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We report a dual-stage photocrosslinked polymer network based on sequential ultraviolet (UV)-triggered radical
polymerization and thermally activated etherification, applicable to the fabrication of tailorable and program-
mable high-resolution structures. The first stage involves photoinitiated polymerization of monomer and
crosslinker to obtain an intermediate polymer network. As such, sophisticated two-dimensional (2D) and micro-
scale three-dimensional (3D) structures can be made by using UV-based advanced manufacturing technologies.
These complex structures can then be readily programmed into other desired, permanent shapes, in the second
stage, via thermally triggered etherification which results in a highly crosslinked, robust polymer network. The
intermediate network (Stage I) is characterized to have a Young’s modulus ranging from 342 to 1146 MPa and a
glass transition temperature from 52 °C to 83 °C, depending on the concentration of crosslinker. The same
material attains a glass transition temperature ranging from 67 °C to ~105 °C and a Young’s modulus of up to
1607 MPa after the subsequent heating process (Stage II). Originally 3D printed 2D structures can be further
programmed into rigid, permanent 2.5/3D ones. Micropatterns fabricated from intrinsically hydrophilic dual-
stage crosslinked photopolymers through soft lithography show superhydrophobicity, and can subsequently be
molded with different curvatures for practical applications.

1. Introduction photopolymers with advanced manufacturing technologies such as

three-dimensional (3D) printing and imprint lithography which benefit

Photocrosslinked polymers are the polymers which transfer liquid
resins into solid covalent-crosslinked polymeric materials when exposed
to visible or ultraviolet (UV) light in the presence of photoinitiators
[1-4]. Photocrosslinked polymers show great advantages in terms of the
fast-crosslinking rate, as the transition from liquid to solid can be real-
ized within a few minutes or even seconds, as well as the temporal and
spatial controls during the photopolymerization process [1-4]. Due to
these outstanding properties, photopolymers have been used in
dentistry [5], tissue engineering [6-8], electronic materials [9], optical
materials [10,11], coatings and surface modifications [12-14], and
other fields [15].

Recently, there has been an increasing interest in associating

a variety of application fields such as actuators, grippers, and device
patterning [16-19]. However, once the structures are generated by 3D
printing or imprint lithography, they do not have malleability and
cannot be reprogrammed to another shape since the chemically cross-
linked 3D networks are permanently formed through
photopolymerization.

In this regard, dual-stage polymerization which generates stable
materials via two curing stages with the application of different stimuli
(i.e. UV or thermal exposure) offers higher manufacturing flexibility,
and a possible solution to address the aforementioned challenge [10].
Click reactions have been widely employed to develop dual-stage pho-
topolymerization polymers because of their simplicity and eco-friendly
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Fig. 1. Synthesis methodology of dual-curing polymer network systems. (a) Schematic illustration of the dual-curing process. (b) Chemical structures of monomer
(glycidyl methacrylate, GMA), crosslinker (poly(ethylene glycol) dimethacrylate (Mn = 550 g/mol), PEGDMA), initiator (diphenyl(2,4,6-trimethylbenzoly) phos-
phine oxide, TPO), and catalyst (1-Methylimidazole) used in this study. (c) The crosslinked network formed in Stage I. (d) The crosslinked network formed in Stage II.
(e) The detailed chemical network of Stage I. (f) The detailed chemical network of Stage II.

nature. For example, thermally triggered click reactions, such as thiol-
Michael addition, thiol-epoxy, or aza-Michael addition, have been
combined with UV or thermally initiated polymerization [20-25] to
form two-step curing systems which have been applied to impression
materials [10], shape memory materials [20] and holograms [23]. The
advanced manufacturing technologies such as 3D printing and imprint
lithography benefit from the dual-stage polymerization if it follows the
polymerization sequence from UV curing to thermal curing where the
first UV curing stage was used to form the designed shape of fabricated
structure; the second thermal curing stage offered the fabricated struc-
ture higher mechanical property, and the capability of reprogramming
to another shape [26-34]. Griffini and coworkers [31] introduced a
dual-curing interpenetrating polymer network (IPN) system obtained by
mixing a UV-curable acrylic monomer with a thermally reactive epoxy
resin for UV-assisted direct ink writing (DIW). The mechanical perfor-
mance of the printed structures was enhanced by a thermal treatment
that followed. In addition, this dual-curing formulation was used to
fabricate carbon-fiber reinforced (CFR) composites. Cushen and co-
workers [32] invented epoxy dual-curing resins for 3D printing. In their
work, an intermediate 3D object was formed with resin exposed to light,
which was further cured with sufficient heating and/or microwave
irradiation. Qi and coworkers [33] also reported a hybrid ink containing
both photocurable resin and thermally curable epoxy resin, which was
used to realize high-speed printing of high-performance thermosets via
two-stage curing. Besides, dual-cure benzoxazine networks [34], dual-
curing acrylate-isocyanate ester system [35] and dual-curing resin
with cationic curable vegetable oil [36] have also been used in 3D
printing. The main purpose of introducing the second stage curing is to
improve the mechanical and thermal properties of printed thermosets
[37]. Besides, two-step 3D printing approach has also been used in

constructing thermosets with shape-memory properties [38,39]. How-
ever, even the network buildup process during the first curing stage
allows tailoring the structure and properties of the intermediate mate-
rials [10,20,23], there are seldom works that combine this property of
dual stage materials with advanced manufacturing. Recently, Zhang
et al. reported a two-step polymerization strategy to develop 3D print-
able reprocessable thermosets (3DPRTs) that allow users to reform a
printed 3D structure into a new arbitrary shape [40]. However, the
relatively low glass transition temperature (~55 °C) and room temper-
ature modulus (900 MPa) constrain the 3DPRTs from practical
applications.

In this work, we report a dual-stage photopolymer system based on
synthesis of an epoxy functional methacrylate resin in two sequential
stages of, respectively, photo-activated radical polymerization and
thermally activated etherification (Fig. 1a). In the first stage (Stage I),
sophisticated two-dimensional (2D) patterns and micro-scale 3D struc-
tures were made by UV-based advanced manufacturing technologies,
such as digital light processing (DLP) and imprint lithography [19]. In
the second stage (Stage II), the complex structures obtained could be
easily programmed into other desired shapes by thermally triggered
curing. In Stage II, a highly crosslinked, robust polymer network with
glass transition temperature ranging from 67 to 100 °C was formed,
allowing the structures to permanently maintain their shapes. Factors
such as the curing time, the stability of the epoxy group and the effect of
the catalyst during the photopolymerization in Stage I were studied.
Effects of the concentration of catalyst and the processing temperature
on the mechanical performance of material in Stage II were investigated
as well. The final mechanical properties of the polymer system were
shown to be dependent on the proportions of monomer and crosslinker
with a glass transition temperature ranging from 67 °C to ~105 °C and a
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Young’s modulus of up to 1607 MPa. 2D structures made of this dual-
curing polymer network were demonstrated to be programmable into
rigid, permanent 2.5/3D ones. Furthermore, superhydrophobicity was
discovered for micropatterns fabricated from the intrinsically hydro-
philic material. Substrates with such patterns obtained from Stage I
could be molded with desired curvatures in Stage II for practical
applications.

2. Materials and methods
2.1. Materials

Glycidyl methacrylate, poly(ethylene glycol) dimethacrylate (Mn =
550 g/mol), Sudan I, diphenyl(2,4,6-trimethylbenzoly) phosphine oxide
and 1-Methyimidazole were purchased from Sigma-Aldrich (Singapore)
and used as received.

2.2. Preparation of samples

Solutions were prepared by mixing Glycidyl methacrylate as mono-
mer and poly(ethylene glycol) dimethacrylate as crosslinker in different
concentrations and adding diphenyl(2,4,6-trimethylbenzoly) phosphine
oxide as initiator (5 wt% of total amount of monomer and crosslinker)
and 1-Methylimidazole as catalyst in different concentrations. The
prepared inks are stable for more than 1 month when stored in amber
laboratory bottles at —20 °C, which can be used directly for printing
(Fig. S1). Solutions were then poured into a Teflon mold with di-
mensions of 50 mm x 50 mm x 0.5 mm (length x width x thickness)
which was covered with thin transparent Teflon films. A Stage I film
sample was obtained by shining UV light of 365 nm wavelength on the
mold in a UV-oven (UVP, Ultraviolet Crosslinkers, Upland, CA, USA) for
10 min. The film was removed from the mold and manually cut into
strips of desired dimensions for simple tension and Dynamic Mechanical
Analysis (DMA) tests. Stage II samples were obtained by putting the
Stage I strip samples into a Memmert U universal heating oven (Ger-
many) for thermal treatment at the desired temperature.

In the following sections, the sample nomenclature will be further
defined as GxPy, where G and P represent glycidyl methacrylate (GMA)
and poly(ethylene glycol) dimethacrylate, while x and y correspond to
the weight concentrations of GMA and PEGDMA, respectively.

2.3. Preparation of solutions for 3D printing

The solutions for 3D printing were prepared by adding Sudan I (0.02
wt% of the total weight) as photoabsorber to the solutions used for
aforementioned sample preparation. All the solutions were degassed
under vacuum before use.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FT-IR) results were
recorded using ATR mode with a Magna-IR Nicolet 550 collecting 32
scans from 400 to 4000 cm ™.

2.5. Dynamic Mechanical Analysis (DMA)

DMA experiments were performed in the tension film mode on strip
specimens with dimensions of 15 mm x 3.5 mm x 0.5 mm (gauge
length x width x thickness) with a TA Instruments Q800 DMA tester.
The sample temperature was increased from 0 to 150 °C at a ramp rate of
3 °C min~!. The frequency was 1 Hz and the amplitude was 5 ym. The
glass transition temperature (T,) is determined as the temperature at
which the tané curve reaches its maximum.
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2.6. Simple tension test

Simple tension experiments on strip specimens with dimensions of
15 mm x 5 mm x 0.5 mm (gauge length x width x thickness) were
conducted using a TA ElectroForce 3230-ES mechanical testing machine
with a 450 N load cell at a strain rate of 0.01 s*. Simple tension test at
high temperature for each material composition (for both Stage I and II
samples) was performed at the specific temperature corresponding to
the minimum storage modulus of Stage I sample in DMA results to
eliminate the effect of thermally triggered etherification. Young’s
modulus was measured as the initial slope of the material stress-strain
curve in the linear regime.

2.7. 3D printing

The prepared UV-curable solutions were photopolymerized by Dig-
ital Light Processing (DLP) method [41]. A customized micro-
stereolithography system with a 405-nm wavelength light source was
used in this study. 3D models of structures in STL format were first sliced
into layers with the target thickness. Next, the printing parameters were
set with a LabVIEW program. The structures were printed with layer-by-
layer exposure to UV light. After printing, the extra solution on the
surface of the obtained 3D structures was removed by blowing air with a
rubber suction bulb. Finally, the structures were post-cured in a UV oven
(wavelength: 365 nm, UVP, Ultraviolet Crosslinkers, Upland, CA, USA)
for no less than 10 min to make sure all the methacrylate groups have
been consumed (Fig. S2).

2.8. Imprint lithography

High resolution and well-defined surface textures can be precisely
fabricated through imprint lithography. Silicon molds were cleaned
using Piranha solution (a 3:1 mixture of 96% sulfuric acid with 30%
hydrogen peroxide) at 120 °C for 30 min, rinsed with deionized water,
dried in a stream of dry nitrogen and kept in a clean oven at 100 °C for 1
h. The molds were further treated with a fluorosilane release agent (0.1
mL) for 4 h by vapour deposition of 1H, 1H, 2H, 2H-perfluorodecyltri-
chlorosilane self-assembled monolayer. This is to ensure that there is
no influence of silane on the subsequent contact angle measurements.
The prepared UV curable solution was then poured into the treated
silicon molds and cured for 10 s under UV light (wavelength: 265 nm).
Patterns were formed upon demolding.

2.9. Water contact angle measurement

Wettability of samples was characterized by measuring the static
water contact angles (CAs) using a sessile drop method on a contact
angle goniometer (Kino SL200KS). A deionized water droplet (4 pL) was
dispensed gently onto the sample surface using a motorized micro-
syringe, and a photograph of the water droplet was taken immediately
by the goniometer camera. CA values were obtained from the integrated
software in the goniometer. For every stretched sample batch (n = 3), at
least 5 measurements were conducted at the center of the neck region to
give an average value of contact angle in each of two directions:
perpendicular to and parallel with the stretching direction.

3. Results and discussion
3.1. Preparation of the dual-curing polymer system

To make the dual-curing polymer system suitable for UV-based
manufacturing technologies such as Digital Light Processing (DLP)
based 3D printing and imprint lithography, the first curing stage should
be photo-triggered. Based on this principle, we chose glycidyl methac-
rylate (GMA) as the monomer, poly(ethylene glycol) dimethacrylate
(PEGDMA) as the crosslinker and diphenyl(2,4,6-trimethylbenzoly)
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Fig. 2. The performance of UV-triggered photopolymerization in Stage I and thermal treatment in Stage II. (a) The curing time as a function of polymer resin
composition and the effect of the absorber (Sudan I, 0.02 wt%). G represents Glycidyl methacrylate (GMA); P represents poly(ethylene glycol) dimethacrylate. The
concentration of the initiator is 5 wt% of the total weight of monomer and crosslinker. The light source has a wavelength of 405 nm. (b) Dynamic Mechanical
Analysis (DMA) results of materials formed by curing the mixtures of GMA and PEGDMA (9/1 w/w) with and without catalyst (1-methylimidazole, 1 wt% of the total
weight of monomer and crosslinker) under UV light for 10 min. (c) Infrared spectra of the liquid resin composed of GMA and PEGDMA (9/1 w/w) with catalyst (1-
methylimidazole, 1 wt% of the total weight of monomer and crosslinker) and initiator (5 wt% of the total weight of monomer and crosslinker) (red) and the cor-
responding photopolymerized network (black, under UV light for 10 min). (d-i) The mechanical performance of the thermally treated materials obtained from UV-
cured mixtures of GMA and PEGDMA (9/1 w/w). (d) DMA curves, (e) The glass transition temperature (T,), and (f) Young’s modulus (at 30 °C and 90 °C) as functions
of the concentration of catalyst. All the materials were heated at 120 °C for 1 h. (g) DMA curves, (h) The glass transition temperature (T), and (i) Young’s modulus (at
30 °C and 90 °C) as functions of the processing temperature. All the materials contained 1 wt% of catalyst and were heated for 1 h.

phosphine oxide (TPO) as the photoinitiator to constitute the liquid resin
(as shown in Fig. 1b). In addition, 1-Methylimidazole was added as the
catalyst of etherification. As demonstrated in Fig. 1lc, a crosslinked
network is obtained after UV-triggered polymerization of monomer and
crosslinker solution, and the crosslinked network in stage I is from the
opening of the double bonds on difunctional dimethacrylate groups of
crosslinker (Fig. 1e). Next, the density of crosslinked network increases
upon heating (Fig. 1d) in Stage II due to etherification (Fig. 1f). The UV-
active methacrylate groups allow the materials to be printed in high
resolution and complex geometries by advanced manufacturing. The
epoxy group in glycidyl methacrylate provides the printed structures
with the potential to be further cured by heating (Fig. S3).

3.2. Study of UV-trigger photopolymerization in Stage I

The curing time, an important parameter in 3D printing, was studied
by varying the proportions of monomer and crosslinker in the resin. As
shown in Fig. 2a, the curing time decreases with increasing crosslinker
(PEGDMA) concentration. The time required for curing a 140-um-thick
layer is 87 s when the resin contains 10 wt% of PEGDMA, while this
value is reduced to 8.5 s for the resin with 50 wt% of PEGDMA. More-
over, the addition of dyes, which can improve the printing resolution
[42,43] also affects the curing time of the resin (Fig. 2a). Adding 0.02 wt
% of Sudan I causes the time to cure a single layer to increase by 3 ~ 5 s
irrespective of the resin composition. To avoid the impact of the reaction
conversion of first stage curing on the second stage curing, all the
samples from Stage I were cured under UV oven for at least 10 min
(Fig. S2).
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Despite the role of 1-Methylimidazole as the catalyst for the ther-
mally triggered etherification[44] in Stage I, it may also have an in-
fluence on the photopolymerization in Stage I. To investigate this, we
compared the dynamic mechanical analysis (DMA) curves of materials
from UV-cured liquid resins with and without catalyst (Fig. 2b). The
addition of catalyst does not significantly affect the storage modulus
within the temperature range from 0 °C to 80 °C. However, for higher
temperatures, the storage modulus is considerably greater for materials
with catalyst than those without it. This phenomenon can be attributed
to the catalyzed etherification at high temperature (>80 °C).

As the epoxy group is key to the thermally triggered etherification,
we studied its stability during the UV-curing process by Fourier trans-
form Infrared Spectroscopy (FT-IR). Fig. 2c shows the infrared spectra of
absorption of the liquid resin and the corresponding polymer network
obtained after 10 min of photopolymerization. There is, in both spectra,
a strong absorption band at 1726 cm™! which can be induced by the
stretching of ester group. As the ester group did not participate in the
UV-triggered polymerization, this peak was used to normalize the two
spectra. After UV-curing, the absorption band at 1600 cm ™! attributed to
C—C group almost disappeared, suggesting nearly complete consump-
tion of the monomers and crosslinkers. Meanwhile, the absorption bands
attributed to the pendant epoxy functional group at 755, 843, 905, and

1253 em ™! do not show apparent attenuation, thus demonstrating the
stability of the epoxy group during photopolymerization. Overall,
addition of catalyst and longtime UV-curing (no less than 10 min) do not
affect the stability of the epoxy group.

3.3. Study of thermal treatment in Stage II

3.3.1. Effects of processing conditions

The mechanical performance of the thermally processed materials
originating from the dual-curing polymer system could be affected by
several parameters, among which the concentration of catalyst and the
processing temperature are the most important.

We investigated the effect of the concentration of catalyst on samples
that, after UV-curing, underwent thermal treatment at 120 °C for 1 h.
The concentration was varied from 0.5 wt% to 2.0 wt%. Fig. 2d shows
the changes in storage modulus of the processed samples as a function of
temperature. The storage modulus increases with increasing concen-
tration of catalyst at high temperature. With 0.5 wt% of catalyst, the
etherification reaction is incomplete between 120 °C and 150 °C as
indicated by an upturn in storage modulus. For the same increase in
concentration of catalyst, the glass transition temperature (Tg), deter-
mined by the peak of tans measured in DMA tests, shifts from 93 °C to
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107 °C (Fig. 2e). The Young’s modulus at room temperature, calculated
from uniaxial tensile test results, is not affected by the concentration of
catalyst (Fig. 2f). Nonetheless, the Young’s modulus rises dramatically
from 7 MPa to 813 MPa at a high temperature set as 90 °C.
Mechanical properties of thermally treated materials were also
tested for different processing temperatures ranging from 90 °C to
220 °C while keeping the concentration of catalyst at 1.0 wt% and the
processing time at 1 h. As shown in Fig. 2g, the storage modulus grad-
ually increases with increasing processing temperature from 90 °C to
180 °C. The upturn in storage modulus at high temperature for the
sample processed at 90 °C in Fig. 2g and a similar behavior observed for
0.5 wt% of catalyst in Fig. 2d, could also be explained by the incom-
pleteness of etherification reaction. When we further increase the pro-
cessing temperature from 180 °C to 220 °C, no apparent increase in
rubbery modulus is observed, indicating an equilibrium state has been
reached. Similarly, the glass transition temperatures (Ty) increased from
98 °C to ~105 °C with the same increase in processing temperature and
were eventually stable at ~105 °C (Fig. 2h). The shift in T does not
affect the Young’s modulus of material at room temperature but rather
at high temperature, here set as 90 °C, where the value changes from
214 MPa to ~750 MPa (Fig. 2i). In addition, we further prolonged the
treatment time from 1 h to 2 h with the processing temperature from
180 °C, to 200 °C and 220 °C, respectively. As shown in Fig. S4, the
storage modulus curves are almost re-combined, demonstrating that the
materials properties reached a stable state when the post treatment
condition was set as 1 h at 180 °C. Further prolonged treatment time or
higher treatment temperature would not change the final properties of
materials. More detailed information is provided in Table S1.

3.3.2. Effects of material composition

Fig. 3a summarizes the T, values of materials with various pro-
portions of monomer and crosslinker in Stages I and II. The T, of Stage I
networks varies from 83 °C to 52 °C with an increase in crosslinker
concentration from 10 wt% to 50 wt%. As the T, of the pure polymers
from PEGDMA550 and GMA are ~4.7 °C and 88 °C (Fig. S5, Fig. S6 and
Table S1), respectively, which indicated that molecular chains from
GMA are more rigid than from PEGDMA, we speculate that the decrease
of Ty with increasing amount of PEGDMA in GxPy system is due to the
flexibility of PEGDMA molecular chains [45]. Moreover, as shown in
Fig. S7, GxPy system is found to be fit for Couchman equation [46],
which can be used to guide material design with a desired T by mixing
the GMA and PEGDMA with prescribed ratios: 1/Tg = M1/T} + M2/T2.

Here, Té and Tg are the glass transition temperatures of the respective
pure-components, and M1 and M2 are the corresponding mass fractions.
The T in Stage II shows a similar tendency, decreasing from 100 °C to
67 °C with the same increase in crosslinker concentration. More spe-
cifically, for a given crosslinker concentration, the T increases by 15 ~
20 °C after heating, i.e. from Stage I to Stage II, which might be attrib-
uted to thermally triggered etherification introducing additional cross-
links that restrict segmental chain mobility, and therefore results in the
increase in Ty at Stage IT [47-49]. As a reference for comparison, the T,
of homopolymer from polymerization of PEGDMA (PPEGDMA) shifts by
merely 5 °C after heating (Fig. S5).

The effect of material composition on the Young’s moduli is shown in
both Fig. 3b and c, respectively for uniaxial tensile tests at room tem-
perature and the specific high temperature at which the storage modulus
is minimum in DMA results of Stage I sample to eliminate the effect of
etherification triggered by heating. As shown in Fig. 3b, the Young’s
modulus at room temperature increases with decreasing PEGDMA
concentration. The Young’s modulus of this dual-curing polymer
network system in Stage I spans from 1146 MPa to 342 MPa at room
temperature with the crosslinker concentration varying from 10 wt% to
50 wt%. In comparison, the same material can attain a Young’s modulus
ranging from 1607 MPa to 807 MPa at room temperature after the
subsequent post-curing, hence demonstrating an improved mechanical
performance. Likewise, at high temperature (Fig. 3c), the post-heated
material (Stage II) also has a higher Young’s modulus than the same
material network obtained from photopolymerization (Stage I).

The failure strain is another critical material property especially for
shape programming as it dictates the capability of structure deformation
and/or actuation [50]. Fig. 3d shows the failure strain of Stage I mate-
rials as a function of material composition at both room temperature and
relatively high temperatures. Homopolymer PPEGDMA, which has a
very low break strain (~5%) at room temperature (30 °C), was used as a
reference for comparison. UV-curing of a resin mixture with 50 wt% of
PEGDMA and 50 wt% of GMA yields a material with failure strain of
45% at room temperature. As the proportion of GMA is further
increased, this value gradually decreases to as low as ~3% (G9P1: 10 wt
% of PEGDMA and 90 wt% of GMA). As molecular chains from GMA are
more rigid than from PEGDMA (Figs. S5 and S6), and considering the
resulting decrease of T, with increasing amount of PEGDMA in GxPy
system, we believe that the increase of the rigidity of molecular chains
hindered extended segment during stretching, resulting in brittle
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Fig. 5. Imprinting of dual-curing polymer network system. (a) Schematic demonstration of the imprinting process. (b) Snapshots of curved micropatterns with
different curvatures (R = 4.5 mm, to 5.5 mm and 10 mm) and SEM images of the surface with grating patterns in three different positions. (¢) SEM micrographs of
fabricated micropatterns at different scales. (d) Influence of the fabricated micropatterns on the water contact angle (WCA) with their corresponding WCA images as

insets. The used material is composed of GMA and PEGDMA at 6/4 (w/w).

fracture. Conversely, the failure strain increases from 12% to 82% when
the concentration of GMA is augmented from 50% to 90% at high
temperature. At high temperature, materials are under rubbery state and
the increase of the proportion of GMA leads to the decrease of cross-
linker concentration of GxPy system, and thus the increase of break
strain [48,49]. These results could provide guidance on the choice of
temperature for shape programming. More detailed information on the
mechanical performance of the dual-curing polymer network system is
provided in Fig. S10 and Table S2, respectively.

3.4. Examples of applications

3.4.1. 3D printing

The photo-triggered polymerization in Stage I makes the dual-curing
polymer network system suitable for UV-based 3D printing technologies,
such as Digital Light Processing (DLP) based 3D printing technology
(Fig. 4a). Fig. 4b demonstrates several structures which were printed
from the dual-curing polymer network system with our customized UV-
based 3D printing apparatus [19]. Furthermore, benefiting from the UV-
activity of the proposed dual-curing polymer network system, we can
easily create 2.5/3D structures from flat (2D) photopolymerized struc-
tures, thus reducing the fabrication time. As shown in Fig. 4c and d, we

first printed 2D sheets by DLP that can be further programmed into other
desired shapes at high temperature. The new shapes become final after a
thermal treatment. Three examples are shown: a printed flat sheet
showing the letters “SUTD” was bent into a free-standing shape; a
printed 2D lattice structure was rolled into a bracelet shape; and a
printed 2D configuration containing the separate letters in the “SUTD”
logo was programmed into a 3D box with the logo letters forming the
sidewalls. Obtaining these programmed structures with the reported
technique requires considerably less time than directly printing them
out in the final 3D geometries. Being stable even at higher temperatures,
the thermally processed structured are suitable for use in harsh envi-
ronments. Additionally, this dual-curing polymer system shows no
apparent shrinkage during heating (0.58%, Fig. S11), which is a highly
desirable characteristic in manufacturing. This method offers a facile
and convenient way to fabricate functional microstructures, e.g. as tools
for microfluidic dynamic study [51].

3.4.2. Soft-lithography

Inspired by nature, an increasing number of biomimetic surfaces in
micro-scale, which exhibit superhydrophobic properties, have been
successfully engineered [52-55]. Micro- and nanoscale surface topog-
raphies that give rise to superhydrophobic surfaces have been achieved
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mostly on 2-dimensional planar objects [56,57]. Recently, increasing
interests in superhydrophobic surfaces on consumer products, optics,
and biomedical devices demand topographic patterning on freeform
nonplanar surfaces [58-60]. The low viscosity and UV curable proper-
ties make our dual-stage thermosetting photopolymer system suitable
for imprinting technique to fabricate micropatterns. Moreover, the
formed micropatterns can be bent to the desired curved shapes with
strengthened mechanical performance. As shown in Fig. 5a, high reso-
lution and well-defined surface textures can be precisely fabricated
through imprint lithography (Detailed fabrication process can be seen in
Materials and Methods section). Fig. 5b shows substrates with micro-
patterns obtained from Stage I could be molded with different curva-
tures (R = 4.5 mm, 5.5 mm, and 10 mm) in Stage II for practical
applications. The shapes of the patterns are maintained without defor-
mation (Fig. 5b). As shown in Fig. 5c, 5-pm-wide pillar and 2-ym-wide
grating micropatterns that can maintain their shapes during the thermal
treatment are successfully fabricated (Fig. S12). The intrinsic water
contact angle (WCA) of the material is ca. 75° which is not affected by
the thermal treatment (Fig. 5d). The modified material with pillar pat-
terns on the surface has a WCA of up to 161° and is therefore hydro-
phobic. After thermal curing, this WCA value slightly increased from
161° to 169° (Fig. 5d). Meanwhile, grating patterns exhibit anisotropic
hydrophobic properties. As shown in Fig. 5d, the patterned surface is
hydrophilic with WCA at 59° when the droplet is placed parallel with the
grating direction. On the contrary, this material shows super-
hydrophobicity with WCA at 140° when the droplet is perpendicular to
the grating lines. This method offers a facile and convenient way to
fabricate functional and curved microstructures, e.g. tools for micro-
fluidic dynamic study.

4. Conclusions

In summary, a dual-curing polymer network based on sequential free
radical polymerization and etherification was developed. The first
polymerization step which is photoinitiated can be used for making
sophisticated architectures using UV-based advanced manufacturing
technologies. Two-dimensional (2D) and three-dimensional (3D) struc-
tures formed by the polymer networks in the first stage could be further
programmed into other desired geometries. A subsequent thermally
triggered curing step would render the new geometries permanent.
Moreover, the mechanical performance of these materials is improved
thanks to the generation of more densely crosslinked polymer networks.
For example, depending on the material composition, the Young’s
modulus and glass transition temperature in Stage I range from 342 MPa
to 1146 MPa and from 52 °C to 83 °C, respectively. After heating, the
respective values range from 807 MPa to 1607 MPa and from 67 °C to
100 °C. By exploiting the advantages of the two curing steps, we could
readily obtain rigid 2.5/3D structures by programming printed 2D
sheets at relatively high temperatures. Also, 3D printed patterned mi-
crostructures from the proposed materials can be easily programmed
into bent shapes with different curvatures, which may broaden the po-
tential applications of such structures. Furthermore, micropatterned
substrates created from the hydrophilic dual-stage crosslinked photo-
polymers by imprinting lithography exhibit superhydrophobicity. For
practical applications, the as-fabricated flat substrates can be further
molded with desired curvatures.
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