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ABSTRACT: Silica glass devices are widely used due to their exceptional physical and
chemical properties. However, prolonged usage may result in abrasion and contamination
of silica glass devices, adversely affecting the service life. One of the most effective
solutions to this issue is surface modification, in which superhydrophobicity with high
transmittance and mechanical robustness is highly desired. Inspired by the concept of
protective armor, we proposed a novel approach for the direct integration of robust and
transparent superhydrophobic structures on silica glass. In this method, micro-
stereolithography synergistic heat treatment processes are used to create a micrometer-
scale biomimetic frame on the surface of silica glass and then filled with in situ deposited
nanoparticles. The superhydrophobicity of the surface can be obtained through the
nanoparticles, and the biomimetic frame can protect the surface from direct contact with
external objects to achieve durability. This process allows the preparation of
superhydrophobic silica structures on the silica device surface at temperatures below its
melting point, which prevents any damage to the devices during the heat treatment.
Moreover, up to 90% transmittance does not affect the performance of silica devices. The composite structure maintains a contact
angle of over 150° after multiple abrasion tests, verifying the mechanical robustness. This innovative process paves the way for
forming a high mechanical robustness and excellent transmittance protective layer on silica glass devices, which expands the
application field.
KEYWORDS: microstereolithography, silica glass, superhydrophobic structures, high transmittance, mechanical robustness

1. INTRODUCTION
Silica glass has attracted significant attention in optics because
of its splendid optical transmittance, broadly applicable
spectrum, high environmental suitability, and high laser
damage threshold.1−7 Optical devices based on silica glass
often exhibit excellent physicochemical properties and optical
performance. In recent years, the rapid development of
additive manufacturing technology has provided an effective
processing method for the preparation of silica glass
devices.8−12 As a result, numerous difficult-to-machine glass
devices such as lenses, microlens arrays, and microfluidic
channels have been extensively researched and fabri-
cated.8,13−17 However, long-term practical applications may
cause abrasion and contamination on the surfaces of silica glass
devices in contact with air due to their hydrophilicity. For
example, long-term exposure of the optical lens device can
result in abrasion and the accumulation of large amounts of
contaminants. Moreover, high air humidity could cause fogging
and corrosion on the surface of silica devices, leading to
decreased transparency and surface damage.18−21 These
damages have a severe impact on the life of the device.
Manual cleaning is often adopted to minimize the harmful
effects of surface contamination and maintain surface

cleanliness. Still, this method undoubtedly increases labor
costs and the probability of defects such as scratches.
Therefore, self-cleaning is particularly important in order to
ensure high transmittance and abrasion resistance and prolong
the service life of silica glass devices.
Self-cleaning often relies on superhydrophobicity, which

reduces the water adhesion on the device surface and enables
the rapid slide of water droplets. This sliding motion effectively
removes contaminants, ensuring a consistently clean surface
and maintaining high optical transmittance of the device.22−24

Inspired by the “lotus effect”, the preparation of super-
hydrophobic surfaces is based on two primary considerations:
reducing the surface free energy and increasing the rough-
ness.25−27 Currently, various methods such as laser process-
ing,28−32 templating method,33 sol−gel method,34,35 and
chemical vapor deposition36,37 have been adopted to achieve
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superhydrophobicity. Considering that the fabrication of
microstructures on the surface of optical devices may seriously
affect the performance of the device, the methods to achieve
superhydrophobicity on the surface of silica glass mostly rely
on spraying hydrophobic coatings.38−40 However, the super-
hydrophobic coatings are not mechanically stable, which are
easily detached from the glass surface and can hardly resist
mechanical abrasion. Achieving hydrophobicity, transparency,
and mechanical robustness simultaneously on silica glass
device surfaces is still challenging. Recently, the concept of
protective armor has been proposed to achieve wettability and
mechanical robustness through two different scale structures.
This method can effectively solve the above problems, but
meanwhile, it imposes strict requirements on the processing
technology.41

In this work, a novel solution for the direct integration of
robust and transparent superhydrophobic coating on silica
glass has been presented. The process utilizes a self-built digital
micromirror device microstereolithography (DMD μ-SLA)
system and “liquid glass” materials. A silica biomimetic frame
structure containing nanoparticles has been successfully
prepared on the silica glass surface via the μ-SLA and in situ
deposition technology. The structure mimicked in this work is
the surface of allium seeds. Regarding the seeds, detailed
scanning electron microscope (SEM) and dynamic, static
contact angle test results are shown in Figures S1 and S2,
respectively. The test results are described in detail in the
Supporting Information. However, in this work, we have
chosen to mimic only the closely arranged ring-like structure of
the allium seed surfaces. The unique structure facilitates the
accommodation of more superhydrophobic nanoparticles,
while the irregularity and complexity of the structure confirm
the fabrication flexibility of the proposed manufacturing
process. The nanoparticles endow the glass surface with
superhydrophobicity, while the frame can protect the surface
structures from direct contact with the external. Wettability,
transmittance, and mechanical robustness tests have shown
that the structures exhibit excellent hydrophobicity, optical

transmittance, and robust properties. The composite structure
remains superhydrophobic even after being subjected to high
temperatures, acid and alkali solvent immersion, water flow,
and mechanical abrasion. Additionally, the innovative reve-
lation and verification of the shrinkage type during the heat
treatment of synergistic glass substrates provide guidance for
subsequent structural compensation. The μ-SLA system, with
ultrahigh processing accuracy, can rapidly prepare any desired
structure on the surface of silica glass. Our proposed
fabrication method provides the technical basis for achieving
self-cleaning and abrasion-resistance silica glass devices to meet
specific application requirements.

2. RESULTS AND DISCUSSION
To complete the fabrication efficiently, the DMD μ-SLA
system was set up as shown in Figure 1a. The DMD μ-SLA
system consists of a front-end illumination system, a digital
micromirror device, a projection lens system, a piezoelectric
moving platform, and a mechanical and electrical control
system. The front-end illumination system employs a LED
light source with a central wavelength of 386 nm to shine on
DMD. The DMD chip contains 1024 × 768 micromirrors that
tune the light pattern according to the input mask. In addition,
a 2× objective lens (NA = 0.055) is used as a projection lens to
reduce the size. Each micromirror measures 13.68 × 13.68 μm
in this system, representing a single pixel. After the 2× lens
reduction, the single pixel size is 6.84 μm theoretically, and the
maximum machining size is 7004.16 × 5352.12 μm. DMD
loads the mask pattern to be exposed, and the reduced pattern
is projected onto a glass substrate with “liquid glass”. Then,
“liquid glass” is underexposed until a complete object is
formed. The fabrication process of the biomimetic frame is
described in Figure 1a−c. Furthermore, the fabrication
processes of the superhydrophobic nanoparticles for frame-
filling are illustrated in Figure 1d,e. For more details, refer to
the Experimental Section.
In order to validate the proposed approach, an experimental

verification was conducted on the surface of silica glass. To

Figure 1. Fabrication processes for transparent and robust superhydrophobic structure on silica glass. Panels (a) and (b) illustrate the composition
of the DMD-μSLA system and the structure printed by this system. Panel (c) shows the heat-treatment process. Panels (d) and (e) present the
process of the in situ deposition method.
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enhance hydrophobic properties, two important factors need
to be focused on: narrow enough edges and customized frame
height to accommodate more silica particles, which requires a
defined horizontal and vertical resolution for μ-SLA. Thus, the
effect of exposure time on the single pixel line width of the
configured “liquid glass” was investigated. Figure 2a shows the
line width versus exposure time, which increases with
increasing exposure time from a minimum of 4.47 to 11.31
μm. The inset of Figure 2a displays a microscopic image of a
single line captured at various exposure times from 10 to 50
and 120 s. As seen in the inset, the lines appear broken at
exposure times of 10 and 20 s due to underexposure. The line
width is close to the unit pixel size (6.84 μm) at an exposure
time of 30s. Also, when the exposure time exceeds 30 s, all are
in the overexposed states. However, the overexposed state may
be conducive to fabricating superhydrophobic surfaces. See
Figure 5 for more reasons. The main reasons are explained in
the related description of Figure 5.
The height of the structure is a crucial factor in achieving

superhydrophobicity and high robustness. Therefore, it is
particularly important to investigate the relationship between
exposure dose and exposure thickness. In order to improve the

vertical resolution of “liquid glass”, a suitable amount of UV
absorber was added. For μ-SLA, the processing thickness is
proportional to the exposure time. Figure 2b shows the Cd−
ln(E) relationship between exposure volume and thickness.
With the addition of the absorber, the vertical resolution of the
“liquid glass” gradually increases. A vertical resolution of 5 μm
is achieved at 0.4 wt % of the Sudan orange G. Based on the
empirical equation for photopolymerization additive manufac-
turing (1), the required exposure time based on the expected
exposure thickness can be calculated42

=
i
k
jjjjj

y
{
zzzzzC D

E
E

lnd p
c (1)

where Cd is the curing depth, Dp is the penetration depth
indicated by the slope of the curve, Ec is the critical exposure
dose expressed by the x-intercept of the curve, and E is the
energy dose, which is the product of the optical power density
and the exposure time. All the cured texts of “liquid glass” are
measured under an optical power density of 19.84 mW/cm2.
Based on the calculations, the exposure is performed on a silica
glass substrate to obtain a biomimetic microstructure (green
body). To further confirm whether the thickness is uniform, a

Figure 2. (a) Exposure time versus line width of a single line in a μ-SLA system, inset shows a microscopic image of a single pixel line with different
exposure times; (b) variation of the cured thickness versus exposure of “liquid glass”.

Figure 3. (a) Photographs of “liquid glass” with different silica contents. TG-DTA curves (b) and heating rates (c) for “liquid glass”. Panel (d)
compares the results obtained after sintering of “liquid glass” with varying silica contents. Panel (e) illustrates the profile testing results of the
microstructure before and after heat treatment. Panel (f) shows the shrinkage mechanism.
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profile test on the exposed structure is performed. Also, the test
results are shown in Figure S3. Both the inset and the profile
curves confirm the uniformity of the structure after solid-
ification.
The obtained green body has micrometer-sized frames,

which have poor mechanical properties and are often
accompanied by cracking during fabrication. In addition, as
the green body needs to be heat-treated to become silica glass,
cracks in the microstructure often occur at both the
development and heat-treatment stages. Cracking during
development is often caused by the extremely fast volatilization
of the organic solvent used to clean the unpolymerized “liquid
glass”, leading to uneven stresses within the printed object.
This can be removed by using a slower evaporating solvent,
such as 5‰ NaOH solution. The occurrence of cracking
during the heat treatment stage is often due to a mismatch in
the heating rate and the silica content of “liquid glass”.
Photographs of “liquid glass” with different silica contents

are shown in Figure 3a to investigate the factors that lead to
cracking during heat treatment. These samples will be used for
microstructure fabrication. It should be noted that when the
content of SiO2 is up to 60 wt %, the “liquid glass” becomes
less fluid and more viscous, making the μ-SLA process
impossible. Therefore, the materials that can be used for μ-
SLA are “liquid glass” with a SiO2 content of 40−55 wt %.
The heat treatment process is often very time-consuming

and can lead to several defects, including cracking,
delamination, distortion, and collapse, which ultimately impact
the integrity of the sample. However, the heating rate during
the heat treatment can be optimized by the TG-DTA curve, as
demonstrated in Figure 3b. TG analysis reveals four distinct
stages of mass loss during the process of debinding. According
to the test results, it can be inferred that the 4.41% mass loss
between 60 and 160 °C is primarily attributed to the
evaporation of water. The mass loss of 3.65% occurs between
160 and 250 °C owing to the evaporation of unpolymerized
resin. On the other hand, at a higher temperature ranging from
250 to 340 °C, 29.53% of the mass loss is primarily caused by
the oxidative decomposition of the polymer. Subsequently,
from 340 to 600 °C, the removal of incompletely oxidized
carbonyl groups from the printed parts accounts for 6.81% of
the mass loss.3,43,44 Moreover, the remaining mass accounts for
55.6%, which is close to the SiO2 content of 55 wt %. To
ensure the integrity and morphology of the sample, separate
holding steps were set for the debinding process at 160, 250,
340, and 600 °C. Additionally, the heating rate was set as 0.5
°C/min from 250 to 340 °C and 1 °C/min for the rest. To
ensure uniform heating and prevent distortion of the sample,
the heating rate was carefully controlled. Specifically, the rate
was set to 3 °C/min from room temperature up to 1050 °C, at
which point it was decreased to 1 °C/min until reaching a final
temperature of 1180 °C. During the sintering process, the
holding time was set as 4 h and subsequently cooled to room
temperature within the furnace. The entire heat treatment time
was 31.5 h, and the heating rate curve of the entire heat
treatment can be seen in Figure 3c.
According to the optimized heat treatment process, silica

glass biomimetic structures with different solids contents were
prepared (Figure 3d). A vacuum degree of 5 × 10−2 mbar leads
to the closure of pores during the heat treatment. The “liquid
glass” with a silica content of 40−50 wt % has a lower solid
loading which intensifies the volume shrinkage during the
sintering process, thus leading to fractures of the structure. In

comparison, the “liquid glass” with a solid content of 55 wt %
exhibits no cracks or porosity and excellent transparency after
vacuum sintering. This suggests that a silica content of 55 wt %
is suitable for μ-SLA.
The removal of organic matter and the increasing

densification of the samples during the heat treatment process
results in a dramatic shrinkage.3 However, as the μ-SLA is
carried out on a silica glass substrate and the heat treatment
process is also sintered together with the substrate, the type of
shrinkage differs from the conventional linear shrinkage. In
consideration of the irregularity of the prepared biomimetic
frame, it is difficult to test the same position before and after
sintering, resulting in significant measurement errors. We
designed regular microstructures using the same material and
fabrication technique. Moreover, the Alpha-Step D300 profiler
was taken to profile the prepared microstructures. The results
of the tests before and after sintering are shown in Figure 3e.
The type of shrinkage can be analyzed by comparing the data
in Figure 3e. The height of the microstructure before heat
treatment is 17.64 μm, and the width in the cycle is 100 μm.
After sintering, the width remains the same, the height is
reduced to 8.79 μm, and the shrinkage of the Z-direction can
be calculated as 49.83%.
If the printed structure undergoes linear shrinkage during

the heat treatment, the shrinkage can be calculated by the
following formulas 2 and 3:44

=Y 1 ( )S
1/3 (2)

=
+

w

w w

/

/ (1 )/
g

g p (3)

where YS represents the shrinkage rate and w is the content of
SiO2 in the mixed solution; the density of the fused silica glass
is denoted as ρg, taken as ρg = 2.219 g/cm3; the density of the
liquid mixture excluding silica, represented as ρp, was measured
to be 1.125 g/cm3.
The formula was defined using the ratio of change in

volume. Thus, the exponent of 1/3 in formula 2 represents
isotropic contraction in the three-dimensional direction (X, Y,
and Z directions). Also, if the shrinkage occurs in the one-
dimensional direction (Z direction) only, the exponent should
be 1.
Unlike isotropic shrinkage, the heat treatment of the

biomimetic frame is carried out together with the silica glass
substrate, which results in anisotropic shrinkage. The
debinding and sintering of the “liquid glass” is essentially the
removal of the organic material and the fusion of silica
nanoparticles at high temperature and pressure, and the
process is described in Figure 3f. Because the heat treatment is
carried out together with the silica substrate, the silica substrate
undergoes a certain extent of softening at high temperature and
pressure, and the silica nanoparticles in the “liquid glass” fuse
with the softened substrate. During the heat treatment, the two
parts gradually fuse, and the mechanical pull provided by the
silica substrate prevents shrinkage of the structure in the X and
Y directions. In contrast, there is no mechanical pull in the Z
direction, so the biomimetic structure shrinks more in the Z
direction after sintering. But if the shrinkage occurs only in
one-dimensional (Z direction), the shrinkage rate can be
calculated as 61.75%, quite different from the test result of
49.83%.
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The large discrepancy between the theoretical and calculated
values suggests that shrinkage does not only occur in the one-
dimensional direction. The mechanical pull prevents shrinkage
in the X-Y directions of the part in contact with the glass
substrate, as evidenced by the consistent widths of the cycle
before and after heat treatment. There is shrinkage in the part
that is not in contact with the glass substrate, and this
shrinkage is reflected in two main points: a reduction in height
and a decrease in width, as illustrated in Figure 3e ① and ②.
Both of these shrinkages are due to the lack of mechanical pull

provided by the substrate in the areas not in contact with the
glass substrate. Due to the high height of the printed structure,
a greater range of shrinkage can be allowed, and therefore, a
greater amount of shrinkage is more likely to occur in the Z
direction, while there is also a slight shrinkage in the X and Y
directions. In summary, the shrinkage in the Z direction was
considered as a shrinkage of 1.5 dimensional, and the
exponential of formula 2 should be 2/3. The shrinkage YS
can be calculated as 47.30%, consistent with the test result of
49.83%.

Figure 4. Panel (a) illustrates a picture of the fabricated BSSG and the transmittance spectra. The inset presents a comparison between the
transmittance of silica glass and that of BSSG. Panel (b) shows an optical microscope photograph of the BSSG, and insets (i, ii) present the
wettability of the silica glass surface with and without the biomimetic frame. Panels (c−f) present SEM images of the BSSG and the internal filler at
varying magnifications.

Figure 5. Panel (a) presents the exposure time required for different f to reach the same height of 12 μm. Insets: mask patterns under the condition
of f = 18% and f = 8%. Panel (b) shows the effect of f on wettability and mechanical robustness. Panels (c−e) present the photographs after μ-SLA,
debinding, and sintering at f = 8%, respectively. The insets show the contact angle after filling with nanoparticles.
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Figure 4a shows the images of a biomimetic super-
hydrophobic surface based on silica-glass (BSSG) and silica
glass. Furthermore, a comparison of the transmittance between
the two samples is also presented. As shown, the transmittance
of the manufactured BSSG is lower than the 93% transmittance
of silica glass. However, the transmittance in the visible range is
still over 90%, rendering it suitable for a diverse range of
applications. Figure 4b displays microscope photographs of the
silica glass and BSSG. Furthermore, the structural integrity and
surface smoothness of BSSG can be confirmed. The inset in
Figure 4b shows the CA (38°) of silica glass (i) and the CA
(27°) after the growth of the biomimetic structure (ii). The
reduction of CA can be attributed to the increased surface
roughness resulting from the production of microstructures. In
order to present the morphology of the biomimetic structure
and the filled particles better, SEM tests were performed.
Figure 4c−f shows the SEM images of the BSSG filled with
silica nanoparticles at different magnifications. The surface
structure and the filled silica nanoparticles of BSSG can be
observed. The frame structure of the BSSG is filled with a large
number of silica nanoparticles, which is an important guarantee
for achieving superhydrophobicity. The composite structure of
protective armor synergistic of nanoparticles ensures that even
under extreme test conditions such as mechanical abrasion,
there is sufficient nanoparticle filling to achieve excellent
wettability properties. SEM tests show that the biomimetic
frames used to accommodate the superhydrophobic nano-
particles are compact and have a high degree of integrity. Also,
the surface morphology of the superhydrophobic nanoparticles
used to fill the frame is highly consistent with structures
prepared by in situ deposition reported before. 41,45

Furthermore, the principle of introducing the protective
frame is that the introduction of the microstructure must not
impact the superhydrophobic properties of the surface.41 Since
the hydrophilicity of silica glass, the width of the protective
frame will have a decisive influence on the wettability of the
microstructure. The structural occupation f determines the
width of the protective frame, and f is defined as the percentage
of the white part in the entire mask pattern, as demonstrated in
the insets of Figure 5a.
Mechanical robustness and wettability often exist in

contradiction. To investigate the impact of structures with
various f values on the wettability as well as mechanical
properties and to probe for the most suitable f, structures with
different f values were fabricated and filled with nanoparticles.
When investigating the effect of f on wettability and
mechanical properties, it is necessary to ensure that structures
with different f values have the same height. As f represents the
duty cycle of the white pattern, less duty cycle requires more
exposure time during the μ-SLA process. This means that
structures with small f values require longer exposure times to
achieve the same thickness. For BSSG, the most important
feature is the high transmittance and mechanical robustness. If
the frame structures of BSSG are too high, too many
nanoparticles will be filled, and the high transmittance will
be affected. If the structure is too low, the mechanical
robustness will be poor. After experimental exploration, we
finally settled on a sintered thickness of 6 μm as the optimum
thickness. According to the theoretical analysis in Figure 3e,
the actual height after exposure is almost 12 μm. Thus, the
thickness of the frame could be determined.
Figure 5a illustrates the time required to reach a thickness of

12 μm for structures with f values of 8, 18, 25, 48, and 100%.

Although the long exposure time will increase the line width,
the overexposure state is rather favorable for fabricating the
biomimetic frame structure in the actual processing. This is
because the light field intensity of the pixels projected by the
DMD exhibits a Gaussian distribution, and because of this, the
frame structure will take on a narrow top and wide bottom
shape under long-time exposure. The width of the uppermost
structure will even present a subpixel size. The narrower the
line width, the more beneficial it is to eliminate the influence of
the silica with hydrophilic on the entire superhydrophobic
surface performance. Therefore, the selection of 120 s exposure
time is reasonable.
Figure 5b demonstrates the impact of f on both the

wettability and mechanical robustness. The mechanical
abrasion test was carried out with a 5 N weight, which was
reciprocated over the structure for one cycle as a count. As
depicted in Figure 5b, the composite structure exhibits optimal
wettability with a CA of 160.8° ± 3.3° when the value of f is set
to 0. However, due to the lack of protection from the
biomimetic frame, it can only withstand 3 counts of abrasion
and is not of high application value. The sample with f = 8%
has a CA of 153.4° ± 1.2°, which is close to that of the sample
at f = 0 and has superhydrophobic properties. Thanks to the
protection of the frame, the structure still has a CA of 151.7° ±
2.0° after 20 abrasions. The abrasion resistance makes this
sample very valuable for applications. With the increase of f,
the abrasion resistance of the composite structure gradually
improves, but the CA continues to decrease. By the time of f =
18%, the contact angle has reduced to around 120.3° ± 2.4°,
and the superhydrophobicity is lost. When f increases to 48%,
the composite structure can resist 80 mechanical abrasions, but
the CA is almost 88.3° ± 2.5°. At this point, hydrophobic
properties and the application value are both lost. Therefore,
considering both the wettability and the mechanical robust-
ness, f = 8% was considered the optimum percentage.
Structures with f = 8% were selected for further testing.
Figure 5c−e shows photographs after μ-SLA, debinding, and

sintering at the sample with f = 8%. The debinding process is
one of the most time-consuming stages of heat treatment;
unwilling deformations, such as cracking, curling, etc., could
occur during this process. When unwilling deformation occurs,
the preparation of the biomimetic frame could fail. As can be
seen from the graphs, no unwanted deformations occur after a
reasonable thermal debinding process, which demonstrates the
reasonableness of the heating rate based on the TG curve.
After high-temperature sintering, BSSG with f = 8% was
successfully prepared.
However, the images obtained through the SEM show that

the porous structure is heterogeneous (Figure 4c−f). To make
the testing of contact angles more reliable, several positions
were selected for contact angle testing. The test results are
shown in Figure S4; it can be seen that contact angles at
different locations of the BSSG are all greater than 150°and
with good superhydrophobicity.
In order to define the BSSG surface precisely and to further

analyze the adhesion of the BSSG surface to water droplets,
dynamic contact angle tests are performed. The test results are
shown in Figure S5. The advancing contact angle (θA) and
receding contact angle (θR) of the BSSG were tested to be
156.4° ± 1.2° and 151.5° ± 1.1°, respectively, and the contact
angle hysteresis (CAH) is 4.9° ± 2.3°, which means that water
droplets may tend to move more easily on the BSSG.
Furthermore, the sliding angle (SA) was recorded as 6.8° ±
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0.7°. Excellent static and dynamic contact angles confirm the
excellent superhydrophobicity of the BSSG. Hence, BSSG can
be defined as a superhydrophobic surface.
Dynamic and static contact angle tests and performance

comparisons show that the fabricated BSSG samples have
excellent superhydrophobic properties, which is compatible
with previous works (Table S1).
In summary, the sample with f = 8% has the best wettability

and was therefore selected for further testing.
Self-cleaning properties are a distinct characteristic of

superhydrophobic surfaces. In order to investigate the self-
cleaning capability of BSSG, the soil was separately distributed
on both the BSSG and silica glass surfaces, as demonstrated in
Figure 6a. Using a pipette, an equal amount of water droplets

continuously dropped onto both surfaces. Due to the
superhydrophobicity of the BSSG, the droplets roll off the
superhydrophobic surface and carry the contaminants away
from the surface, leaving a clean BSSG surface. In contrast,
owing to the hydrophilicity of the silica glass, the contaminants
continue to be present on the silica glass surface, as depicted in
Figure 6b. Figure 6c illustrates the transmission spectra of the
BSSG in a variety of states. The soil cover reduces the BSSG
transmission rate from 90 to 47%. After self-cleaning, the
contaminants are completely removed, and the transmission
rate increases to 90% again. The entire self-cleaning process
can be seen in Movie S1. The above tests show that the BSSG
has excellent self-cleaning properties and is of high practical
application.
Liquids of various compositions and viscosities were dripped

onto the surface of BSSG to test the wettability. As
demonstrated in Figure 7a, droplets are spherically distributed
on the surface of BSSG, indicating that BSSG exhibits excellent
wettability. The volume of liquid used in Figure 7a was
approximately 60 μL.
The practical application of BSSG requires thermal stability

under high temperatures. A thermostatically heating stage was
taken to test the thermal stability of BSSG. The samples were
periodically removed, and the contact angle (CA) was
measured after cooling to room temperature. The test results
are illustrated in Figure 7b, which shows that the CA of the
BSSG remains at 152° even after 3 h of exposure to
temperatures close to 200 °C. This results from the
combination of the silica glass’s extremely high thermal
stability and the filler material’s thermal stability with an
upper limit of 350 °C.

Moreover, the practical application of BSSG requires it to be
chemically stable in corrosive aqueous media. To assess this,
the impact of pH on the surface wettability of BSSG was
studied, as can be seen in Figure 7c. The results suggest that
the surface of BSSG is not significantly affected by corrosive
aqueous media as the CA of water remains nearly 150° at all
pH values.
Furthermore, abrasion resistance tests were carried out to

explore the mechanical robustness of the structure. The
abrasion resistance tests proceeded with a weight of 5 N
(Figure 7d). In order to demonstrate the mechanical
robustness of the BSSG better, 50 times abrasion tests were
carried out. The test results are shown in Figure 7d. As can be
seen from the figure, the CA of the BSSG surface is still >150°
and with good superhydrophobicity even after 20 times
abrasion with a 500 g weight. Continuously increasing the
number of abrasions, the CAs present a decreasing trend. The
decrease in CA is due to the structural damage of the BSSG
surface and the disappearance of the superhydrophobic
particles caused by the multiple abrasions. When the abrasions
number reaches 50 times, the surface of the BSSG illustrates
obvious abrasion, and the frame structure is even fractured to a
large extent. The fracture of the structure directly leads to the
loss of the superhydrophobic nanoparticles, and the fractured
structure also has a negative effect on the CA. After extensive
abrasion, the CA of the BSSG decreases significantly. However,
even after 50 abrasions, the CA of the BSSG was still 120.1° ±
2.1°, showing a certain degree of hydrophobic properties. This
demonstrates the excellent abrasion resistance of the BSSG.
In practical applications, avoiding the influence of water flow

on BSSG is unrealistic. Hence, it is crucial to study the effect of
water flows on BSSG. The BSSG was subjected to under 20 cm
of water with a water velocity of 20 cm/s. Obviously, the
contact angle of the BSSG did not change significantly, even
after 10 min of water impact (Figure 7e). The microstructure
diagrams of the test surface before and after various tests are
illustrated in Figure S6.
The mechanism of the BSSG that enables excellent

robustness and superhydrophobicity is depicted in Figure 7f.
The silica glass frame with ultrahigh mechanical properties
provides primary protection to the filling when the surface is
worn with mechanical forces, keeping the superhydrophobic
filling from being abraded. Continuing to increase the
mechanical pressure or abrasion time will lead to the abrasion
of the silica glass protective frame and, consequently, to the
removal of the superhydrophobic filler. However, due to the
thickness of the silica glass protective frame and the
superhydrophobic filler, the substructure can still function
and achieve superhydrophobicity after damage to the upper
structure. Similarly, in water flow experiments, the rigid
microscale interconnected frame structure reduces the abrasive
effect of high-speed water flow. As a result, the hydrophobic
nanomaterials inside the frame were protected. The air trapped
inside the enclosed cavity increases the pressure difference
between liquid and air, preventing puncture by water
flow.41,46,47 Thus, the superhydrophobicity is maintained.
The feasibility of the proposed fabrication method is

demonstrated by these test results under extreme conditions.
It is noteworthy that the proposed machining scheme can
achieve high transmittance, high robustness, and super-
hydrophobicity on silica glass substrates simultaneously also
means that the process can be applied to the secondary
processing of silica glass device surfaces. The modified surface

Figure 6. Comparison of the results before (a) and after (b) self-
cleaning. Panel (c) presents the transmission spectra of the BSSG in a
variety of states.
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of the silica glass device will be more widely used as it will have
good robustness without compromising the performance itself.

3. CONCLUSIONS
In this work, an innovative strategy was proposed to directly
integrate robust and transparent superhydrophobic structures
on silica glass. This strategy allows the modification on the
surface of silica glass devices, which retains its properties while
providing self-cleaning capabilities and mechanical robustness.
The additional excellent properties extend the application and
enhance the lifetime of the silica glass devices. In this process,
the shrinkage mechanism in the glass phase transformation

process and the type of shrinkage are innovatively revealed.
The superhydrophobic surfaces produced have an ultrahigh
optical transmittance (more than 90%). Contact angle tests at
high temperatures, immersion in solutions of different pH
values, mechanical abrasion, and after-water droplet impact
show the stability of the prepared composite structure. The
excellent optical properties and robustness validate the success
of the proposed fabrication strategy. This breaks the dilemma
of the contradiction between superhydrophobicity and robust-
ness and has opened up new possibilities for the rapid
development of optical device machining and applications.
Meanwhile, the high processing accuracy of the μ-SLA process

Figure 7. (a) Various fluids were used to test the wettability of BSSG. Panels (b−e) demonstrate the effects of temperature, pH, mechanical
abrasion, and water flow on the CA of the BSSG, respectively. The corrosion resistance of the sample was tested after 2 h of exposure to each pH
solution. Similarly, the high-temperature resistance of the samples was tested after 3 h of exposure to each temperature value. Panel (f) illustrates
the mechanism for excellent robustness and superhydrophobicity is revealed.
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allows the fast and cost-effective preparation of arbitrary
microstructures in less than tens of seconds. In addition, the
fabrication of highly geometrically complex 3D patterns on
glass devices can also be achieved. The method can be widely
applied to the protection of arbitrary functional devices such as
microlenses, microlens arrays, and even microfluidic chips.
Most importantly, the process can also break the material
limitation and rapidly prepare arbitrary 3D patterns with
complex geometry on the surface of heat-resistant materials
such as glass and ceramics. This beneficial and harmless
secondary processing method is very promising in terms of
material surface modification and material performance
enhancement.

4. EXPERIMENTAL SECTION
4.1. Materials. Hydroxyethyl methacrylate (HEMA), Sudan

Orange G, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide
(Irgacure 819), tetra(ethylene glycol) diacrylate (TEGDA), dieth-
yleneglycol dibenzoate (DEDB), tetraethoxysilane (TEOS) and
trichloro(1H,1H,2H,2H-tridecafluoro-n-octyl)silane (FOTS) were
supplied by Aladdin (China). The silica nanoparticles adopted in
this work are Aerosil OX50 (Evonik, Germany).
The “liquid glass” ratio: A homogeneous solution was formed by

29.3 wt % HEMA, 11.5 wt % DEDB, and 4.2 wt % TEGDA. The
MYP2011−50 stirrer was used to add 55 wt % OX50 in 10 batches for
20 min at 800 rpm. Following this, 0.5 wt % of Irgacure 819
(photoinitiator) and 0.3 wt % of Sudan Orange G (absorber) were
dispersed into the mixture. The mixture was further dispersed, and air
bubbles were removed using a vacuum-drying oven.
4.2. Fabrication of Silica-Glass-Based Biomimetic Frame.

The printed samples were developed by 5‰ NaOH solution, and the
developed samples were subsequently heat treated. The muffle
furnace (KSL-1100X, HF-Kejing, China) and the tube furnace (GSL-
1500X, HF-Kejing, China) were selected to conduct the debinding
and the sintering process, respectively. The debinding process was
carried out in an air atmosphere, while the vacuum condition was
adopted for sintering.
4.3. Fabrication of Superhydrophobic Nanoparticles. Bio-

mimetic frames were filled with nanoparticles using the in situ
deposition method proposed by Deng et al.,33,41 and Figure 1d,e
illustrates the entire process. The frame surface is subjected to a
burning candle flame to aggregate carbon nanoparticles onto the
microstructure surface. This is followed by chemical vapor deposition
(CVD). The surfaces coated with candle soot were exposed to a
vacuum environment containing two glass containers, each with 2 mL
of TEOS and ammonia, for 24 h at room temperature under vacuum
conditions. Silica nanoparticles could be produced by this process.
Then, the samples underwent calcination at 600 °C for 2 h to remove
the carbon particles and obtain hollow silica nanoparticles. Finally, the
composite structure underwent a process of CVD similar to the above
steps using FOTS to obtain superhydrophobic properties.
4.4. Characterization. The thermal analyzer (ZCT-A, Beijing

JYGK, China) was adopted to obtain the thermogravimetric-
differential thermal analysis (TG-DTA) curves of the photo-
polymerized samples. The composite structure was analyzed using a
field emission scanning electron microscope (SEM) (FEI Quanta
FEG 250) and an Olympus optical microscope to determine the
morphology. The transmittance of the sintered samples was recorded
by a Hitachi UH4150 spectrophotometer within the wavelength range
of 300 to 900 nm. Structural profiles were obtained by an Alpha-Step
D-300 probe profiler. Contact angle testing was completed by KRUSS
DSA 100. The experimental errors presented in the graphs were
obtained from five independent measurements, and the volume of
water droplets used in the manuscript for both static and dynamic
contact angle tests was 3 μL.
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