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3D printing presents significant advantages for membrane fabrication, offering unprecedented control over ge-
ometry. Vat photopolymerization (VPP) combined with polymerization-induced phase separation (VPP-PIPS) is a
promising method for 3D printing of polymeric membranes, enabling the rapid fabrication of geometrically
complex structures. VPP-PIPS utilizes thermoset materials, expanding the range of applicable polymers and
providing unique properties such as high chemical and thermal stability. However, the inherent brittleness of
thermosets poses a challenge for membrane applications. This study demonstrates that copolymerizing
hydroxyethyl methacrylate (HEMA)-based membranes with varying amounts of polyurethane acrylate (PUA)
significantly and progressively enhances thermal stability, tensile strength, and hydrophobicity in a tuneable
manner, surpassing that of conventional membranes. The thermal stability increases from 260 °C to 345 °C,
tensile strength improves from 1.95 MPa to 21.20 MPa, and the contact angle rises from 44.3° + 4.0°-66.2° +
3.2°. As the physicochemical properties of VPP-PIPS membranes evolve, membrane characteristics such as
porosity, permeability, and pore size also change. With increasing PUA content, porosity decreases from 0.65 +
0.01 to 0.47 £ 0.03, mean pore size reduces from 171 nm to 46 nm, and permeability drops from 180 + 19.07
LMH/bar to 0.52 + 0.14 LMH/bar. Additionally, substituting HEMA with tert-butyl acrylate further increases the
contact angle to 108.8 + 2.6°, while the introduction of 3D micropillars further elevates it to 136.8 £+ 1.0°,
resulting in a full tuneable range from 44.3° to 136.8 & 1.0°. These findings highlight the versatility of VPP-PIPS
for fabricating membranes with highly customizable properties, paving the way for improved performance in
various separation processes.

1. Introduction adhesion [7-9], and modifying the membrane’s wettability, whether to

increase or decrease it [10,11]. In order to fabricate membranes via 3D

3D printing or additive manufacturing, is a method for computer-
made designs to be generated into a physical object. 3D printing is
unparalleled when it comes to the freedom of generating 3D models and
can make complex shapes that are difficult by other conventional means
[1]. One area where 3D printing has recently gained significant interest
is in membrane fabrication, where precise control over geometries can
significantly enhance performance in various separation processes [2]. It
is widely recognized that fabricating membranes with complex shapes
can improve their efficiency by enhancing mass and heat transport
across the membrane [3], mitigating fouling [4-6], promoting cell

printing, a high resolution is needed. The printing method needs to able
to create details <10 pm in order to make pores small enough to be
considered microfiltration(MF). The 3D printing method with the
highest resolution is generally vat photopolymerization (VPP) also
commonly referred to as stereolithography (SLA or SL) [12]. VPP isa 3D
printing method in which a UV source will project an illuminated area
(commonly by a mask or direct laser) on to a vat of unhardened resin or
ink consisting of polymerizable polymers, oligomers, or monomers,
which are usually mixed with a photoinitiator. The UV-illumination will
harden the ink upon a movable build plate, whose distance will
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determine the thickness of each layer. The build plate will then move to
generate some space for another layer on top of the previous one, layer
by layer generating a full 3D structure [13,14].

Recent advancements within 3D printing have made it possible to
obtain resolution down to 200 nm commercially or 9 nm via a VPP
method coined two-photon polymerization (TPP), which will make it
possible to generate MF/UF membranes [15-17]. However, limited laser
spot size of TPP makes it impractical for large-scale membrane pro-
duction, as its high resolution comes at the cost of extremely slow
printing speeds [18]. For example, the typical buildplate size of 1
mm2-10 mm? commonly cited in literature, fabricating a 1 m? mem-
brane with a thickness of 250 pm would currently take approximately
1.5 months [15-171].

An alternative approach involves printing materials that inherently
possess porosity. The most common printing method which produces
porous prints is Selective laser sintering (SLS). SLS uses particle sintering
techniques to create structures, thereby creating porous structures with
a porosity and pore size largely dependent on particle size. Therefore,
despite its potential, SLS is limited by its relatively low resolution and
formation of typically large pore sizes caused by the limitations of the
particle size and sintering [3,19]. While this allows for the fabrication of
large-area porous components, the resulting pore sizes typically range
from 10 to 800 pm, making them unsuitable for most membrane sepa-
ration processes [20-22].

Another emerging porous printing method is VPP coupled with a less
well-known phase inversion method, polymerization induced phase
separation (VPP-PIPS) [23]. PIPS distinguishes itself from other phase
inversion techniques by lowering the solubility of the polymer by
rapidly increasing the polymer molecular weight as explained by
Flory-Huggins and Cahn-Hillard [24,25]. This mechanism is therefore
possible to be coupled with commercial MSLA VPP printers (Fig. 1),
shown by Kirkebak et al. [26] who further demonstrated that mem-
branes were possible to be printed by this VPP-PIPS method with a high
tune ability in properties such as porosity, pore size and thickness, by
controlling parameters as porogen concentration, UV-irradiation and
temperature. These membranes would have porosities in the 80 %-60 %
range and pore sizes from 0.6 pm down to 0.1 pm making VPP-PIPS a
likely method for printing membranes with a range from MF (10pm-0.1
pm) to UF (0.1pm-0.01 pm) (see Fig. 2).

The combination of VPP and PIPS opens the possibility to 3D print
complex shapes with the high resolution provided by the VPP methods
while chemically generating nanometer pore sizes previously only
achievable by TPP [23]. This opens up for 3D printing of porous mem-
branes with similar properties as conventional phase inversion mem-
branes while having considerably faster printing and high-resolution
printing which was limiting for SLS and TPP [27,28].

While VPP-PIPS offers a promising approach for directly printing
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membranes, it is limited to UV-polymerizable monomers such as acry-
lates, thiols, and epoxides, which typically form highly crosslinked
polymers [29,30]. These materials are tough, brittle, solvent-resistant,
and lack a melting point compared to thermoplastics (non-crosslinked
polymers), due to their dense crosslinked structure [31]. However, this
brittleness is a major drawback for membrane applications, as it can lead
to breakage during practical use [32-34].

This brittleness is a recognized problem with VPP printing and efforts
have been made to increase the flexibility of the polymer to mitigate the
tough and brittle effects inherent to this method. These efforts include
copolymerizing long-chained oligomers or polymers with high free
mobility such as polypropylene glycol acrylates [35], or polyurethane
acrylates (PUA) [36,37].

Furthermore, copolymerization has shown to greatly influence
polymer physicochemical properties other than mechanical strength
such as thermal stability, hydrophilicity/hydrophobicity, etc. thereby
making it possible to tune these physicochemical properties with a near
unlimited number of new polymers [38-40]. Being able to change the
physicochemical properties can greatly benefit membranes processes.
For example, hydrophobicity/hydrophilicity of membranes have been
linked to anti fouling properties depending on the target compounds
[41-43]. In special membrane processes such as membrane distillation,
highly thermally stable, hydrophobic membranes are needed to avoid
membrane failure and the feed to pass into the permeate stream [44].

However, considering when changing the monomers, parameters
affecting the PIPS process such as solubility and molecular mobility may
change and is likely to change the outcome of the phase inversion pro-
cess [24,25,45,46]. Therefore, in this work, we address the inherent
material brittleness of VPP-PIPS membranes while exploring the possi-
bility of tuning membrane physiochemical properties via copolymeri-
zation. This was done by making VPP-PIPS printed membranes by
copolymerizing either hydrophilic HEMA or hydrophobic tert-butyl
acrylate with a flexible ink based on PUA. The printed VPP-PIPS mem-
branes were then characterized in terms of changes in mechanical
strength, thermal stability, and water contact angle. Furthermore, the
effect of change in ink composition on the membrane properties such as
porosity, pore size and water permeability was investigated.

2. Materials and method
2.1. Ink compositions
Membranes were synthesized via co-polymerization of three inks:
Ink One (HEMA-based): 76 % 2-Hydroxyethyl methacrylate
(HEMA), 19 % Trimethylolpropane triacrylate, 5 % Irgacure 819.

Ink Two (PUA-based): Commercial Flex resin containing 20 % PUA,
42 % AcM, 13 % Tripropylene glycol diacrylate, 19 % Ethoxylated

3D Printed Membrane

Monochromic LCD

UV LED light

Fig. 1. Illustration of the commonly available VPP method utilizing a monochromatic screen and a UV-LED light source to generate a projection, called MSLA.
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Fig. 2. Top: Illustration of synthesis method for the 3D printed membrane. Bottom; illustration of compositions of either the HEMA-based ink(ink one) or PUA-based

(ink two). Subsequent 3D printed membranes.

trimethylpropane triacrylate, 2.4 % Phosphine oxide, and 0.6 % 4-
Methoxyphenol.

Ink Three (t-Butyl-based): 76 % tert-Butyl acrylate, 19 % Trime-
thylolpropane triacrylate, 5 % Irgacure 819.

Ink One and Ink Two were combined in seven different ratios, while

Ink Two and Ink Three were mixed in five ratios (see Table 1). Each
composition was further blended with Decan-1-ol as a porogen in 60/40
(w/w%) ratios.
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Table 1
Membrane reference and corresponding mass percentages of either ink one, ink
two or ink three.

Membrane Ink one [m%] Ink two [m%] Ink three [m%]
Label

FO 100 0 0
F20 80 20 0
F40 60 40 0
F50 50 50 0
F60 40 60 0
F80 20 80 0
F100 0 100 0
BO 0 100 0
B25 0 75 25
B50 0 50 50
B75 0 25 75
B100 0% 0% 100 %

2.2. Membrane synthesis

The membranes were made in the shape of 25 mm diameter discs
with a 3 mm thickness which were drawn using Fusion 360 and sliced in
Chitubox. These discs were processed using the Creality 1d-002H MSLA
printer. The UV irradiation time was set to 8s per layer and the layer
height was 50um per layer. After 3D printing the membranes, the pieces
were submerged in an acetone bath for 24 h twice to remove any residue
decan-1-ol and un-polymerized ink, this procedure was followed by
another 24 h of DI-water bath done twice to remove the acetone. 3 mm
thickness was chosen since smaller membranes would cause structural
damage when separating the membranes from the build plate with the
specific printer used in this study printer. Thinner membranes are
however possible as shown in Kirkebek et al. [26] where the synthesis of
membranes with thicknesses <200 pm was demonstrated.

2.3. Micro pattern membrane synthesis

To further increase the contact angle, a micron sized topology was
made with composition B100 by utilizing a high resolution resin 3D
printer, using Masked projection vat photopolymerization, developed by
M.M. Ribo [47] and A.H. Danielak [48] owned by the AM group at
Technological institute Denmark (DTU). The layer height was set to 5
pm the UV exposure was set to 1600 ms, 800 ms, 400 ms, and 200 ms
respectively. A 10 mm x 20 mm with a 1 mm thickness membrane with
a 0.5 mm pillar shaped topology of 70 um diameter with a space in
between of 70 pm were made by repeating jpeg images for each layer.

Journal of Membrane Science 735 (2025) 124483
2.4. Characterization of physicochemical properties of the membranes

IR spectrometry was done using Bruker Tensor II ATR-FTIR spec-
trometer. The output was normalized to the largest peak at 1724 cm ™"

The thermal resistance was analyzed with thermal gravity analysis
(TGA) (TA SDT650), and the analysis was done with a temperature ramp
of 10 K/min under an air atmosphere.

The contact angle measurements were performed with DI-water by a
Biotic Scientific Attention Theta Lite optical tensiometer. Small discs
without any porogen were made to investigate the contact angle while
neglecting any capillary forces that would occur with a porous mem-
brane piece.

Water absorption time was done by dropping a 5 pL DI-water drop on
top of the 3D printed porous membranes while their contact angle was
measured as a function of time until the drop was completely absorbed.

Tensile strength was done on 3D printed tensile specimens as seen on
Fig. 3. The pieces were drawn in a CAD program and 3D printed with a
0.3 cm height, 1 cm with, 7.5 cm length and a 0.5 cm with at the neck.
The pieces were dried prior strength test. The pieces were made with the
same UV irradiation time and layer height as the 3D printed membranes
in order for them to be similar.

The membranes were observed through a Zeiss evo 60 scanning
electron microscope (SEM). The membrane samples were coated in a
thin gold layer by plasma sputtering. The membrane thickness was
measured with a Mitutoyo 543-391B micrometer. The thickness was
triple determined on three separate membranes.

Membrane topography of the 3D printed pieces were analyzed by a
Olympus OLS 4000 LEXT laser confocal microscope, with the software
MountainsSPIP® (Digital Surf).

2.5. Membrane properties

2.5.1. Membrane porosity

Porosity was measured by completely wetting the membranes with
demineralized water and subsequent evaporation by drying the wetted
membrane at 100 °C for 48h. The mass difference before and after
evaporation corresponded to the total mass of water in the pores, which
can be converted to the total void volume. Porosity was then calculated
by the following equation (1):

_ Vyoid _ dmevap'pwater (@D)]
Vo dmevap Puwater T (dmmt - dme"ﬂp) “Ppoly

where @ is the porosity, V,,4 is pore volume, V,y, is the membrane
volume, dm,,q, is the mass loss from evaporation, my, is the total sample
mass, is water density set to 1.00 g/ml and p,;, is the polymer

p water

Fig. 3. 3D printed tensile specimen, made with same CAD file. Corresponding membranes with corresponding compositions underneath the specimen.
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density. Since the membrane polymer would vary with ink composition
used, the density was measured via buoyancy change. This was done by
submerging dry pieces of membrane into an ethanol bath and the mass
change was measured on a microscale. The results can be found in Fig. 5.
The porosity was triple determined on three separate membranes.

2.5.2. Membrane pore size

Pore size was analyzed by capillary porometry with complete wet-
ting of the membranes in propan-2-ol. The mean pore diameter and
biggest pore size (determined as bubble point) was found with a Pore lux
1000.

2.5.3. Water permeability

The water permeability was tested by a 3D printed dead-end setup
made specifically for the membrane discs. Water permeability was
measured under three different pressures of 1, 1.5 and 2 bar. The total
membrane area was 3.14 - 10~% m?. The permeability was calculated by
eq (2).

Pwater
_Q 2
Jw £ ‘mem ‘t-P ( )

Where dm,Apem, dt,and P are the permeated mass through the mem-
brane, the membrane area, time increment and pressure, respectively.
The permeability was triple determined on three separate membranes.

Membranes undergo hydraulic resistance from the membrane when
no fouling is present. The proposed equation for membrane permeability
can be seen at eq: 3

AP

J
v H 'Rm

3

Here AP is the trans membrane pressure, y is the dynamic viscosity of
water and Ry, is the hydraulic resistance. The membrane thickness can
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then be subtracted from the hydraulic resistance by adding a specific
resistance term o [49], and Ry, can thereby be simplified as such eq: 4.

Rn=aL @

This makes it possible to estimate hydraulic resistance and in turn
permeability of the 3D printed membranes while mitigating the effect
caused by variation in thickness. The specific resistance («) contains all
other physical parameters such as friction, morphology, porosity (&)
and pore size (Dp). Multiple methods of calculating this specific resis-
tance have been proposed and most are based around either cylindrical
pore model Hagen-Poiseuille or the packed bed based model Kozeny-
Carmen [50]. In this work one relationship for Hagen-Poiseuille and
one for Kozeny-Carmen will be used for comparison of the membranes as
seen in eq: 5 and 6. This makes it possible to compare the 3D printed
membranes in the form of a Hagen-Poiseuille constant Kyp or an
Kozeny-Carmen constant Kcp and therefore taking into account porosity
and pore size as well as membrane thickness when comparing the
membrane performance [51,52].

_ K
Qpp = D2.@ (5)
P
_ Kier(1 - @)°
Qxe = W (6)

3. Results and discussion
3.1. Polymer composition

Small membrane discs were fabricated as described in Table 1. To
ensure a successful copolymerization, ATR-FTIR analysis was done on
all membranes and can be seen in Fig. 4. The IR signature corresponds to
other works done on HEMA, PUA and AcM polymers [53]. The largest

=—CH,

| R i
| \ 1
R—OH : NH :
: R :
I 1
|
R—T—H
R

Fig. 4. ATR-FTIR results of F100 to FO going from top to bottom. Characteristic functional groups are highlighted by a colored dotted line, for example HEMA’s
characteristic -OH group is highlighted by a green dotted line and Polyurethanes -NH by a red dotted line.
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Fig. 5. Left top, mean pore diameter compared to concentration of PUA based ink. Top right, the biggest pore diameter based on bubble point compared to con-
centration of PUA based ink. Bottom left, shrinkage and porosity for different concentrations of PUA ink. Bottom right, Permeability, of different 3D printed

membranes going from HEMA based membrane to PUA based.

peak at 1724 cm™! of which the graph is normalized, corresponds to the
C=0 group in the poly acrylate groups which is the main reactive group
responsible for fast polymerization and is present in both the HEMA
based (ink one) and PUA based (ink two). When comparing changing
membrane compositions, four peaks seem to drastically change. Those
are the broad peak at 3416 cm !, 2864 cmL, 1642 cm ™Y, 1534 cm ™!
and 1465 cm !, which correspond to —OH, CHj stretching vibration,
C—=O(AcM only), -NH and respectively [54,55]. It is here obvious that
increasing the amount of ink two (going from FO til F100) decreases the
—OH since HEMA is the only compound containing a hydroxyl group.
This resonates with the fact that the peak at 3416 cm™' lowers
dramatically. The residue of the 3416 cm™! vibrational peak in F100
likely stems from —NH stretching vibration which is only found in PUA.
The four residue peak increases are from functional groups exclusively
stemming from AcM or PUA. The gradual decrease of HEMA peaks and
increase of PUA/AcM peaks together with the fact that both IR signa-
tures are present in membranes with combined PUA and HEMA ink (Flex
20 % to Flex 80 %) the membrane compositions can be said to be suc-
cessfully a copolymerization of both Ink one and Ink two tuned by the
blend composition during the synthesis.

3.2. Membrane properties

In order to illustrate that the 3D printed membranes actually func-
tion as membranes, their properties as porosity, pore diameter and
permeability were investigated and are shown in Fig. 5. Results indicate

that ink composition significantly affects membrane characteristics.
Shrinkage, a common issue in resin 3D printing (typically 3-5 %), which
is more pronounced in porous polymer objects [56], here increases from
27.2 % + 1.1 % (FO) to 39.6 % + 3.4 % (F100) with higher PUA based
ink, likely due to pore collapse and leading to densification of the
membrane. Together with shrinkage porosity decrease from 0.65 + 0.01
(FO) to 0.47 + 0.03 (F100), alongside a drop in effective largest pore size
from 319 nm to 119 nm and mean pore diameter from 171 nm to 46 nm
which further suggests more PUA ink densify the membrane. Conse-
quently, the membrane transitions from microporous(MF) to meso-
porous(UF) solely by altering ink composition towards PUA based. This
tuned pore size makes the membranes suitable for MF/UF processes such
as cell perfusion filtration (0.4 pm) [57] or micelle separation in dairy
(0.5pm-0.05 pm) [58] to large virus retention filtration (50 nm-35nm)
[59].

A previous study achieved pore sizes between 100 and 600 nm using
epoxy resin through different parameters such as printer settings and
porogen concentration [26]. This suggests that by adopting such
methods, even finer pore sizes may be attainable, potentially extending
applications beyond micro- and ultrafiltration. The impact of polymer
composition on membrane water permeability was evident in perme-
ability trends. Membrane permeability decreased dramatically by
increasing PUA concentration from 179.95 LMH/bar +19.07 to 0.52
LMH/bar +0.14 for FO to F100, correlating with increased density,
reduced pore size, and shrinkage effects.

The membranes were then characterized by electron microscopy to
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study their porous structure. The surface pictures can be seen in Fig. 6.
The morphology of the membranes is porous in nature, with a charac-
teristic phase inversion pattern as would be expected from this process
[60,61]. The SEM pictures confirm the porosity and pore size in the MF
to UF range shown in Fig. 5. It likewise shows the gradual densification
that happens from FO to F100. The reason for the densification of the
membranes is not completely clear however as suggested by Kirkebzek
et al. [26], densification of the membrane matrix likely occur in the
de-mixing process of the polymer. It was suggested by Cahn-Hillard ki-
netics and Flory-Huggins theory that molecular mobility, time before
solidification and polymer solubility greatly influences the overall pore
size and shapes of membranes produced via phase separation. These
parameters are likely to change with different ink choice.

Furthermore, Micro-sized surface defects are present across all
membrane compositions, though they diminish towards FO. These are
likely due to pixel-induced uneven polymerization in Monochromatic-
VPP printing. While challenging to eliminate, alternative VPP methods
may mitigate them [62]. Interestingly, these defects could be beneficial,
enhancing membrane roughness, which has been linked to improved
flux and membrane adhesion which is potentially advantageous for
some membrane processes [63-65]. Another, other than the pixel effect
on the membrane surface, defects can be found in the membrane cross
section as the layers of the membranes are clearly visible of about 35 pm
layer size, which would be due to the layer by layer method. This layer
defect, further suggests a possible limit membrane thickness of 35 pm by
stopping the printing process and exchanging the resin might give a
inhomogeneous effect throughout the membrane.

Regardless of the defects posed from the VPP method, the SEM
clearly showed porous structure and tested membrane characteristics
showed the membranes to be indeed fully functional UF-MF membranes
on par with phase inversion membranes based on more conventional
phase inversion techniques.

Cross section
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Membrane permeability decreased FO to F100, correlating with
increased density, reduced pore size, and shrinkage effects. To compare
membrane permeability, the Hagen-Poiseuille and Kozeny-Carman
models (Section 2.4.3) were applied. As shown in Table 2, hydraulic
resistance (Ry,) and specific resistance (a) increase from FO to F100,
aligning with the expected permeability decline. However, when ac-
counting for porosity and pore size, the differences between membranes
become less distinct, with no clear trend between Kyp and K. Notably,
F60, F80, and F100 exhibit a sharp rise in membrane resistance, sug-
gesting that increasing ink two beyond 50 % significantly hinders
permeability due to something other than porosity, membrane thickness
and pore size (see Table 3).

Internally between the membranes the membrane performance
could be tuned however ultimately the permeability of the 3D printed
membranes is lower compared to UF-MF membranes found in literature
with similar porosity and pore size [49]. This is likely due to their
increased thickness of roughly 3000 pm while conventional membranes
usually are <250 pm. However, since permeability is strongly influenced
by membrane thickness, a was used to estimate water permeability for
thinner 3D printed membranes proposed here (Fig. 7), with thicknesses

Table 2
Table of calculated membrane resistance in form of Ry, o, Kxc and Kyp for the
different 3D printed membranes.

R m 1] a [m2] Kyc [unitless] Kyp [unitless]
2.00 - 102 8.74 - 10 59.42 16.76
5.19 - 102 2.41-10% 79.13 28.44
5.44 -10'? 2.56 - 10'° 45.42 21.75
6.69 - 10'2 3.17 - 10%° 34.30 19.29
2.73 10" 1.29 - 10'® 99.42 69.12
1.28 - 10 6.06 - 10'° 235.62 219.33
6.92 .10 3.51-10Y 272.68 345.10
Top
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Fig. 6. SEM pictures of cross section and membrane top for FO, F50 and F100.
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Table 3

Critical temperatures of thermal degradation of the 3D printed membranes. 10 %
weight loss indication the approximate initial decomposition temperature of the
membranes and second column is 100 % weight loss indication total decom-
position of the membranes.

Membrane Temperature [°C] (Aw = 10 %) Temperature [°C] (Aw = 100 %)
FO 260 562
F20 295 584
F40 303 591
F50 303 600
F60 311 628
F80 335 661
F100 345 664

ranging from 50 to 1000 pm. The results highlight the significant impact
of thickness, FO permeability dramatically drops from 8241 LMH/bar at
50 pm to 412 LMH/bar at 1000 pm. Further accounting for porosity
(0.65) and pore size (100 nm), permeability was estimated using the Kgc
and Kyp models. Both models confirm that as membrane thickness de-
creases, permeability increases substantially. However, F100, F80, and
F60 exhibit significantly lower permeability in these simulations, sup-
porting earlier findings that high ink two concentrations impede filtra-
tion performance when taking porosity and pore size into account. In
contrast, FO to F50 compositions show promising results, with estimated
permeabilities ranging between 2039 and 4706 LMH/bar (Kkxc) and
1645-2792 LMH/bar (Kyp). Although these estimations are subject to
variations in membrane homogeneity, they indicate that optimizing
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membrane thickness could substantially enhance performance. These
findings suggest that further refinement of membrane fabrication,
including controlled thickness and pore size adjustments, could make 3D
printed membranes more competitive with conventional UF-MF mem-
branes [49,66].

3.3. Physicochemical properties

The membrane properties were greatly influenced and tunable
through copolymerization. However, other than permeability, pore size
and porosity, it is also important to assess whether other physico-
chemical properties, such as thermal stability, mechanical strength, and
contact angle, can be similarly controlled.

3.3.1. Thermal stability

Membranes used in high-temperature applications, such as catalytic
processes or membrane distillation, require excellent thermal stability.
This stability is influenced by bond dissociation energy, which depends
on the chemical structure of the polymer [67]. Since copolymerization
alters the membranes’ chemical structure, its thermal stability is ex-
pected to change accordingly. Thermogravimetric analysis (TGA) was
performed on membranes from FO to F100, and the results are presented
in Fig. 8 that reveals a clear trend: increasing PUA content enhances
thermal stability. Beyond the initial 0-100 °C mass loss (likely due to
residual water), the temperature at which 10 % mass loss occurs rises
from 260 °C (F0) to 345 °C (F100), while complete degradation shifts
from 562 °C to 664 °C. These values align with literature, where HEMA

[o)

(=

(=

(=]
1

54000 -

Permeability [LMH/bar]

2000

—F0
—F20
—F40
—F50
——F60
—— F80
—F100

0.0 0.2 0.4

0.6 0.8 1.0

Membrane thickness [mm]

3000

2500

2000

1500 +

1000

Permeability [LMH/bar]

500 ~

—

0.0 0.2 0.4 0.6 0.8 1.0

Membrane thickness [mm]

5000

—F0

1

~

o

S

S
1

(%)

(=

(=3

(=)
1

Permeability [LMH/bar
g
(=)

—_

(=]

(=]

(=]
1

0.0 0.2 0.4 0.6 0.8 1.0

Membrane thickness [mm]

Fig. 7. Top, permeability at different membrane thickness estimated based on « for all compositions of 3D printed membranes. Bottom, permeability at different
membrane thickness based on Kgc and Kyp with a hypothetical pore diameter of 100 nm and a porosity of 0.65. Estimated for all 3D printed membranes.
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Fig. 8. Left TGA results of different 3D printed membranes. Left, differential TGA of F100 to FO going from top to bottom.

degrades around 200-300 °C [68], PUA around 300 °C [69], and poly
(AcM) around 350 °C [53]. Differential TGA shows that thermal
degradation initiates at approximately 240 °C across all samples, sug-
gesting bond dissociation starts at this temperature, likely due to the
acrylate bonds present in both inks. While PUA copolymerization im-
proves overall thermal stability, these bonds essential for the fast poly-
merization process in VPP 3D printing still limit degradation resistance.
Nevertheless, a thermal threshold of 240 °C is more than sufficient for
most water-based membrane processes, which typically operate below
100 °C, making these membranes suitable for a range of common and
new filtration applications [70].

3.3.2. Mechanical strength

The tensile strength of 3D printed membranes (FO to F100) was
tested and the resulting stress-strain curve (Fig. 9) and mechanical
properties (Table 4) show a clear trend as increasing PUA content
significantly enhances both strength and flexibility. HEMA-based FO
exhibits brittle behaviour, with minimal plastic deformation due to its
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Fig. 9. Tensile stress strain curves of 3D printed porous membrane ten-
sile specimen.

Table 4

Tensile fracture stress, fracture strain and Youngs modulus of different 3D
printed membranes as well as reported conventional PVDF, PP and PSf
membranes.

Membrane Fracture stress Fracture strain [%] Young modulus
[MPa] [MPa]
FO 1.95 1.02 1.89
F20 2.34 1.42 2.20
F40 6.68 2.51 3.95
F50 7.04 3.06 4.33
F60 9.47 6.30 4.61
F80 12.23 7.37 5.41
F100 21.20 20.27 13.03
PVDF 3.88 44.2 14.3
PP 25 51 2.7
PSf 2.19 24.1 164.8

short-chain monomers and high crosslinking density. F20 and F40 also
show brittleness but display higher fracture stress, increasing from 1.95
MPa (FO) to 6.68 MPa (F40). Around F50, ductility becomes more
apparent, with increased plastic deformation before failure. This shift
occurs as PUA (ink two) dominates, reducing crosslinking density and
introducing longer polymer chains. Between F50 and F100, both
ductility and fracture stress continue to rise, from 7.04 MPa (F50) to
21.20 MPa (F100). Interestingly, stiffness also increases with PUA con-
tent, Young’s modulus grows from 1.89 MPa (F0) to 13.03 MPa (F100),
indicating that the material becomes not just more flexible but also
tougher. These findings confirm that copolymerization with PUA
significantly enhances mechanical performance, making the membranes
more resilient and adaptable for filtration applications [71,72]. The
fracture stress increased significantly from 1.95 MPa (F0) to 21.20 MPa
(F100), making it comparable to commonly used polymer membranes
such as PSf (3.88 MPa), PP (25 MPa), and PVDF (2.19 MPa) [73-75].
However, the fracture strain increased only moderately, from 1.02 % to
20.27 %, which remains lower than conventional membranes (Table 4).
This is expected, as VPP-printed thermosets have significantly more
crosslinking than traditionally fabricated membranes, which typically
have minimal or no crosslinking. Despite this limitation, PUA copoly-
merization substantially improved the mechanical performance, making
the membranes more comparable to conventional ones. This suggests
potential for further enhancements, particularly by incorporating
pre-polymerized long-chain acrylates into the VPP-PIPS ink, potentially
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optimizing both strength and flexibility. However, as could be seen with
the increased (Kgc) and (Kyp), increasing the PUA concentration beyond
40 % (>F60) will lead to decreased water permeability. Therefore,
simply increasing the PUA monomer content will lead stronger mem-
branes but worse performing membranes in terms of flux. Therefore, a
trade tradeoff between high mechanical strength and flux is expected for
exists when considering the overall performance of these membranes.

3.3.3. Contact angle

Copolymerization alters the chemical properties of polymers, which
as discussed earlier, had a large impact on both thermal and mechanical
properties of the membranes. Since membrane hydrophobicity is
dependent on functional groups, the ratio of monomers significantly
impacts material characteristics. To assess surface tension, the contact
angle was measured on dense discs instead of porous membranes, as the
latter either absorb or repel DI water due to increased surface area and
air-water interaction. Fig. 10 presents the DI-water contact angle results.
The nearly pristine PHEMA in OF exhibits a highly hydrophilic contact
angle of 44.3° &+ 4.0°, consistent with literature attributing this to the
—OH groups increasing surface tension energy [76]. In contrast,
PUA-containing ink (F100) has a higher contact angle of 66.2° + 3.2°,
aligning with previously reported values for PUA-based polymers [77].
As the ink two concentration increases, hydrophobicity rises until pla-
teauing at 60F, with a peak contact angle of 79.5° + 3.7°.

Water penetration time was afterwards analyzed on porous mem-
brane samples in Fig. 10(B and C). The data was consistent with the
contact angle found on the dense discs, that the retention would only

120
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increase as the polymer consisted of the more hydrophobic PUA. The
water retention time would exponentially increase gradually from FO
(1.4s) to F100(755s).

However, beyond F60, though the contact angle would slightly
decrease the water absorption time would still show exponential in-
crease to F80 and F100. This is likely due to the denser nature of the F80
and F100 membranes having a higher impact on water retention than
material hydrophobicity.

Nevertheless, this shift in hydrophobicity hydrophilicity as a func-
tion of ink composition affects membrane properties, influencing
capillary forces, fouling adhesion, and adsorption, crucial aspects of
membrane filtration [78].

3.3.4. Enhanced hydrophobicity

Monomers act as building blocks, where HEMA enhances hydro-
philicity, while hydrophobic monomers like t-Butyl increase hydro-
phobicity. Replacing HEMA with t-Butyl led to a rising contact angle,
from 70.4° + 0.4°-108.8° + 2.6° (Fig. 11A), demonstrating the poten-
tial to tune membranes from hydrophilic to hydrophobic. Studies by
Hussein et al. and Ni et al. [41,42] show that hydrophilic membranes
reduce fouling in solutions with phenols and bovine serum albumin,
whereas Choo and Lee [43] found hydrophobic PVDF membranes more
effective against anaerobic digestate fouling. While the superiority of
hydrophilic or hydrophobic membranes depends on specific applica-
tions, their tunability significantly impacts membrane performance.

With contact angle exceeding 90°, these membranes are suitable for
membrane distillation (MD) [79]. Combined with high thermal stability
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Fig. 10. A: Contact angle of different 3D printed dense discs produced without porogen with composition corresponding to FO going from left to F100 to the right. B:
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Fig. 11. A: graph of contact angle depending on the composition of ink two and three. B: contact angle as a function of UV exposure time per layer. C: picture of a
water droplet on pillar topological 3D printed membrane with pillar topology and 200 ms UV exposure per layer D, E F and G are microscope pictures of 3D printed
membranes of no topology for D and 1600 ms, 800 ms, 400 ms and 200 ms UV exposure time per layer respectively.

(>100 °C) and the absence of toxic PFAS, they present a viable alter-
native to PTFE and PVDF membranes, which may face future regulatory
bans [80]. According to the Wenzel and Cassie-Baxter theories, apparent
contact angle depends on overall material structure, explaining why
porous hydrophobic surfaces exhibit higher contact angle due to air
pockets (contact angle approaching 180°). Li et al. [56] demonstrated
via simulations that small pillar structures enhance hydrophobicity.

Since in 3D printing, we have the option to make geometries in a
highly controlled fashion, we explored the possibility to increase the
membrane hydrophobicity by 3D printed micro topology as suggested
by Li et al. This was done by using a high-resolution resin printer
developed at DTU to print 1 mm thick square membranes with the di-
mensions 10 mm x 20 mm, the micro topology was printed on top as
pillars in rows (0.07 mm diameter, 0.07 mm spacing). Due to over-
curing, the topology would experience different degrees of resolution,
and the topology was therefore printed with different layer curing times
of 1600 ms, 800 ms, 400 ms and 200 ms.

Fig. 11B shows that the resulting contact angle increase from 97.8°
+ 1.4° (plain surface) to 136.8° + 1.0° (lowest UV exposure time) from
the pillar variations shown in Fig. 11D and E. The highest contact angle
was observed on membranes with topology with the lowest layer curing
time and would decrease with increasing curing time. This trend is
attributed to reduced printing resolution at longer exposure times,
which results in poorly defined pillar structures. The diminished topo-
graphical contrast causes the surface to resemble that of an unpatterned
membrane, thereby lowering the hydrophobic effect and reducing the
contact angle.

Fig. 10C illustrates a Wenzel state, where water penetrates the pillars
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rather than resting atop them (Cassie-Baxter state), likely due to the
pillar spacing being too large for sufficient liquid entry pressure.
Reducing spacing could further enhance contact angle [81].

These findings confirm that resin printing effectively increases con-
tact angle (from 97.8° to 136.8°) and align with Li’s simulations [82].
Membrane roughness significantly affects crystallization, nucleation
rate, adhesion, and wetting [83,84]. Thus, precise control over
micro-scale topology, hydrophobicity, and hydrophilicity could opti-
mize adhesion, fouling resistance, and crystallization in membrane
applications.

4. Conclusion

Membranes were successfully fabricated using VPP-PIPS with vary-
ing compositions of HEMA, tert-butyl acrylate, and PUA. This proposed
process has enabled tunable pore sizes ranging from 171 nm down to
mesoporous scales of 43 nm, followed by an increased shrinkage and
densification. However, increasing the concentration of PUA in the ink
composition led to a drastic decrease in membrane permeability from
180 LMH/bar +19.07 LMH/bar to 0.52 LMH/bar +0.14 LMH/bar. Even
when taking the densification and decreased pore size into account, the
PUA-based membranes exhibited significantly higher resistance, indi-
cating that compositions exceeding 50 % PUA severely compromise
filtration performance.

The physicochemical properties of the membranes were notably
influenced by the degree of copolymerization between HEMA and PUA.
Transitioning from HEMA-to PUA-based compositions resulted in a
progressive and tunable increase in thermal stability (from 260 °C to
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345 °C), tensile strength (from 1.95 MPa to 21.20 MPa), and hydro-
phobicity (contact angle from 44.3° + 4.0° to 66.2° + 3.2°). Replacing
HEMA with tert-butyl acrylate further increased the contact angle to
108.8° £+ 2.6°, which was pushed even higher to 136.8° + 1.0° by
incorporating 3D micropatterns in the form of 70 pm pillars, offering a
full tunable range from 44.25° to 136.84°.

Overall, this work demonstrates that VPP-PIPS is a promising and
highly versatile method for membrane fabrication, enabling not only
geometric customization but also precise control over physicochemical
properties through ink composition and surface topology. These findings
open new pathways for designing application-specific membranes across
a wide range of separation processes.
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