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Geometrically Templated, Ultra-Lightweight and High
Strength Soap Films from Lyotropic Liquid Crystalline
Graphene Oxide/Polymer Composites

Yinding Chi, Yuchong Gao, Mostafa Akbari, Kun-Hao Yu, Kun-Yu Wang, Mohit Patel,
Shouhong Fan, Ziyun Zhang, Masoud Akbarzadeh, and Shu Yang*

Cellular solids composed of a network of interconnected pores offer low-density
and high strength-to-weight ratio as exemplified by wood, bones, corks,

and shells. However, the slender edges and low connectivity of the structs in
cellular lattices make them vulnerable to buckle, fracture, or collapse. Here, by
taking advantage of the continuity of a thin film that can follow curvatures and
dissipate energy, shellular materials are created by dip coating a wireframe of
the primitive triply periodic minimal surface (TPMS) with an aqueous solution
of lyotropic liquid crystalline graphene oxide (GO)/polymer composites.
Regulated by surface tension, GO nanosheets align on the polymer soap film
as the stress builds up during drying. When the wireframe mesh density is low,
the shellular material is film-dominated, demonstrating superior mechanical
strength (384.30 Nm kg~') and high specific energy absorption (1.59 k] kg~"')
yet lightweight (equivalent density, 0.063 g cm~3), with an energy absorption
rate comparable to that of carbon nanotube-based lattices but a lower
equivalent density. The study offers insights into designing lightweight yet high-
strength structural materials that also function as impact energy absorbers.

1. Introduction

Cellular structures consisting of periodically interconnected
pores, including honeycombs, strut-based Kelvin lattices, and
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triply periodic minimal surfaces (TPMS),
have been observed in wood, bones, but-
terfly wings, and sea urchins!™? to pro-
vide unique mechanical properties, includ-
ing high strength, high stiffness-to-weight
ratio, large surface area-to-volume ratio,
and superior mechanical energy absorp-
tion while being lightweight. In particular,
TPMS structures with minimal surfaces re-
peated periodically in 3D and zero mean
curvature at each point on the surfacel®*]
are promising structural building blocks
with isotropic mechanical properties and
minimal bending energy.’! When strut-
based cellular architectures are converged
into thin sheets, shell-based (shellular) cells
are formed, which can distribute load and
heat effectively®l While TPMS cellular
structures show a bending-dominated be-
havior, the shellular structures are nearly
stretching-dominated, showing the load-
bearing capacity three times that of the
cellular counterpart.”] Therefore, they are
ideal sustainable structural materials® that can reduce mate-
rial waste, costs, and environmental impact without compromis-
ing structural performance. However, fabricating ultrathin wall
TPMS shellular structures with smooth and continuous curva-
tures is challenging with the conventional additive manufactur-
ing methods, though layer-by-layer stacking,! as it will bear ran-
dom defects, nor be energy efficient.

Meanwhile, the intrinsic material composition and alignment
are crucial to mechanical performance. Compared with polymers
and metals, carbon-based anisotropic nanomaterials such as car-
bon nanotubes (CNTs),[') graphene, and graphene oxide (GO)
nanosheets!'! offer exotic and anisotropic electrical, thermal, and
mechanical properties. When assembled and aligned in liquid
crystal (LC) phases, which blend the fluidity of a liquid with the
long-range order of a crystal, GO nanosheets offer the poten-
tial to direct energy dissipation.['?l When dispersed in water, GO
nanosheets can form the lyotropic LC (LLC) phase above a criti-
cal concentration, >4 where interactions such as z-z stacking,
electrostatic repulsion, and hydrogen bonding could contribute
to the long-range ordering of the nanosheets to maximize the
translational entropy of the system. Such preordering in LLC
phases is a prerequisite to aligning GO nanosheets through ex-
ternal stimuli.!"3]
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Figure 1. Preparation of PVA/GO soap film-coated P surfaces. a,b) Schematic illustrations of the dip-coating fabrication of a PVA/GO coated shellular
P surface (a) and the corresponding assembly of GO nanosheets during the drying process (b). Scale bar: 5 mm. c) Zoom-in view of the curved and
smooth PVA/GO soap film coated on the frame. Scale bar: 1 mm. d) Side-view SEM image of the dried PVA/GO film peeled off from the diamond-shaped
frame, showing a continuous curvature. e—g) Comparison of the loading bearing capabilities of 2 x 2 Schwarz P surfaces with and without coating of
PVA and PVA/GO soap films, respectively. Scale bars: 5 mm. h) Photos of an ultralightweight 2 x 2 P surface coated with PVA/GO soap films sitting on

a plastic balloon made from PVAc and supporting a bowling ball. Scale bar: 5 cm.

Inspired by the soap bubble formation process on a wire-
frame, we present a facile and defect-tolerant strategy to fab-
ricate the shellular Schwarz primitive (P) surfaces composed
of poly(vinyl alcohol) (PVA)/GO composites via a one-step dip
coating of a 3D printed wireframe of P surface. Leveraging
surface tension effects, the shellular structures spontaneously
form smooth, curved shells conforming to minimal-energy ge-
ometries defined by the wireframe. During the evaporation-
induced liquid-to-solid transition, GO nanosheets orient direc-
tionally along gradients in the evaporation rate, guided by the
geometry of the polygonal boundaries. By tuning the mesh
density, the mechanical response can be programmed from
frame-dominated to film-dominated behaviors, enabling control
over stiffness, strength, and toughness. Notably, with the low-
est mesh density applied to a diamond-triangular P surface,
the resulting PVA/GO shellular TPMS composites exhibit ex-
ceptional mechanical performance—combining high stiffness,
strength, toughness, and energy absorption—while being ultra-
lightweight. We further demonstrate a proof-of-concept applica-
tion of these metastructures as energy-absorbing components,
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such as car bumpers, effectively mitigating impact forces during
collisions.

2. Results and Discussion
2.1. Design of P Surfaces Composed of PVA/GO Soap Films

The PVA/GO shellular materials are fabricated by dip coating the
3D printed wireframes from an aqueous solution of PVA and GO
nanosheets (Figure 1a), leading to a defect-tolerant, smooth, and
continuous thin shell on the strut-based template. During the
drying process, the soap film adopts the minimal surface where
the surface tension regulates the film to reach its minimal energy
state for a given boundary constraint. To prevent the burst of the
film during evaporation, we prepare the aqueous solutions from
the long-chain PVA (the weight-average molecular weight, My,
~1 25 000 g mol~! with a radius of gyration ~27 nm!%)), which
can entangle with each other to stabilize the film and tolerate de-
fects at the molecular level('®] (Figure 1b). The GO nanosheets
are dispersed in the PVA aqueous solution (20 mg mL™),
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forming an LLC phase (Figure S1a,b, Supporting Information).
To eliminate the effect of gravitational drainage and evenly spread
the solution between the frames, the soap film-coated Schwarz P
surface is slowly rotated (=5 rpm) around a horizontal axis dur-
ing the liquid-to-solid phase transition. As water evaporates, the
soap film coated on the strut-based frame becomes thinner, and
the stress builds up due to the osmotic pressure at two liquid-air
interfaces of the freestanding film. In addition, GO nanosheets
follow the stress built up during drying (Figure 1b). We note that
the preordering of GO sheets into the LLC phase is critical, which
facilitates the drying-induced orientation of GO sheets in the di-
rection perpendicular to the shear force to minimize the elastic
distortion energy.'”] Moreover, oxygen-containing groups on the
surface of GO nanosheets are known to form strong hydrogen
bonds with PVA chains.'8! Unlike the porous elastic film that
evolves on the liquid substrate,[’! the suspended soap film has
two liquid-to-air interfaces. The double-sided evaporation allows
the GO nanosheets (lateral size ~1 um, thickness ~#10 nm, Figure
Slc,d, Supporting Information) to assemble in a compact stack-
ing architecture at a low relative humidity (RH, #10%). After fully
drying, the continuous thin film (~15 um, measured in the cen-
ter as seen from the scanning electron microscopy, SEM, image
in Figure 1d) generated across the wireframe regains a curved
minimal surface (Figure 1c). Such stiffening through the surface
tension-regulated shear-assembly can significantly enhance the
load-bearing capability: the 2x2 array of PVA/GO coated P sur-
face (1g) can support a weight of 10 kg (~10 000 times of its own
weight), compared to a weight of 8 kg by the 2x2 array of PVA
coated P surface and a weight of 5 kg by the 2x2 array of strut-
based P surface without any coating. Importantly, the coating of
soap films also makes P surfaces tougher, while the PVA-coated P
surface and the bare wireframe fail to support 8.80 kg and 5.58 kg
weights, respectively (Figure le—g). When it is placed on a mal-
leable plastic balloon (x1g, Figure S2, Supporting Information)
made from polyvinyl acetate (PVAc), no deformation of the latter
is observed. In contrast, it can withhold a 7 kg (%7000 times its
own weight) bowling ball on top (Figure 1h).

We note here that the soap film thickness is a function of the re-
spective concentrations of PVA and GO, the molecular weight of
PVA, the initial mass of the aqueous solution, the drying rate, and
the relative humidity vs. the wireframe size. Detailed studies of
these effects on PVA soap film coating can be found in a separate
report.””) While exploring the correlation between film thickness
variations and mechanical properties is certainly of interest, such
an investigation would require careful tuning of multiple param-
eters, and drying is a dynamic process; that is, any change of
the parameters could introduce variations in sample fabrication.
Therefore, we focus on the investigation of the thinnest achiev-
able film thickness (~15 pm) in order to minimize the relative
density of our P surfaces.

2.2. Alignment of the PVA/GO Soap Films Driven by Surface
Tension

To further investigate the load bearing mechanism and its re-
lationship with the alignment of GO nanosheets, we choose an
equilateral triangle-shaped strut-based wireframe (side length [ =
20 mm, diameter of strut d = 2 mm, Figure 2a) as the platform,

Adv. Funct. Mater. 2025, e12357 e12357 (3 Of12)

www.afm-journal.de

followed by dip coating of 40 mg PVA/GO aqueous solution (10
wt.%, PVA: GO LLCs = 10:1 w/w). Without further notice, these
are the parameters used in our fabrications. The PVA/GO soap
film suspended on the frame forms a catenary curve, which is
thinnest at the film center and gradually thickens and pins on the
frame due to the balance of surface tension and osmotic pressure
differences (Figure 1b). As water evaporates, the thickness gradi-
ent is amplified, leading to the nonuniform drying rates across
the in-plane and out-of-plane directions of the soap film. The in-
plane compressive stress continues to build and is regulated by
the geometry of the frame.

To understand how GO nanosheets would align on the soap
film depending on the frame geometry, we image the center and
the edge of the dried PVA/GO soap film by SEM (Figure 2b).
During drying of the PVA soap films suspended on a wireframe,
highly ordered micro-wrinkles are formed perpendicular to the
angle bisector, as a result of evaporation-induced shrinkage of
the PVA films.[?) In the case of drying the PVA/GO soap films,
only shallow undulations of the stacked GO nanosheets are found
near the edges of the template, which propagate along the bisec-
tor lines between the adjacent edges (wavelength 1 ~ 40 pm, am-
plitude A ~ 2.9 um, Figure 2b(i); Figure S3a,b, Supporting Infor-
mation). Clearly, the directional stacking and wrinkling of the GO
nanosheets originate from mechanical stress generated in the pe-
ripheral regions. In contrast, the center area shrinks uniformly
without boundary constraints, leading to a crumbled surface tex-
ture (Figure 2c(i); Figure S3c,d, Supporting Information). To in-
vestigate how the boundary confinement affects an elastic sheet
with a gradient thickness profile, we perform a qualitative finite
element analysis (FEA), assuming the PVA/GO soap film has a
thermal expansion coefficient (@ = —0.2 °C). Because the edges
are fixed and cannot contract, the maximum principal stress ori-
ents normal to the bisector lines around the three corners. In
contrast, the stress is randomly oriented in the center, as the film
shrinks uniformly (Figure 2d). The GO nanosheets in the LLC
phase orient and align along the direction of the stress generated
as a result of the evaporation-induced shrinkage, depending on
geometric boundary conditions.

Moreover, we utilize the polarized Raman spectroscopy to
quantitatively determine the spatial orientation of GO LLCs
(see Materials and Methods for details). As indicated in the
literature,?!l a generalized spherical expanded harmonics ori-
entation distribution function (ODF) can be utilized to quantify
the spatial orientation of GO sheets (see the experimental setup
shown in Figure 3a). At the corner regions, the laser propagates
parallel to the surface of the triangular PVA/GO soap film. The
intensity of Raman 2D band I, shows a strong dependence on
the sample rotating to different angles ®,, relative to the horizon-
tal X axis of the soap film, where the maximum and minimum
intensity occur at @y = 0° and 90°, respectively (Figure 3b), indi-
cating the lamella stacking of GOs along the thickness direction.
In contrast, when the laser point is perpendicular to the surface
of the PVA/GO soap film, I, is independent of the rotating an-
gle @, (Figure 3c). We note that at the center, I, variation with
the laser beam parallel to the cross-sectional direction does not
strictly follow the ordered distribution, which can be attributed to
the highly random surface crumbles (Figure 2c and Figure 3b,d).

To visualize the evolution of the stress-induced alignment of
GO LLCs within the PVA/GO soap film during the liquid-to-solid
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Figure 2. PVA/GO soap films coated on different geometric templates. a) Optical image of the dried PVA/GO soap film templated on a triangular strut-
based frame. Side length | = 20 mm, diameter d = 2 mm, coating mass 40 mg, RH = 10%. Scale bar: 4 mm. b,c) SEM images of the dried PVA/GO soap
film near the vertex of a triangular template (b) with top (i) and cross-sectional (ii) view; and at the center region (c) with top (i) and cross-sectional (ii)
view. d) FEA result of tensile stress distribution in the soap film. Blue arrows denote the orientations of the maximum principal stress and are parallel to
the alignment directions of GO LLCs. e,f) POM images showing varying birefringence of the dried triangular (e) and square-shaped (f) PVA/GO soap
films as the films rotate relative to the two cross polarizers at angles of 0°, 30°, 45°, 60°, and 90°, respectively. Scale bars: 4 mm. g) Tensile stress—strain
curves of PVA/GO and PVA soap or cast films, respectively. The soap films are templated on a square-shaped strut-based frame. h), Strength, Young’s
modulus, and toughness of the PVA/GO and PVA soap films vs. the cast films. Error bars represent the standard deviation from three independent
samples.
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Figure 3. Polarized Raman spectroscopy analysis of the GO nanosheet alignment in the PVA/GO soap film on the triangular strut-based frame. a)
Schematic of the PVA/GO film sample and polarization arrangements in Raman spectroscopy. (i) Sample in the Cartesian coordinate system. (ii and
iii), VV polarization with the laser beam along the Z or X axis. The red arrow denotes laser propagation; the purple and green arrows show the incident
and scattered polarizations, respectively; the dashed arrow indicates the Y direction. b,c) Relative intensities I, vary with the laser beam parallel to the
in-plane direction of the triangular PVA/GO soap film at the edge (b) and center (c) regions as a function of polarized angles. d,e) Relative intensities
I,p vary with the laser beam parallel to the out-of-plane direction of the triangular PVA/GO soap film at the edge (d) and center (e) regions as a function

of polarized angles.

phase transition, we customize a polarized optical microscopy
(POM) setup. As the sample rotates relatively to the crossed polar-
izers (Figure S4, Supporting Information), the birefringence also
varies, confirming the alignment of GO sheets along the propa-
gation directions of the ordered wrinkles. In contrast, the film
remains dark in the center regardless of the orientation of the
crossed polarizers, confirming the random arrangement of PVA
chains and GO sheets (Figure 2e). When the geometry of the tem-
plate is altered from triangle to square, the brightness evolves
at four corners with the GO nanosheets ordered normal to the
bisector lines, while the center region with random orientation
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remains dark (Figure 2f). Since the stress is generated during
drying, the alignment of GO nanosheets can be altered by en-
vironmental conditions (Figure S5, Supporting Information). As
RH increases, the center region without birefringence grows, and
GO sheets are randomly oriented (Video S1, Supporting Informa-
tion). To track the spatiotemporal GO alignment process during
the liquid-to-solid phase transition, we set RH 50% to monitor the
stress build-up. Despite the fabrication imperfections at one cor-
ner, we observe the darkness at the center and bright patterns (or-
dered wrinkles) around two other corners (Figure S6 and Video
S2, Supporting Information).
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2.3. PVA/GO Soap Films Coated on Different Geometric
Templates

Next, a library of PVA/GO soap films (mass ~40 mg) is coated on
different polygonal strut-based frames. Like those on a triangu-
lar frame, GO sheets orient perpendicular to the angle bisector
around the sharp corners of the polygons, leaving a disordered
center region due to competing stresses in all directions. As the
polygon’s vertices change from the pentagon to the octagon, the
boundary effect is diminished, leading to the random orientation
across the film (Figure S7a—d, Supporting Information). Mean-
while, radial symmetry of the circular wire frame drives randomly
oriented GO nanosheets (Figure S7e, Supporting Information).
In a negatively curved hexagonal frame (Figure S7f, Supporting
Information), the local curvature promotes sheet rotation and
closer conformation to the curved surface, diminishing bound-
ary effects and yielding more aligned GO sheets around vertices
compared to those on a planar hexagon (Figure S7b, Supporting
Information). To verify the correlation between the alignment of
GO nanosheets and the surface texture of the soap film, we in-
corporate a rotatable waveplate in the POM setup. The slow axis
of the 4 plate (630-740 nm) helps to identify the local director of
the GO sheets. As a positive birefringent material, PVA shows a
blueshift when aligned with the waveplate’s slow axis or a redshift
when aligned perpendicularly. Conversely, GO, a negatively bire-
fringent material, exhibits a redshift when aligned. By compar-
ing POM images of PVA and PVA/GO films with the waveplate,
we confirm that the alignment of LLC GO sheets matches the
wrinkles generated in the PVA soap film coated on the template
(Figure S4b, Supporting Information).

Next, we evaluate the mechanical properties of the PVA/GO
and PVA soap films coated on the square-shaped frame, as
other polygons are more difficult to conduct the tensile tests
(Figure 2g). Films are also cast on a substrate as controls. The
Young’s modulus (2.47 GPa) and strength (95 MPa) of the
PVA/GO soap film outperform those of the PVA/GO cast film
(1.23 GPa, 49 MPa), the PVA soap film (0.10 GPa, 41 MPa), and
the PVA cast film (0.39 GPa, 31 MPa), attributed to GO’s intrin-
sic stiffness (380-470 GPal??]). The toughness of the PVA/GO
soap film (15 MJ m~3) is 7 times larger than that of the cast film,
2.1 MJ m~? (Figure 2h). These imply that the GO nanosheets
can efficiently dissipate the elastic energy by reorienting them-
selves to mitigate the stress, thus preventing crack formation and
enhancing the mechanical properties.[?] Interestingly, the PVA
soap film has a lower Young’s modulus (0.10 GPa) but higher
strength (41 MPa) and toughness (10.3 MJ m™~3) compared to
its isotropic counterpart, the cast film, exhibiting increased flexi-
bility, reduced in-plane stiffness, and anisotropic mechanical re-
sponse due to the macroscopic crumbling of the film.

2.4. Soap Film Coated P Surfaces with Tunable Mechanical
Properties

Next, we evaluate the parameters that could affect the mechan-
ical properties of the shellular structures. Utilizing methods of
polyhedral graphic statics (PGS),I’] we design and 3D print a
Diamond Triangle (DT)-based Schwarz P surfacel® as a tem-
plate to coat the PVA/GO soap film (Figure 4a). Like the align-
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ment observed on the soap film-coated planar triangular wire-
frame, GO nanosheets are also aligned on the PVA/GO-coated
DT strut-based P surface (Figure S8 and Video S3, Supporting In-
formation). We conduct compression tests on such surfaces and
compare the resulting mechanical properties (normalized by to-
tal mass) with those of the control samples, including PVA soap
film-coated and bare wireframe of the P surfaces (Figure 4a,b;
Video S4, Supporting Information). The results show that the
specific strength (322 Nm kg™!) and toughness (124 ] kg™!) of the
PVA/GO soap film coated P surface are 2 times higher than the
two controls, where PVA coated P surface shows similar perfor-
mance (176 Nm kg!, 65 ] kg™!) as the bare strut-based structure
(153 Nm kg™', or 56 ] kg™') (Figure 4c). The superior mechan-
ical performance of the shellular structures can be attributed to
a combination of geometry-induced deformation, thin-film me-
chanics, and intrinsic anisotropy of GO nanosheets and their
specific alignment within the soap films. Under loading, the ul-
trathin PVA/GO-coated surfaces undergo controlled stretching,
buckling, and post-buckling deformation. The minimal surface
topology promotes uniform stress distribution and delays local-
ized failure. Additionally, surface tension during fabrication in-
duces in-plane alignment of GO nanosheets, enhancing load
transfer and improving stiffness, strength, and toughness.
Since soap film coating is driven by surface tension during sol-
vent drying, when the side length of the wireframe is larger than
30 mm, the formation of soap films will be affected by gravity,
leading to film rupture during drying. Therefore, to study how
the soap film coating alters the mechanical strength of P surface,
we keep the effective density (p = 0.0246 g cm™) and volume
(V = 15.625 cm?) of the strut-based P surface constant, then de-
sign a library of strut-based subdivisions including DT, polyhe-
dral and triangulated P surface with different mesh densities as
soap film coated platform for further comparison (see insets of
Figure 4d—f). The compression test results show that the trian-
gulated subdivision with the highest mesh density (6.84 mm™2)
has the highest specific compressive strength (184 Nm kg™!),
stiffness (1.13 kNm kg™'), and toughness (80 ] kg™') over DT
(153 Nm kg1, 0.94 kNm kg™, 56 ] kg for specific compressive
strength, stiffness and toughness, respectively) and polyhedral
subdivisions (140 Nm kg', 1.12 kNm kg™, 54 ] kg~') without
soap film coating (Figure 4g—i; Figure S9, Supporting Informa-
tion). In contrast, coating with PVA/GO soap films, the specific
compressive strength (384 Nm kg™!), stiffness (3.47 kN kg™),
and toughness (124 ] kg™!) of the DT frame (Weight of frame
over total weight Wp,,,../ W,y = 0.61) are 1.5 times larger than the
polyhedral (Wg,,,./ W,y = 0.79) and triangulated (W,./ Wiora
= 0.90) subdivisions, whereas there is no enhancement for PVA
soap film coated subdivisions. This is because when the mesh
density is high (1.45 and 6.84 mm~™ for polyhedral and trian-
gulated P surfaces, respectively), the area of each unit’s soap
film coating is very small, thus the soap film cannot redistribute
the load effectively. Conversely, when the mesh density is low
(0.38 mm~2 for the DT P surface), the area of soap film per
unit is large; thus, it can effectively redistribute the load through
the anisotropic alignment of GO sheets. Keeping the overall vol-
ume constant, the change in mesh density alters the size of the
soap film coated on each unit. Our results show that sparser
meshes with larger-sized individual soap films exhibit better me-
chanical properties. By tuning Wj,,,,,,/ W, as the possessed area
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Figure 4. Mechanical performance of the PVA/GO soap film-coated shellular Primitive (P) surfaces. a) Optical image of uniaxial compression test for
a strut-based P surface without the soap film coating. The structure expands laterally under vertical compression. Insets show the deformations of the
PVA/GO, PVA, and uncoated P surfaces under the 35% compression strain, respectively. Scale bars: 10 mm. b) specific compressive stress (normalized
by the sample weight)-strain curves for PVA/GO, PVA soap film-coated P surfaces, and bare P surface frame. c) Specific compressive strength, and
toughness of PVA/GO, PVA, and uncoated P surfaces. d—f) Optical images of subdivisions: Diamond Triangle (DT) (d) polyhedral (e) and triangulated
(f) of PVA/GO-coated P surfaces. The insets show the 3D models of truss-like subdivisions of P surfaces with the same density and volume (p = 0.0246
gcm™3, V=15.625 cm?) and are designed using Polyhedral Graphic Statics (PGS) techniques. Scale bars: 5 mm. g—i) Specific compressive strength (g),

stiffness (h), and toughness (i) of PVA/GO, PVA-coated, and uncoated P surfaces of three different subdivisions. Error bars on the data show standard
deviation from three independent samples. Error bars report the standard deviation from three independent samples.

of coated soap film, for different subdivisions of strut-based P-
surface, we can manipulate the mechanical response of TPMS
structures from strut-based frame-dominated (polyhedral and tri-
angulated P surface) to soap-film-dominated (DT subdivided P
surface). The result is further verified by tuning the strut diame-
ter of the DT subdivided P surface (1-2 mm), where PVA/GO-
coated P surfaces outperform others (Figure S10a—c, Support-
ing Information). Here, we also study the effect of other GO-
based nanocomposites coated on the DT subdivisions for gen-
erality. The results show that waterborne polyurethane (WPU)/
GO soap film-coated and gelatin/GO-coated DT subdivisions en-

Adv. Funct. Mater. 2025, e12357 e12357 (7 of 12)

hance more than 1 time over their counterparts (Figure S10d,e,
Supporting Information).

2.5. Impact Testing of PVA/GO P Surfaces

Next, we coat PVA/GO soap film on a 3D printed 2x2 array of
DT subdivided P surface, sharing the same bulk density (p =
0.0246 g cm™, V = 15.625 cm’) as the single DT subdivision
(Figure 5a). The 2x2 PVA/GO soap film coated DT subdivided
P surface shows enhanced specific strength (2.67 kPa m~3 kg™)

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Mechanical properties and proof-of-concept demonstration of PVA/GO soap film-coated 2x2 DT subdivided Schwarz P surface as a jeep
bumper for high specific energy absorption. a) Optical images of the PVA/GO soap film-coated P surface. Scale bar: 5 mm. b,c) Compressive load /weight-
displacements curves (b) and specific compressive strength (c) for PVA/GO, PVA soap film-coated, and uncoated 2x2 P surfaces, respectively. d)
Schematic of the dynamic impact test setup. e,f) Impact force-time curves (e), and normalized impact energy (f) for PVA/GO, PVA soap film-coated, and
uncoated 2x2 P surfaces, respectively. Inset: the maximum deformation of three samples during the impact test. g) Photo of a scaled-down (1:24th of
a real model) jeep equipped with the TPMS bumper composed of periodic DT subdivided P surfaces. The inset shows a 3D model of a truss-like TMPS
bumper. The crash dummy with the motion track point on its head is deployed. Scale bar: 4 cm. h),The time-lapse side-view images of a scale-down jeep
with and without the TPMS bumper during the collision tests. Scale bars: 4 cm. i,j) Comparison of tracked velocity profiles (i) and acceleration profiles
(j) of the crash dummy during the collision test with and without the TPMS bumper. Error bars represent the standard deviation from three independent
samples.
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Figure 6. Ashby plot of the energy absorption per unit volume versus the relative density of different micro-/nanostructured materials.

over PVA coated (2.11 kPa m~3 kg™!) and bare frames (1.61
kPa m~ kg™') by regulating the stress and defects propagation
through the aligned GO sheets compared to PVA coated and bare
strut-based P surfaces (Figure 5b,c; Video S5, Supporting Infor-
mation). It is important to note that since the soap films and
the 3D printed wireframes are all made from brittle materials,
when compressed above a certain threshold, the shellular struc-
tures fabricated here, whether soap film-coated or non-coated,
experience either film and/or wireframe fracture or plastic de-
formation of the wireframes (Figure S11 and Video S5, Support-
ing Information), are thus unable to recover their original shape
for cyclic loading and unloading studies. Therefore, the current
shellular structures are best as single-use energy absorbers suit-
able for applications, such as automotive crash safety, aerospace
impact mitigation, and personal protective equipment. Our pre-
liminary results suggest that the use of thinner wireframes and
elastomeric materials such as WPU as soap films could improve
the elasticity, allowing the shellular structures to return to the
original state. It is not clear whether any microscopic damage
has occurred, though. We plan to further investigate this in the
future.

To evaluate the energy absorption of a 2x2 PVA/GO soap film-
coated DT subdivided P surface, we built an impact tester with
a pendulum designed to deliver a controlled impact force to the
specimen (Figure 5d; Figure S12, Supporting Information). The
reduced force relayed from the PVA/GO-coated P surface com-
pared to the PVA-coated and bare frame, P surface reveals that
the PVA/GO-coated one absorbs energy from dynamic impacts

Adv. Funct. Mater. 2025, e12357 e12357 (9 of 12)

through elastic collapse under the extreme compression con-
dition (Figure 5e; Video S6, Supporting Information). The im-
pact energy can be effectively guided and dissipated through the
anisotropic alignment of GO sheets within the shellular enlarged
surface area. The absorbed energy is normalized by the total
mass and volume, showing that the PVA/GO soap film-coated
P surface offers exceptional energy absorption capability, 1.5963
kJ kg™! or 0.0821 MJ m™3, vs. those of PVA-coated P surface,
0.0495 kJ kg™! or 0.0027 MJ m~3, and those of the bare wire-
frame, 0.06483 k] kg! or 0.0340 M]J m~3, respectively (Figure 5f).
To examine the effect of the strain rate on impact performance,
we adjust the pendulum release height (H) in our scaled-down
impact test setup. This allows us to vary the impact velocity and
correspondingly the strain rate (Table S1, Supporting Informa-
tion). As shown in Figure S13 (Supporting Information), when
the pendulum was dropped at H = 60 mm, the PVA/GO soap
film-coated P surface absorbed four times more impact energy
per volume compared to that dropped at H =20 mm. This in-
dicates that higher impact strain rates associated with greater re-
lease heights lead to increased peak impact forces and higher spe-
cific energy absorption. These results highlight the strain-rate-
sensitive energy dissipation behavior of the shellular structure.
To benchmark our design vs. the existing energy-
absorbing materials, we compare the specific energy ab-
sorption performance of our 2x2 PVA/GO-coated P sur-
faces with various lightweight architected materials reported
in literature in an Ashby plot (Figure 6), including CNT
lattices,[?°] nickel nanofoams,!?! epoxy lattices,?”] alloy-polymer
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composite lattice,[?®?] alumina nanolatticel®”! and titanium
alloy foams and lattices,®"*%) and stainless steel foams and fiber
matrix.**) Remarkably, our structure, while using a polymer-
based lattice framework, achieves a lower relative density than
the polymer foams and CNT lattices, while maintaining com-
parable or superior specific energy absorption capacity. This
demonstrates that our ultrathin soap film-coated shellular
surfaces, which combine the low density and high energy ab-
sorption performance, offer a compelling strategy for lightweight
impact protection applications. Compared with more complex or
resource-intensive fabrication methods such as Electron Beam
Melting (EBM) or Selective Laser Melting (SLM), our approach
is simple, scalable, low-cost, and modulable at the macroscopic
level.

Lastly, as a proof-of-concept demonstration, we fabricate a
PVA/GO soap film-coated P surface as a jeep bumper composed
of DT subdivision as the unit cell (Figure 5g). The collision tests
are performed using a scaled-down jeep model (1/24th of the
actual size) to evaluate whether the bumper can absorb kinetic
energy and imitate inertia at the instantaneous velocity ~100
mm s~!. A crash test dummy is employed, and the motion of
its head is tracked throughout the collision. Since the bumper,
composed of the subdivided P surfaces, absorbs the impact en-
ergy and prolongs the collision process, the dummy maintains
a stable position with minimal oscillation (Figure Sh(i); Video
S7, Supporting Information). We further dismantle the PVA/GO-
coated bumper to check its mechanical integrity and find no obvi-
ous damage. In contrast, severe vibration happens to the dummy
sitting in the jeep with its original bumper during the collision
(Figure 5h(ii)). By tracking the motion of the dummy’s head dur-
ing the collision, we reveal that the velocity and acceleration of the
jeep with the shellular bumper can be reduced by 66% and 61%,
respectively, suggesting that the shellular bumper can effectively
absorb kinetic energy and reduce the force transmitted to the ve-
hicle and the occupants. Although the vehicle collision velocity is
slower than the actual one, which requires special equipment to
generate, the preliminary results are encouraging.

3. Conclusion

In conclusion, we fabricate shellular TPMS structures with a thin
continuous shell of LLC GO/PVA through a one-step, defect-
tolerant dip coating method. The curvature and orientation of
the soap films are regulated by the surface tension to reach
the minimal energy state. GO nanosheets are oriented as reg-
ulated by the geometry of the template, driven by the gradient
of evaporation rate during the liquid-to-solid phase transition.
The resulting PVA/GO soap film-coated shellular TPMS struc-
tures show exceptional stiffness, strength, toughness, and en-
ergy absorption capability, yet are lightweight. Our strategy pro-
vides a platform to create metamaterial structures with mini-
mal surfaces and thin curved shells. The study of the correla-
tion between the geometry-anisotropy, phase-transition, and the
underlying physicochemical properties will inspire the creation
of a wide range of composites, e.g., hydrophilic polymers mixed
with nanofillers, and across the scales for potential applications,
including shape-morphing,** building envelopes,!*’] personal
protection,3¢37] energy storage,['’] and tissue engineering.[*®]
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4. Experimental Section

Materials:  Poly(vinyl alcohol) (PVA) with a weight-average molecu-
lar weight (My,) of 125 000 g mol™", gelatin from porcine skin, and
waterborne polyurethane (WPU) were purchased from Sigma-Aldrich.
Graphene oxide (GO) dispersion (20 mg mL™" in water, lateral size 2—
4 um) was purchased from Ceylon Graphene Technologies, Sri Lanka.
Sodium chloride (ACS reagent >99%), lithium chloride (ACS reagent
>99%), potassium carbonate (reagent grade >98%), and sodium sulfate
(ACS reagent >99%, anhydrous, granular) were purchased from Sigma—
Aldrich. Isopropyl alcohol (IPA) (70% v/v) and sulfuric acid (95%-98%
w/w certified ACS plus) were purchased from Fisher Scientific. UV cur-
able White Model Resin for 3D printing was purchased from HARZ Labs
LLC. The plastic balloon was purchased from Amazon (magic bubble) and
made from poly(vinyl acetate) (PVAc). The bowling ball (7 kg) was pur-
chased from Brunswick TZone Deep Space.

3D Printing of the Strut-Based Frames as Templates for Soap Film Coat-
ing:  All strut-based frames were 3D printed using a Phrozen Mini 4K
digital light processing (DLP) 3D printer using UV-curable methacrylate
monomer and oligomer-based HARZ Labs white model resin. The 3D
models for printing were sliced to 50 pm layers in Chitubox software, and
the curing time for each layer was set to 8 s with a 20 s light-off delay. After
each layer was cured, the build plate was lifted for 5 mm at 65 mm min~!
before returning to the position to cure the next layer. Immediately after
the print, the build plate attached to the printed model was immersed in an
isopropyl alcohol (IPA) bath and sonicated for 10 min in a Branson 3800
Ultrasonic cleaner to remove uncured resin, followed by air drying and 405
nm flood UV exposure to completely crosslink the resin. The dimension
of all single and 2 x 2 Schwarz-P surfaces was kept at 25 mm X 25 mm x
25 mm.

Preparation of the Polymer/GO Soap Films: The PVA aqueous solutions
and 10wt.% were prepared by mixing PVA in desired amounts of deion-
ized (D) water in glass beakers. The mixture was magnetically stirred in
an 80 °C oil bath on a hotplate (IKA C-MAG HS 7) till it became homoge-
neous. The solution was completely cooled down to room temperature be-
fore use. PVA/GO mixture was formulated by mixing 10 wt.% PVA aqueous
solution with 20 mg mL™" GO water dispersion, followed by vortexing us-
ing the Fisher Scientific Heavy-Duty Microplate Vortex Mixer till forming a
homogeneous solution. The weight ratio of PVA: GO was fixed at 10:1, with
a total mass concentration of the mixture of 50 mg mL~". Before the fabri-
cation of the soap film, 3D printed strut-based frames were oxygen plasma
treated (Harrick Scientific Corp PDC-001 plasma cleaner/sterilizer. The
mass of the empty frame was recorded on a balance (Sartorius Entris224l-
1S) before dipping it into the solution. After dipping, the excess solution on
the frame was wiped off, and the mass suspended on the frame was con-
trolled by adding or subtracting using a clean tweezer, followed by weigh-
ing repeatedly until reaching the desired weight. Then, the frame was im-
mediately fixed on polystyrene foam, and the entire setup was placed in
a closed, home-built glass chamber with controlled RH for drying. The
RH inside the chamber (10-90%) was controlled using an open glass
petri dish filled with sulfuric acid or aqueous saturated salt solutions. A
closed chamber with concentrated sulfuric acid (98 wt.%) and saturated
LiCl aqueous solution had RH of 10 % and 20%, respectively, and that
from saturated K,CO3, NaCl, and Na,SO, aqueous solutions had RH of
50%, 75%, and 90%, respectively. The RH in the chamber was allowed
to stabilize for at least 12 h before use and was continuously recorded
by a humidity monitor (Habor HM118A) during the soap film drying. Af-
ter drying, the mass of the soap film-coated structure was recorded. The
cast film was conducted by depositing the liquid solution onto the glass
substrate, using a home-made blade casting device to uniformly spread
it across the surface. The film’s thickness was controlled by adjusting
the blade’s height and spreading speed. After fully drying, the cast film
was cut to the same dimensions as the soap film for the uniaxial tensile
test.

Gelatin soap solution was formulated by adding 3g gelatin powder into
a beaker, followed by the addition of 3g DI water. Subsequently, 24 g 80 °C
DI water was added and the beaker was heated in 80 °C oil bath and mag-
netically stirred on a hotplate (IKA C-MAG HS 7) until a clear solution was
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obtained. Gelatin soap film was prepared following similar procedures to
fabricating the PVA soap films.

Gelatin/GO soap solution was formulated by mixing the above gelatin
aqueous solution (10 wt.%) with 20 mg mL~! GO aqueous dispersion at
80 °C, followed by vortexing. The weight ratio of gelatin: GO was fixed at
10:1, with a total mass concentration of the mixture at 50 mg mL™'. Be-
fore coating, the physical gel was heated on a 50 °C hotplate until melted.
Treatment of the template, step for dipping, mass control, and drying were
identical to those for PVA soap film.

The WPU and WPU/GO soap films were prepared following the same
procedures as preparing the PVA and PVA/GO soap films. WPU/GO soap
solution was formulated by mixing WPU with 20 mg mL~" GO aqueous
dispersion at 80 °C, followed by vortexing until a homogeneous solution
was formed. The weight ratio of WPU:GO was fixed at 10:1, with a total
mass concentration of 50 mg L™,

Material Characterization: The morphologies of GO nanosheets were
characterized by FEI Quanta 600 environmental scanning electron mi-
croscopy (ESEM) with an electron beam acceleration voltage of 10 kV un-
der 0.50 Torr.

The polarized optical microscopy (POM) images were recorded on a
home-built set-up, including a white light source (Motic MLC-150C fiber
opticilluminator), a linear polarizer (Thermo Fisher Scientific), a rotatable
sample holder (Thermo Fisher Scientific), a rotatable waveplate holder
(Thermo Fisher Scientific LCC1223-A), an analyzer with optical axis per-
pendicular to that of the polarizer (Thermo Fisher Scientific), and a digital
camera, aligned on the same optical path (see setup shown in Figure S4,
Supporting Information).

Dynamic light scattering (DLS) was performed on Zetasizer (Malvern
nano-s dynamic light scattering particle size analyzer) to estimate
the size distribution of graphene oxide sheets dispersed in DI
water.

Atomic force microscopy (AFM, Asylum MFP-3D) was applied to study
the morphology of the PVA/GO soap films and GO sheets, wherein two
tapping mode AFM probes, TESPA-V2 and HQ:NSC15/Al BS, were se-
lected for the mapping, respectively. In a typical AFM mapping pro-
cess, the sample was placed on a polished silicon wafer. The AFM tip
was moved to the targeted air with the assistance of an optical micro-
scope, and the tomography mapping was conducted in AC mode in the
air.

Polarized Raman spectroscopy was employed to study the orientation
of the GO nanosheets in the PVA/GO soap films. A 532 nm laser was
equipped, and the laser spot diameter was regulated to around 1 um. For
the polarization measurement, first, the PVA/GO soap film was placed
onto a silicon wafer with the laser beam perpendicular to the sample’s
surface. While the sample was fixed, the polarized angle of the laser beam
was continuously rotated using a half-wave plate to attain the spectra. To
measure the transverse section of the thin film, the sample was fixed using
a self-closing tweezer. The relative intensities of the G band at 1598 cm™!
were recorded.

Mechanical Testing: The tensile and compressive tests were con-
ducted using a universal mechanical tester (Instron 5564) with a
stretching speed of 2 mm min~! and a compression speed of 7.5
mm min~', respectively. The custom setup for the dynamic im-
pact test of soap film-coated TPMS structures (Figure S12, Support-
ing Information) was adapted from the Charpy impact test, follow-
ing the same principle of the standardized method (ASTM E23, ISO
148) for evaluating the energy absorption capacity of materials un-
der high-strain-rate conditions. Ours was scaled down to accommo-
date the centimeter-sized, ultralightweight shellular structures in the
system. Specifically, it consisted of a framework (Thorlabs), a pendu-
lum (265 g, 160 mm in length, Thorlabs) suspended from the frame-
work, and a force sensor (Instron, Serial Number: 41993, 2 kN) to
measure the impact load. The specimen was positioned horizontally
on the framework between the pendulum and the impact force sen-
sor. The pendulum was released from a specific height H to impact the
specimen.

The effective stroke displacement S,;, mass of the P surface m, and
the stroke load F are employed to describe the mechanical response of

Adv. Funct. Mater. 2025, e12357 e12357 (11 of 12)

www.afm-journal.de

the P surface under an impact load. The specific energy absorption SEA is
defined as!3240]

sea= EA M
m

where EA is the total energy absorption, defined as

Sof
EA= [ Fdu @
0

The Frontal Collision Test of a Vehicle: The crash dummy (0.38 g) made
from air-dry clay (FlyFlag) was placed into a remote-controlled vehicle
(TEMU). A PVA/soap film-coated TPMS bumper was attached to the front
of the vehicle. The dummy’s head motion was marked and tracked during
the collision. The vehicle’s speed was maintained at 100 mm s~ before
impacting the frontal obstacle. All videos were captured using a Nikon
D5600 DSLR, and the motion analysis was conducted using Tracker soft-
ware.

Finite Element Analysis (FEA): FEA simulations were conducted us-
ing Abaqus/Standard (Dassault Systémes) to model the stress develop-
ment during the solid-to-liquid phase transition in templated PVA/GO
soap films. The geometry of triangular films (I = 10 mm), identical to the
experimental setup, was imported into ABAQUS CAE as a STEP file and
meshed using 4-node tetrahedral elements (C3D4). A mesh refinement
study was performed to ensure mesh accuracy. The mechanical properties
of PVA/GO were modeled as linear elastic with a constant Young’s Modu-
lus of 10 kPa and a Poisson’s ratio of 0.3. To simulate compression during
the drying process, the isotropic thermal expansion coefficient of thermal
expansion was set to -0.2 °C™". Boundaries were fully constrained at the
edges to replicate the constraints provided by the strut-based frame. A
static simulation was performed, with the temperature increased to simu-
late the compression during the evaporation. The orientations of the prin-
cipal stress (indicated by light blue lines) were plotted to show that the
direction of GO sheet alignment was normal to the direction of maximum
principal stress.

Static Analysis: Raw data were processed and plotted in MATLAB to
calculate the mean and standard deviation (SD). The results were pre-
sented as mean = SD. Each statistical analysis was performed with a sam-
ple size n =3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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