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ABSTRACT: Flat, membrane-like materials made of graphene oxide (GO) & !1.0 —

nanoflakes have extraordinary mechanical properties including high stiffness, E =Ee¥ggl:émm

high strength, and low weight. However, the forming of complex nonplanar E 0.8¢ -Hqg t: min
i X -2 cight=3mm

structures from flat GO membranes is difficult because of the intrinsic > "

brittleness of GO. Here we present a simple and low-cost method to plasticize 7 0.6f Smm /s

vacuum-filtrated GO membranes using a cellulose additive. Compared with the §

pure GO membrane, the GO—cellulose membranes had a lower Young’s & 0.4¢

modulus but significantly improved ductility. Using the flat GO—cellulose &

membrane, we successfully embossed hemispherical caps with high geometrical !E 0.2¢

fidelity, smooth surfaces, and no tearing or other damages to the membrane. g

The stiffness of the embossed 3D structure was increased further by cross- @ 0.0

Cellulose Aluminum GO
paper foil

linking with a borax solution. Hemispherical caps made of 75 wt % GO with 25
wt % cellulose slurry combining borax cross-linking showed the highest
stiffness. This study extends the applications of GO membranes and allows the
harnessing of their extraordinary properties to nonplanar structures.

composite
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rate increases from 0.01% s~ ' to 0.1% s .'7 This rate-

attractive structural materials due to their high stiffness,

high strength, and low weight. However, they are very
brittle, and the reported elongation of GO membranes or
reduced GO membranes is below 1%,' ™ which is on the same
order of magnitude of ceramics and glasses. The brittleness of
GO comes from the limited movement and multiplication of
topological defects." Stone—Wales defects in the hexagonal
lattice of GO can be regarded as edge dislocation dipoles, but
they are tightly bonded and cannot move as easily as
dislocations in metals for plastic deformation.”® Flat GO
membranes have broad applications as acoustic diaphragms,”®
gas sieving,” flexible electronics,'*~'* and energy devices, * and
more elaborated designs that include nonplanar features would
greatly extend the range of these applications. The inherent
brittleness of GO membranes however makes it impossible to
form into 3D structures without tearing or cracking, and there
is therefore a need to improve their ductility. Several factors
govern the ductility of GO. The first one is the relative amount
of different oxygen-containing functional groups on GO. GO
flakes with a high amount of epoxide groups have a higher
failure strain than those with fewer epoxide groups, because of
an epoxide-to-ether transformation that dissipates strain energy
and hinders crack propagations.'*”'® Loading condition is
another factor: GO membranes are more brittle at higher strain
rate and can undergo a ductile to brittle transition when strain

F ree-standing graphene oxide (GO) membranes are
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dependent plasticity originates from the sliding of layers with
frictional stick—slip motions produced by the interactions
among the functional groups.'” Finally environmental effects
such as humidity can also influence ductility of GO
membranes. GO is susceptible to water plasticization due to
the restacking of GO nanoflakes in wet conditions, a
phenomenon that can be used to control deformation
pathways and failure mechanisms to make solid struc-
tures."* 2° However, most of these effects were observed at
the nanoscale and only improved ductility of a single GO flake
or a few layers of stacked GO flakes. How these nanoscale
effects translate to, and can be harnessed in macroscale
membranes is not fully understood. Another approach to
increase ductility of GO membranes could be the addition of
plasticizers. Phthalates, phosphates, adipates, benzoates, and
epoxidized fatty acid esters are plasticizers that are commonly
used for polymers, but these additives have limitations such as
high volatility, flammability, compatibility with other materials,
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health hazards, and environmental effects.”’ There are no

reports about enhancing ductility of GO membranes using
these common plasticizers, possibly due to difficulty in creating
homogenous dispersions. Because of the limited ductility of
GO-based materials, there are only a few reports of nonplanar
GO or GO-based composite structures. Reported methods
include origami and kirigami methods to fold-and-paste GO or
reduced GO structures such as coils and cross-signs made of
GO membranes,'” paper airplanes made of poly(acrylic acid-
co-(4- acrylamldophenyl)boromc acid) remforced GO mem-
branes™” or reduced GO—cellulose composites,”> and cranes
and twisted knots made by reduced GO membranes.**
However, these methods cannot create irregular curved
surfaces, and the final dimensions of the product are not
fully controlled. Also no mechanical tests were reported on
these folded or pasted structures, so the folding process
weakening the GO membrane remains a likely possibility. A
prime candidate forming method to process GO membrane
into 3D structure is embossing, a widely used method to
manufacture metal sheets into high-precision mechanical parts
for daily appliances, the automobile industry, and aerospace. In
the embossing process, out-of-plane shapes are created from a
thin and flat workpiece using shaped tools pressed together.”
In this study we extended the embossing technique to GO
membranes using cellulose. Cellulose is one of the most
abundant and renewable biopolymers.”® A pristine GO
suspensmn presents a good dispersion when mixing with
cellulose,”” and GO flakes can spread on the porous cellulose
skeleton.”®”” The long-chain structure of cellulose fibers can
prevent crack generation and propagation in the matrix
material.’® We hypothesize therefore that cellulose can
improve ductility and formability of GO membranes.

RESULTS AND DISCUSSION

Fabrication and Characterization of GO-—Cellulose
Membranes. Fabrication (Figure 1) started by soaking
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Figure 1. Fabrication steps for the GO—cellulose hemispherical
cap.

cellulose paper in water for 24 h to make it softer, followed
by milling for 10 min to obtain a uniform cellulose slurry
(Supporting Information, Figure Sla). The length of the
cellulose fibers in the slurry was in the ~100—2600 ym range
(Supporting Information, Figures Slb,c). A GO suspension
was then prepared by dissolving a GO paste in water to
produce a suspension with a concentration of 10 mg mL™". We
then mixed the GO suspension with the cellulose slurry; these
two components were well dispersed and mixed after magnetic
stirring for 24 h (Supporting Information, Figure S1d). Finally
we poured the mixed suspension on a hydrophilic PVDF filter
membrane mounted on a vacuum chamber (—635 mmHg).
We dried the GO—cellulose membrane in air while still
maintaining vacuum in the filtration system and peeled it from

the filter membrane manually after 24 h for the pure GO
membrane and after 10 h for all the cellulose-containing
membranes (the preparation that included a cellulose slurry
had faster filtration rates, which may have been due to the
cellulose fibers permeating through the GO nanoflakes®** and
allowing water to filter through it faster). With a fixed mass of
0.56 g, we prepared five membranes with different GO and
cellulose concentrations: (i) 100 wt % GO; (ii) 75 wt % GO
with 25 wt % cellulose; (iii) SO0 wt % GO with 50 wt %
cellulose; (iv) 25 wt % GO with 75 wt % cellulose; and (v) 100
wt % cellulose.

The GO suspension showed acidity because of the carboxyl
groups at the edges of GO nanoflakes, while the addition of
cellulose increased the pH value slightly (Supporting
Information, Figure S2, the pH value ranged from 1.74 +
0.04 to 2.26 = 0.02). The pH value mainly influences the
dispersion of GO: under highly basic conditions (pH = 14),
individual GO nanoflakes prefer to dissolve and disperse more
uniformly in water like a regular salt.”** But in our study, the
suspension was still under highly acidic conditions (pH < 3)
even after adding the cellulose, so this small pH change likely
did not change the way GO nanoflakes self-assembled during
membrane formation. The resulting GO—cellulose membranes
were flat and smooth, and the color ranged between black (75
wt % GO, Figure 2a) and brown (25 wt % GO, Figure 2b).
The density of the materials ranged from 0.65 + 0.05 g cm™ to
1.48 + 0.02 g cm ™, the densest materials having the highest
GO concentration (Figure 2c). The thickness ranged between
86 + 2 and 185 + 6 um, with thicker samples obtained in
samples with high cellulose concentration (Figure 2c). From
the scanning electron microscopy (SEM) image of the sample
surface, the pure GO membrane looked dense (Figure 2d); the
75 wt % GO membrane (Figure 2e) also looked relatively
dense, with needle-like cellulose fibers entangled and
distributed randomly between GO. In contrast, the 50 wt %
(Figure 2f) and the 25 wt % (Figure 2g) GO membranes were
less dense and showed many small pores under SEM. In order
to image the cross-section, we cut the samples with a razor
blade after immersing in liquid nitrogen, which created smooth
cross-sectional cuts. From the cross-section image of the 25 wt
% GO membrane (Figure 2h), individual GO nanoflakes or
cellulose fibers cannot be distinguished under SEM, most likely
because the two components were intimately fused with each
other. We found no evidence of aggregation, i.e., regions with
distinct morphologies. We could visualize cellulose fibers if we
broke the samples by hand rather than cutting them: in this
case pulled out cellulose fibers protruded from the cross-
section, and we clearly observed their homogenous distribution
throughout the cross-section (Supporting Information, Figure
S3). We also performed energy dispersive spectroscopy (EDS)
on the 75 wt % GO membrane (Supporting Information,
Figure S4) across the cross-section and detected a small
amount (less than 1.5%) of Ca, N, S, Cl, Na, and Al These
elements possibly came from CaSO,2H,0, C;;H;(N,O,
Na,S, ClO,, and AL(SO,);-18H,0 present in cellulose paper
(Supporting information, Table S1). The uniform distribution
of these elements also reflected the uniform dispersion of GO
nanoflakes and cellulose fibers in the filtrated membrane.

Mechanical Properties of GO—Cellulose Membranes.
We measured the mechanical properties of the GO—cellulose
membranes using a three-point bending configuration. Figure
3a shows typical flexural stress—strain curves for GO—cellulose
membranes with different compositions. Pure GO membranes
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Figure 2. Morphology of the GO—cellulose membrane: optical image of (a) the 75 wt % GO membrane and (b) the 25 wt % GO membrane;
(c) density and thickness of the GO—cellulose membranes with different GO amounts; (d—g) SEM images of the surface of the 100, 75, 50,
and 25 wt % GO membranes; (h) SEM image of the cross-section of the 25 wt % GO membrane.
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Figure 3. Flexural tests on GO—cellulose membranes: (a) flexural stress—strain curve, (b) flexural modulus and maximum flexural strength,
and (c) maximum flexural strain of the as-prepared GO membranes; (d) flexural stress—strain curve, (e) flexural modulus and maximum
flexural strength, and (f) maximum flexural strain of the borax cross-linked GO membranes. The results are shown as a function of GO
amount. 75-CP indicates a sample made with the pure cellulose powder; all other samples were prepared with a milled cellulose slurry. Error
bars indicate the standard deviations. n.s.: not significant, *: p < 0.1, **: p < 0.01.

were the stiffest and strongest, but also the most brittle. The
addition of cellulose decreased the modulus and strength, but
also greatly improved ductility. The samples with cellulose
were so ductile that they could not be broken with the three-
point bending configuration used here and instead slipped out
of the fixture. Figure 3b,c show how the flexural modulus,
maximum flexural stress, and maximum strain changed as a
function of composition. For example, the 75 wt % GO
membrane retained 85% of flexural modulus but showed
around three times larger fracture strain than the pure GO
membrane. To understand the reason for the increased
ductility induced by the addition of a cellulose slurry, we
also compared the effect of the milled cellulose slurry and the
pure cellulose powder. We fabricated a similar membrane with
75 wt % of GO and 25 wt % of pure cellulose powder using the
same procedure (sample called 75-CP in Figure 3). The results

15938

(Figures 3a—c) show that flexural modulus, strength, and strain
at breaking all decreased when using the pure cellulose powder.
Although the pure cellulose powder improved membrane
ductility compared to pure GO, the improvement was lower
than that achieved by using the milled cellulose slurry. We
hypothesize that this was mainly because our prepared
cellulose slurry had longer fibers than the pure cellulose
powder (size distribution for the milled cellulose slurry:
~100—2600 pm, Figure S1; for the commercial cellulose
powder: ~50—350 um, from the manufacturer’s specifica-
tions). The cellulose fibers probably generated a crack-bridging
mechanism, where the cellulose fibers can delay or prevent
crack propagation under the flexural load: short cellulose fibers
were only effective to bridge microcracks and prevent them
from growing into macrocracks, while long fibers can also
bridge larger cracks and absorb energy through friction
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between GO and cellulose fibers (Supporting Information,
Figure §5).%%*° Therefore, longer cellulose fibers can resist
higher stresses; they are more robust and tougher and provide
the GO membrane with improved ductility.

We also explored a borax cross-linking method to make the
GO-—cellulose membranes stiffer and stronger. The widely
used cross-linking method requires mixing the GO suspension
and the borax solution before filtration. Borate ions can react
with hydroxyl groups on the GO surface to form borate
orthoesters.*® The formation of these covalent bonds made the
GO membrane stiffer and stronger but also more brittle
because these covalent bonds cannot be readily re-formed once
broken.*® To overcome this obstacle to properly embossing the
material, we cross-linked the GO-—cellulose membrane in
borax solution after filtration. We prepared a borax solution by
dissolving borax (Na,B,0,-10H,0) powder in water using
magnetic stirring at 70 °C for 30 min. Then we immersed the
GO—cellulose membrane in the borax solution (0.1 mol L™")
for 10 seconds and dried it in air for 24 h. Figure 3d shows the
flexural stress—strain curve of the borax cross-linked GO—
cellulose membrane, and Figure 3e,f compare the flexural
modulus and maximum flexural stress and strain, respectively.
This cross-linking method only worked for the pure GO
membrane or GO-—cellulose membrane with a high GO
amount. After cross-linking, the flexural modulus showed no
change when GO was lower than 50 wt %, while the flexural
modulus of the 75 wt % GO membrane and the pure GO
membrane increased by 1.5 + 02 and 2.3 + 0.2 times,
respectively, compared to the results obtained without cross-
linking. To explain these results, we need to consider that
although borax can crosslink both GO and cellulose through
the reaction of borate ions with hydroxyl groups,®”** the
reaction requires the hydroxyl groups to be close enough to
form bonds. It is reported that the formation of hydrogen
bonds between cellulose fibers needs the distance of adjacent
hydroxyl groups in the range of 0.25 to 0.35 nm.” However,
from our SEM results (Figure 2), the addition of cellulose
induced micron-sized pores; so very likely, the hydroxyl groups
on cellulose fibers were not close enough for cross-linking. In a
composite membrane with low GO concentration, the GO
nanoflakes were dispersed within a cellulose matrix, and thus
most of the GO was also not close enough to each other. This
led to few cross-links created in the low-GO sample and thus
no significant changes in flexural modulus and strength upon
borate reaction.

Embossing 3D GO Structures. We explored how the
GO—cellulose nanocomposite membrane can be formed into
3D structures (here a hemispherical cap) using an embossing
technique. We manufactured embossing tools by 3D printing
as shown in Figure 4a. Figure 4b shows a schematic of a cross-
section for the assembled embossing tools that highlights the
hemispherical profile of the tool, as well as two key design
elements: (i) raised shoulders at the edge of the tool for
alignment and (ii) fillets near the flange to minimize stress
concentrations during embossing. We cut 10 mm X 10 mm
squares off the GO—cellulose membrane and soaked the
square in water for 10 seconds to disrupt hydrogen bonds,
making it softer and more malleable. We then placed the wet
membrane in the embossing tool and applied pressure
manually. The closed setup was fixed by flat-nose pliers and
dried in air for 24 h, during which the hydrogen bonds re-
formed, effectively sealing the 3D geometry. Finally, the
embossing tools were separated and the embossed GO-
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Figure 4. Embossing process of the GO—cellulose nanocomposite
membrane: (a) photographs of the 3D-printed embossing tools;
(b) schematic of the assembled embossing tools in the middle
cross-section; (c) stress condition of different regions during the
embossing process (6, 6, and 6, represent the circumferential
stress, the radial stress, and the vertical stress, respectively); (d)
optical images of the embossed hemispherical caps with different
GO amounts.

cellulose structure was simply peeled from the tools. The
samples with cellulose were recovered intact, but pure GO
samples were heavily damaged during the embossing process.
To better understand the failure patterns of these materials, it
is useful to consider the state of stress experienced by the
membrane during embossing. Figure 4c shows the stress state
that develops in different regions of the sheet during the
embossing process. The middle area was under biaxial tensile
stresses (circumferential stress o, and radial stress 6,) at the
initial stage, with the addition of a compressive vertical stress
(6,) when the punch contacted with the die. The sidewall bore
a tensile ¢, and a compressive ¢, during the embossing process
and another compressive 6, when the sample touched the die.
Similar to the sidewall, the flange had a tensile o, and a
compressive o, with an extra compressive ¢, when the tools
were closed. The whole sample was under a complex triaxial
stress state at the final stage. Figure 4d shows images of the
embossed hemispherical caps. The pure GO cap had broken
areas and showed long cracks along the radial direction. The
compressive o, at the sidewall caused these cracks to form
when the membrane was stretched from a larger to a smaller
diameter during the embossing process. In contrast, the GO—
cellulose embossed sheets looked undamaged, smooth, and
compact. In order to characterize the geometrical accuracy of
the structure, we cut the hemispherical cap in the middle using
precision laser cutting and observed the cross-sections
(Supporting Information, Figure S6). The cross-section of
each sample was almost matched with the targeted shape,
which indicated the high accuracy of the embossed caps. The
GO—cellulose caps contained only a few small wrinkles
(Supporting Information, Figure S7) along the radial direction,
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setup; (b—e) force—displacement curves with the GO amount of 0, 25, 50, and 75 wt %, respectively; (f) summary of stiffness for different
GO amounts and sample heights H. 75-CP indicates a sample made with pure cellulose powder; all other samples were prepared with a
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Figure 6. Borax cross-linking of the GO—cellulose hemispherical cap: (a) optical image of the borax cross-linked 75 wt % GO caps (left side:
cross-linking after embossing; right side: cross-linking during embossing); (b) force—displacement curve of the borax cross-linked 75 wt %
GO cap under a compressive point force in the center; (c) stiffness of the 75 wt % GO cap after cross-linking. H represents the height of the

hemispherical cap.

without any observed cracks at the apex region (Supporting
Information, Figure S8).

Mechanical Properties of the 3D GO Structures. Using
a point force in the center (Figure Sa), we measured the
stiffness of embossed sheets with 0, 25, 50, and 75 wt % GO,
with a height of the hemispherical cap (H) of 1, 2, and 3 mm,
respectively. The pure GO sheets, heavily damaged from
embossing, were not tested. Figure Sb—e show the
corresponding force—displacement curves, and Figure Sf
summarizes the stiffness calculated from the slope of the
force—displacement curves. The 50 wt % GO hemispherical
cap showed the highest average stiffness, while the 75 wt % GO
cap had a slightly decreased stiffness (only statistically different
for the H = 3 mm). This result indicates that there is an
optimum concentration of cellulose fibers: too many cellulose
fibers induce pores and disorder in the membrane, but on the
other end too few fibers have no toughening effect with
effective properties closer to pure GO membranes, which are
brittle. The stiffness of the 75 wt % GO caps made with pure
cellulose powder (Figure Se) was also lower than that
measured on samples made using the milled cellulose slurry;
in fact, the H = 3 mm cap could not be formed using pure
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cellulose powder because of large cracks. Our results did not
show statistically different stiffness values as a function of
height for any amount of GO tested.

We also used the 75 wt % GO (with milled cellulose slurry)
hemispherical cap as the sample to test increasing stiffness
using borax cross-linking. We immersed the already embossed
75 wt % GO cap in the borax solution for 10 seconds to cross-
link and then dried it in air. However, the cap collapsed and
was not able to maintain its 3D configuration upon drying
(Figure 6a, left side). We improved the fabrication process by
immersing the flat membrane in the borax solution (for 10
seconds) and then embossed it immediately when the sample
was still wet. As in the previous embossing procedure, we
peeled the cap from the tools after 24 h of drying. The cap
made with this method was able to maintain its configuration
and looked compact (Figure 6a, right side). For the first
method, the wet sample became heavier after absorbing the
borax solution, and since it was already removed from the
embossing tools, there was no underlying support to help the
membrane carry the extra weight, causing it to collapse. We
found the 3D sample collapsed after immersing in both water
and borax solution if it was left without the support from the
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Figure 7. Summary of stiffness and weight of the hemispherical caps made of different materials: (a) optical image of an embossed aluminum
cap; (b) comparison of the stiffness and weight; (c) comparison of the ratio of stiffness to weight. H represents the height of the
hemispherical cap. Error bars indicate the standard deviations. n.s.: not significant, *: p < 0.1, **: p < 0.01.

embossing tools. The second method can overcome this
problem by applying continuous pressure through the
embossing tools. The embossing tools can hold the wet
sample and keep it stretched to prevent shrinking before it is
completely dried. Using this improved method, we fabricated
and tested the stiffness of the cross-linked 75 wt % GO caps
with the H from 1 mm to 3 mm. Figure 6b shows the force—
displacement curve, and Figure 6¢ shows the stiffness values of
the cross-linked caps. After cross-linking, the stiffness of the H
=1 mm, H =2 mm, and H = 3 mm cap increased by 1.2 + 0.5,
1.8 + 0.8, and 1.7 & 0.5 times, respectively. The H = 2 mm cap
had the highest average stiffness of 8 + 2 N mm™" among all
the samples. We finally tested the stiffness of the 75 wt % GO
cap under cyclic loading both before (Supporting Information,
Figure S9) and after borax cross-linking (Supporting
Information, Figure S10). The caps were able to keep their
high stiffness after 10 cycles of loading and unloading, which
indicated the samples were stable and can work for the
applications where cyclic loading conditions are need.

CONCLUSION

In this study we developed a feasible method to enhance
ductility of GO nanoflake membranes. This method used a
recyclable cellulose slurry milled from cellulose paper as an
additive and used water as the solvent for the whole fabrication
process. The filtered nanocomposite membrane showed
uniformly dispersed cellulose fibers and GO across the cross-
section. After mixing 25 wt % of the cellulose slurry with 75 wt
% of GO, the filtered membrane retained 85% of the Young’s
modulus but showed around three times larger flexural fracture
strain than the pure GO membrane. Using the GO—cellulose
membrane, we successfully formed hemispherical caps with
high accuracy and smooth and compact surfaces by an
embossing method. We also improved the stiffness of the cap
further by immersion cross-linking in a borax solution. Figure 7
shows an overview of the properties in terms of stiffness and
weight with comparison with similar caps made of aluminum
foils (thickness 16 ym, Figure 7a and Supporting Information,
Figure S11). The stiffness, weight, and stiffness to weight ratio
of the caps made of different materials are summarized in
Figures 7b,c. The abbreviations in the figure are 7SGP-CP for
the 75 wt % GO with pure cellulose powder, 75GO-CS for the
75 wt % GO with milled cellulose slurry, 7SGO-BC for the 75
wt % GO with cellulose slurry and borax cross-linking, CP for
the cellulose paper, and AL for the aluminum foil. The 75GO-
BC cap shows not only significantly higher stiffness to weight
ratios than other GO-containing samples but also higher ratios
than CP and AL. The GO—cellulose hemispherical cap we
made has high stiffness, low weight, and high dimensional
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precision, which greatly extended the applications of flat GO
membranes where nonplanar structures are required.

MATERIALS AND METHODS

Materials. Graphene oxide pastes were used as received from
Abalonyx Innovative Materials (product number 1.2A). The raw GO
paste was the same product as in our previous study:*® the overall size
of GO flakes was 1-25 um (median value S um); the atomic
percentage of carbon was 64.3 + 0.5%, and oxygen was 35.0 + 0.3%,
as measured by X-ray photoelectron spectroscopy (XPS using a
monochromatic Al Ka photoelectron spectrometer, Thermo
Scientific); the relative amounts of C—C, C—0, and C=0 bonds
and aromatic C bonds (z—z* shake-up band) were 54 + 3%, 35 +
2%, 10.3 + 0.3%, and 0.4 + 0.3%, respectively, as calculated from C 1s
high-resolution XPS spectra (Supporting Information, Figure S12).
The GO paste only contained small amounts of N (1%) and Si
(0.4%) detected on one out of three spots by XPS. Cellulose paper
was obtained from Studio Notebook (product number 05-0502657).
Pure cellulose powder (product number C6288) and borax powder
(product number 221732) were both acquired from Sigma-Aldrich.
PVDF filter membranes with 90 mm diameter and 0.22 ym pore size
were also acquired from Sigma-Aldrich.

Morphology Characterizations. Surface and cross-section
morphologies of GO—cellulose membranes were characterized using
an environmental scanning electron microscope (FEI Quanta 450 FE-
ESEM), with an accelerating voltage of 10 kV under a low-vacuum
mode. Morphologies of embossed hemispherical caps were charac-
terized using an optical microscope (BX-51M, Olympus).

pH, Thickness, and Density Measurements. The pH value of
the mixed GO and cellulose suspension was measured by a digital pH
meter (Orion 3-star Benchtop pH meter, Fisher Scientific). The pH
value of each suspension was recorded after it became stable for more
than five seconds. The thickness of the filtrated GO—cellulose
membranes was measured by a digital micrometer. For the same
membrane, the thickness was measured at five different locations, and
the average value was reported. The mass of the membrane was
measured by a high-resolution balance scale (Mettler Toledo), and
the density was calculated from the ratio of mass to volume.

Mechanical Tests. Samples for mechanical tests were cut from
the membranes using a precision laser (model Vitrolux, Vitro Laser
Solutions UG) with a power of 354.8 mW and a wavelength of 355
nm. Laser cutting ensured precise control of the sample geometry and
dimensions. Three-point bending tests were performed on a miniature
loading stage (Ernest F. Fullam, Inc) equipped with a 20 g load cell.
The sample was loaded at a quasi-static rate of 0.02 mm/s until
complete failure or until the sample slipped out of the fixture. The
sample size for the three-point bending test was a 20 mm X 2 mm
rectangular strip. The stiffness of embossed structures was tested
using a point force in the center. This test was performed on the same
loading stage with the flexural test but equipped with a 10 Ib load cell.
The embossed structures were placed on a flat and stiff base, with an
indenter slowly (0.01 mm/s) pressing the center of the sample.
Force—displacement curves were reported for this test.
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3D Printing. Embossing tools were manufactured by a high-
resolution 3D printer (Micro HiRes Machine, EnvisionTech) based
on digital light processing technology using an acrylonitrile butadiene
styrene (ABS) polymer (3DM-XGreen, EnvisionTech Perfactory).
The sequential laser in the 3D printer cured the thin polymer layer
through photopolymerization to achieve layer-by-layer 3D printing.
After this process, the printed sample was transferred into a post-
curing light pulsing chamber (Otoflash curing unit) for hardening.
The printed embossing tools had smooth surfaces, fully dense
structures, and high-fidelity geometries.
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