the material properties.
Figure 9 and Table 1 show the resulting difference
between the hole diameter in the hydrogel feature meas-
ured immediately after ethanol rinse and after 24 h. The
initial diameter of PEGDA250 was larger in comparison
to PEGDA575, which is attributed to higher number
of the C=C bonds in the unpolymerized state of PEG-
based hydrogels with lower molecular weight [30, 31]. As
a result, in the initial stage of photopolymerization, the
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Fig. 8 Microscopic picture of a cured feature made of PEGDA250. a
Part before ethanol rinse. b Part after ethanol rinse
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bonds engage at a slower rate, preventing local overcur-
ing, in this case inside the hole.

For both materials the holes experienced expansion
over 24 h likely owing to the water uptake from ethanol
and gradual swelling. Compared to the initial design, a
decrease in the diameter was observed at a level of 119.36
pm for PEGDA250 and 127.52 wm for PEGDAS575. This
is due to a narrow process window resulting from very

Table 1 Sample table title

Material Difference Shrinkage Unit
PEGDA250 71.1 10 wm
PEGDAS75 111.9 16.9 %

This is where the description of the table should go
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Table 2 Diameter difference and shrinkage ratio of the holes for
two different PEGDA molecular weights, experienced over 24 h

Material Swelling Shrinkage Shape retention Unit

PEGDA250 329 426 9.7 wm
104.2 52 1013 %

PEGDA575 47.0 282 18.8 pwm
106.1 33 97.6 %

high sensitivity of hydrogel to a shift of the UV-light
dose. As observed during qualitative analysis, combi-
nation of lower exposure time or irradiance resulted
in complete lack of crosslinking, therefore the param-
eters were increased, causing overcuring inside the holes.
PEGDA250 exhibited higher shape retention by 6.92%,
thanks to increased crosslinking density and therefore
higher structural stability [32].

Swelling and shape retention

The assessment of the dimensional change of the parts
under water immersion and heating revealed the capa-
bility of the hydrogel to achieve the swelling-shrinking
behaviour in the lateral direction while remaining in their
initial position relative to the centre of the substrate.
A rapid change in the diameter was recorded within
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Table 3 Diameter difference and shrinkage ratio deviations of
the holes for two different PEGDA molecular weights

Material St Dev Value Unit
Swelling Shrinkage

PEGDA250 17.39 15.23 nwm

PEGDAS575 54.90 41.54 wm

10 s from exposure to water as well as heating, and it is
depicted in Fig. 10a together with the standard devia-
tions. Figure 10b shows microscopic pictures of the parts
during the experiment. Table 2 shows the obtained swell-
ing, shrinkage and shape retention ratio. Higher swell-
ing was observed for PEGDA575, a phenomenon already
reported in other studies [22, 33, 34]. As in the case of
initial swelling after ethanol cleaning, this is associated
with lower crosslinking density of PEGDA hydrogels with
higher molecular weight, causing higher mesh size. This
in effect, increases the swelling ratio due to enhanced
water uptake [31, 35].

Following heating, the hole diameter of the parts made
of PEGDA250 had higher shape retention. Furthermore,
the dimensional change was significantly more homog-
enous among the specimens, compared to PEGDA575,
which exhibited high deviations, as seen in Fig. 10a and
in Table 3. This is associated with lower stability of the
polymer due to lower crosslinking density leading to non-
uniformity of swelling and shrinking of the PEGDA575
parts [34]. As a results, large dimensional distortions
took place.

The lateral shape change of the parts took place in a
manner visualised in Fig. 10c. Despite the roughness
of the liquid repellent substrate no mechanical dam-
age was observed, but at the same time the two compo-
nents remain concentric. This indicates limited adhesion
between PEGDA and the surface, which a beneficial
property for applications where hydrogel serves as an
exchangeable filter.

Conclusion

In this research, a novel approach for fabrication of
PEGDA hydrogel parts on a porous substrate was devel-
oped and tested. The substrate was designed as a hydro-
phobic surface with a roughness-inducing features to
provide a stable base for deposition and processing
of hydrogel. Mask-projection vat photopolymeriza-
tion additive manufacturing was chosen as a fabrication
method for both surface and hydrogel parts. The net
structure of the hydrophobic surface significantly facili-
tated the cleaning process, as the residual uncured
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hydrogel could efficiently exit through the voids upon
rinsing with a cleaning solvent.

The parts were further subjected to water immersion
and heating in order to trigger the swelling and shirking
properties. PEGDA575 experienced higher expansion
rate upon water immersion, whereas PEGDA250 resulted
in better shape recovery during heating. Moreover,
PEGDA250 showed much higher stability in both stages
of the test. The discrepancy is associated with a variation
of the mesh size for hydrogels with different molecular
weights.

The presented work demonstrates that the hydropho-
bic surface can effectively facilitate the deposition of
liquid hydrogel resins for subsequent photopolymeriza-
tion, and swelling and shrinking process. Throughout
the experiment, no adhesive agent was required to pre-
vent the lateral movement of the hydrogel parts without
the mechanical damage, thanks to the moderate rough-
ness of the single units of the substrate. The surface pre-
vented delamination of the hydrogel without inhibiting
the shape change, which is a common issue in the case of
chemical adhesives.

To assess the full applicability of the proposed solu-
tion, a scalability study of the process chain can bring
benefits for potential real-life devices. The performed
experiments and obtained results can serve as a proto-
type and open a possibility of multi-material manufactur-
ing for other advanced applications that require the use
of hydrogels, where the reverse change in geometry is
desired.
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