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Hybridizing Shear-Stiffening Gel and
Chemically-Strengthened Ultrathin Glass Sheets for Flexible
Impact-Resistant Armor

Xuchao Wang, Zijing Zhang, Zhihua Liang, and Haimin Yao*

Traditional anti-impact armors and shields are normally made of stiff and hard
materials and therefore deficient in flexibility. This greatly limits their
applications in protecting objects with complex geometries or significant
deformability. Flexible armors can be developed with the application of hard
platelets and soft materials, but the lower rigidity of the flexible armors
renders them incapable of providing sufficient resistance against impact
attacks. To address the inherent conflict between flexibility and impact
resistance in traditional armors, here, a composite is developed by hybridizing
a shear-stiffening gel as the matrix and chemically-strengthened ultrathin
glass sheets (CSGS) as the reinforcement. The resulting laminate, termed
PCCL, exhibits both high flexibility and high impact resistance. Specifically, at
low strain rates, the high ductility of the gel combined with the high flexural
strength of the CSGS enables the PCCL to undergo considerable deformation;
at high strain rates, on the other hand, the shear stiffening behavior of the gel
matrix endows the PCCL with excellent impact resistance manifested by its
high performance in energy absorption and high rigidity. With the combination
of high flexibility and high impact resistance, the PCCL is demonstrated to be
an ideal armor for protecting curved vulnerable objects from impact attacks.

1. Introduction

Materials with high impact resistance are always desired when
producing protective armors and shields. In ancient times,
iron was the prevailing material used to develop armors for
warriors.[1] In recent years, advanced ceramics, which feature
lighter weight, higher durability, and excellent strength and
toughness,[2,3] were utilized to fabricate anti-impact armors.[4–6]

The superior impact resistance of the metallic and ceramic ar-
mors and shields is largely attributed to the high stiffness and
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rigidity of the building materials, which in-
evitably affect their flexibility and therefore
limit the application to objects with complex
shapes or considerable deformability.
One conceivable strategy for flexible armors
is to apply soft building materials such as
high-performance fibers, which exhibit ex-
ceptional flexibility and superior energy ab-
sorption capability.[7–11] However, such high
energy absorption mainly resulted from the
large irreversible deformation of the armor.
Under this circumstance, the protected ob-
jects beneath the armor might undergo
considerable impact force, resulting in
serious damage.[12,13] Another prevalent
strategy for achieving flexibility is to com-
bine rigid platelets and soft substrates to
form soft-rigid unified armors.[14–17] Al-
though the rigid platelets can offer some
impact resistance, the lower rigidity of
the soft-rigid unified armors under dy-
namic impact renders them incapable
of providing sufficient resistance force
against the impactor. This is a common is-
sue encountered by most current flexible

armors, which limits their application in protecting vulnerable
objects. Developing flexible armors with high impact resistance
remains a challenge calling for new strategies.

Essentially, flexibility and impact resistance are mechanical
properties exhibited by materials at low and high strain rates,
respectively. To achieve high flexibility at a low strain rate and
high rigidity (high impact resistance) at a high strain rate, ma-
terials with rate-dependent mechanical behavior should be given
high priority. This draws our attention to shear stiffening ma-
terials, also known as non-Newtonian viscous materials, which
exhibit high flexibility at low strain rate while high rigidity at
high shear strain rate.[18–22] However, most non-Newtonian ma-
terials flow even under an unstressed state, which limits their
application as structural materials unless reinforcing phase is
applied.[23–26] To maintain high flexibility after the reinforcement,
an ideal reinforcing phase should be able to sustain consider-
able deformation as well. This reminds us of the chemically-
strengthened ultrathin glass sheets (CSGS). Although bulk glass
is deemed brittle and fragile, ultrathin glass sheets (≤100 μm),
especially those strengthened by ion-exchange technique, exhibit
flexural strength as high as 1000 MPa.[27,28] That’s why CSGS
is currently applied to the screens of foldable cell phones. In
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Figure 1. Design strategy of PCCL. a) Schematic illustration of the fabrication process of PCCL. b) Schematic illustration of the ion exchange process for
strengthening ultrathin glass sheets. After the ion exchange, a compressive residual stress field is formed near the surface of the glass sheet, due to the
replacement of the sodium ions (Na+) by the larger potassium ions (K+). c) Schematic illustration showing the mechanism accounting for the shear
stiffening effect of PBDMS. At low strain rates, the B-O dynamic bonds can be dissociated easily, resulting in a viscous gel-like behavior. In contrast, at
high strain rates, the B-O dynamic bonds are associated firmly, leading to the crosslink of elastomer chains and high rigidity of the PBDMS. d) Schematic
illustration showing the staggered stacking pattern of the CSGS.

this context, herein we propose to develop a flexible anti-impact
composite armor by using polyborodimethylsiloxane (PBDMS)
as a non-Newtonian matrix and chemically-strengthened ultra-
thin glass sheets as the reinforcing phase (Figure 1a). The fab-
rication process starts from the strengthening process of glass
sheets through ion exchange (Figure 1b), followed by the depo-
sition of PBDMS, a shear stiffening gel (Figure 1c). Finally, the
chemically-strengthened glass sheets coated with PBDMS are as-
sembled through a staggered stacking pattern mimicking the ar-
rangement of aragonite platelets in nacre (Figure 1d), resulting
in a PBDMS/CSGS composite laminate, termed PCCL. Under
a static bending load, the PCCL demonstrates exceptional flexi-
bility. When subjected to high-speed impact load, it displays an
excellent impact resistance as reflected by high energy absorp-
tion and high rigidity, and unmatched protection potential in
comparison with various control samples. With the combina-
tion of high flexibility and high impact resistance, the PCCL is
demonstrated an ideal armor for protecting vulnerable objects
with curved shapes, such as balloons, from damage by a fatal pro-
jectile attack.

2. Results and Discussion

2.1. Fabrication and Characterization

The fabrication process of the PCCL is schematically depicted in
Figure 1a. First, photoetching technology with a honeycomb-like
photomask was applied to deposit a patterned photoresist film
onto 100 μm thick soda-lime glass sheets (Figure S1a,b, Sup-
porting Information). The width of each hexagonal photoresist
film was about 2 mm (Figure S1a, Supporting Information).
The glass sheets covered with patterned photoresist film were
subsequently immersed in a hydrofluoric acid (HF) solution
for chemical etching. Due to the protection by the photoresist,
the etching takes place only in the uncovered region between
the hexagonal films. After etching and removal of the pho-
toresist, patterned hexagonal glass islands were formed on the
ultrathin glass sheets (Figure S2, Supporting Information).
Then, the etched glass sheets were then soaked in a molten
salt of potassium nitrate (KNO3) at a temperature of 450 °C
for 180 min. During this period, the larger-radius potassium
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Figure 2. Characterization of the chemically-strengthened glass sheets, PBDMS, and PCCL. a) K+ concentration profile determined by EPMA along
thickness direction of a glass sheet before and after ion exchange. b) Force-deflection curves from the 3-point bending tests on 100 μm thick glass sheets
with and without ion exchange. c) Storage modulus and loss modulus of PBDMS measured by a rheological test. d) FTIR spectrum of PBDMS showing
the presence of the B─O dynamic bonds. e) Digital photograph showing the flowability of PBDMS upon gravity. f) Distinct responses of a PBDMS disc
to quasi-static compression and dynamic impact. g) Digital photograph showing the excellent resilience of PBDMS. h) Digital photograph showing the
high flexibility of the PCCL.

ions from the molten salt replaced the smaller-radius sodium
ions near the surfaces of the glass sheets.[29–31] This is con-
firmed by both the electron probe micro-analyzer (EPMA) and
energy disperse spectroscopy (EDS) (Figure 2a; Figure S3,
Supporting Information). As a result, compressive residual
stress is generated near the surfaces of the glass sheets.[32–34]

The EPMA results demonstrated that the penetration depth of
the potassium ions was ≈15 μm, as depicted in Figure 2a. The
compressive residual stress near the surfaces of the glass sheets
can compensate for the tensile stress caused by bending load,

effectively enhancing the flexural strength and flexibility of the
glass sheets (Figure 2b; Figure S4 and Movie S1, Supporting
Information).

The PBDMS gel was developed by reacting boric acid (H3BO3)
and hydroxyl-terminated polydimethylsiloxane (PDMS-OH).[7,35]

The shear stiffening behavior of the resulting PBDMS gel was
confirmed by the rheology experiment (Figure 2c). In the low-
frequency region (below 1.4 Hz), the loss modulus (G″) of PB-
DMS is greater than the storage modulus (G′), suggesting that
viscosity is predominant.[23,36] In contrast, as the shear frequency
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Figure 3. Flexibility of PCCL at low strain rates. a) Force-deflection curves obtained from quasi-static bending tests on three samples. b) Comparison of
the energy absorption in the bending tests for a glass panel, a Quasi-PCCL, and a PCCL. Here, the energy absorption is calculated from the area beneath
the force-deflection curve of the bending test. c–e) Snapshots at the maximum deflection moments in the bending tests performed on (c) a glass panel,
d) a Quasi-PCCL, and e) a PCCL.

increases, the storage modulus surpasses the loss modulus be-
yond the cross point, indicating that the material behavior is
dominated by the elastic solid state. Such shear stiffening be-
havior of PBDMS can be attributed to the presence of B─O
dynamic bonds,[9,25,35] as identified by the Fourier transform
infrared spectroscopy (FTIR) result (Figure 2d). In polydimethyl-
siloxane (PDMS), however, such B─O dynamic bonds are defi-
cient and therefore no shear stiffening behavior can be observed
(Figure S5, Supporting Information). The unique shear stiffen-
ing behavior of PBDMS endows it with high ductility and flex-
ibility at low strain rates, while high rigidity and impact resis-
tance at high strain rates (Figure 2e–g; Movie S2, Supporting
Information). The chemically-strengthened glass sheets were im-
mersed in a 5 mg mL−1 PBDMS-acetone solution for 8 h. The
mass fraction of PBDMS on glass sheets was controlled to be
≈5 wt%, akin to the mass fraction of organic biopolymers in
nacre.[37,38] The glass sheets with PBDMS were stacked in a stag-
gered manner, as shown in Figure 1d. Finally, a hot-pressing pro-
cess was employed under a vacuum atmosphere to form tight
bonding between the glass sheets and the PBDMS interlayers,
resulting in a PCCL with dimensions of 60 × 60 × 0.55 mm3

(Figure S6, Supporting Information). The dimensions of PCCL
can be customized easily by altering the size of the ultrathin glass
sheets or the number of layers stacked. The resultant PCCL was
demonstrated capable of sustaining large flexural deformations
(Figure 2h).

2.2. Flexibility at Low Strain Rates

To characterize the flexibility of PCCL, we carried out quasi-static
flexural tests on a PCCL specimen. To shed light on the effects
of the shear stiffening gel (PBDMS) and chemical strengthening
glass, we adopted two control samples. One is a soda-lime glass
panel, and another is a composite laminate called Quasi-PCCL,
which has the same compositions and structure as the PCCL ex-
cept that its ultrathin glass sheets have not been strengthened.
For a better comparison, all three samples are made into the same
dimensions.

The glass panel exhibits limited deformability and a typical
brittle fracture mode under bending (Figure 3a,c). At the peak
load, cracks originate from the loading point and propagate
quickly, resulting in catastrophic damage of the specimen (Movie
S3, Supporting Information). In contrast, both composite lam-
inates, including PCCL and Quasi-PCCL, manifest higher flex-
ibility as evidenced by the larger deflection before catastrophic
damage (Figure 3a,d,e; Movie S3, Supporting Information). This
can be attributed to the large deformability of the PBDMS matrix
and the ultrathin flexible glass sheets as well as the laminated
structure. Comparison between these two composite laminates
shows that the PCCL is superior in both flexibility and energy
absorption (Figure 3b). Such superiority of PCCL is attributed to
the enhanced flexural strength of the ultrathin glass sheets after
ion exchange.[27] Comparing the morphologies of the damaged
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Figure 4. Investigation of the impact resistance of PCCL at high strain rates. a) Schematic illustration of drop-hammer impact test. b) Force-displacement
curves under drop-hammer impact tests. c) Comparison of energy absorption and peak force for glass panel, glass laminate, CS-glass laminate, and
PCCL under drop-hammer impact tests. d) Ashby plot (energy absorption versus peak reaction force) for PCCL and different control samples under the
drop-hammer impact tests.

specimens after the bending tests shows that the glass sheets in
the PCCL shatter into many small pieces (Figure S7, Support-
ing Information). This results from the severe residual stress de-
veloped in the chemically-strengthened glass which will facilitate
the fracture of the glass once the compressive surface layer is
damaged,[27,39] akin to the explosive disintegration of a “Prince
Rupert’s drops” when the tail is broken.

2.3. Resistance to Dynamic Impact

To assess the impact resistance of the PCCL, we conducted drop-
hammer impact tests on a PCCL specimen (60 mm × 60 mm ×
2 mm) and a series of control samples of the same dimensions
by adopting the same impactor and drop height (Figure 4a). The
control samples include a soda-lime glass panel (Glass panel),
a chemically strengthened glass panel (CS-glass panel), a poly-
methyl methacrylate panel (PMMA panel), a composite lami-
nate composed of 100 μm thick glass sheets and PBDMS matrix
(Glass laminate), a composite laminate composed of chemically-
strengthened 100 μm thick glass sheets and PBDMS matrix (CS-
glass laminate). The fraction of PBDMS in the glass laminate,
CS-glass laminate and PCCL is controlled the same (5%). The
results indicate that both the glass panel and CS-glass panel dis-
play typical brittle fracture behavior (Figure 4b). In contrast, the
PMMA panel, the glass laminate, the CS-glass laminate and the
PCCL display features of ductile fracture under dynamic im-
pact load. Particularly, the ductility of the PCCL significantly sur-
passes those of the control specimens, indicating its high energy
absorption capability.[8,40] Among all the samples, the glass panel

exhibits the lowest energy absorption (Figure 4c). The glass lam-
inate outperforms the glass panel in energy absorption, owing
to the enhanced flexibility brought about by the laminated de-
sign and the increased storage modulus of PBDMS at high strain
rates. Furthermore, the CS-glass laminate surpasses the glass
laminate in energy absorption (Figure 4c), implying that ion ex-
change is an effective approach to enhance the impact resistance.
This can be attributed to the higher flexural strength brought
about by the ion exchange process.[41,42] The PCCL demonstrates
an energy absorption more than two folds of that of the CS-glass
laminate (Figure 4c). Such a significant enhancement in impact
resistance should be ascribed to the hexagonally grooved struc-
ture which can branch the crack propagation and therefore re-
sult in higher energy consumption.[15,43,44] In addition, the PCCL
also exhibits superior energy absorption as compared with the
CS-glass panel and PMMA panel (Figure S8, Supporting Infor-
mation). Among all the tested samples, the CS-glass panel dis-
plays the highest peak force as depicted by Figure 4b, while the
PMMA panel shows the lowest peak force (Figure S8, Support-
ing Information). It is interesting to notice that the peak force of
the PCCL is comparable to that of the glass panel. This implies
the high rigidity of the PCCL under dynamic load, which endows
it with an excellency in protecting vulnerable objects against im-
pact attack. To manifest the effect of shear stiffening, we replaced
the PBDMS in the CS-glass laminate with the similar amount of
PDMS, which is deficient of shear stiffening mechanism. The re-
sulting composite exhibits much reduced peak force and energy
absorption as compared to the CS-glass laminate (Figure S9, Sup-
porting Information), implying the positive contribution of the
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Figure 5. Digital photographs after drop-hammer impact tests on a) PCCL, b) glass panel, c) CS-glass panel, and d) PMMA panel. The red dashed lines
indicate the smashed region of the sample.

shear stiffening mechanism to the impact resistance. The shear
stiffening mechanism of PBDMS originates from the dynamic
crosslinks of B─O in it. At low strain rates, the B─O crosslinks
have enough time to respond to external stimuli, and can be easily
associated and dissociated, which endows the PBDMS with a vis-
cous gel-like behavior at the macroscale.[45–47] In contrast, at high
strain rates, the B─O crosslinks cannot respond to the external
stimuli in time and this may hinder the movement of molecular
chains. Under this circumstance, PBDMS behaves like an elas-
tic solid with considerable rigidity. The high energy absorption
and high rigidity under impact load in combination with its high
flexibility under static load make the PCCL an ideal candidate for
protective armor (Figure 4d).

To gain more insights into the high energy-absorption capa-
bility of the PCCL, we further compared the fracture patterns of
some samples after the impact tests (Figure 5). For the PCCL,
which exhibited the highest energy absorption among the sam-
ples, the impact left an apparent circular region where the glass
was severely smashed (Figure 5a). The diameter of the smashed
region is ≈3 cm, which is more than two times of the impactor’s
diameter. Out the smashed regions, the structural integrity of the
sample was well maintained. The considerable energy consump-
tion in forming such a large region accounts for the high energy
absorption of the PCCL. In contrast, for the glass panel manifest-
ing the lowest energy absorption in the tests, the impact produced
tens of radical cracks as well as a smashed region ≈2 cm in diam-
eter (Figure 5b). Such a smaller smashed region in combination
with the lower crack density and the lower fracture toughness of
glass determines its lower energy absorption. For the CS-glass
panel, however, the impact generated a similar fracture pattern
but a considerably smashed region with a much higher crack den-

sity (Figure 5c). This explains why the CS-glass panel exhibited
an energy absorption comparable to that of the PCCL (Figure 4d).
For the PMMA panel, the impact left only six radial cracks and
one ring crack. Four radial cracks terminated inside the sample
(Figure 5d). Although PMMA has a higher fracture toughness
than glass, such a short crack length fails to bring high energy
absorption to the PMMA panel under impact (see Figure 4d). It
is interesting to notice that the impact tests caused catastrophic
radial cracks on all samples except the PCCL. This might be at-
tributed to the microscopic hexagonal grooves on the glass sheet,
which lead to crack branching into diverse directions before stop-
ping propagating.

The combination of high flexibility and high impact resis-
tance exhibited by the PCCL endows it with the unique potential
in some applications such as protective armor for objects with
curved shapes. To demonstrate this point, we attached a PCCL
(60 mm × 60 mm × 0.55 mm) to the surface of a latex balloon
and carried out projectile attacks with a dart (Figure 6a). With the
protection of the PCCL panel which perfectly conforms to the bal-
loon’s surface, the vulnerable balloon can survive from the fatal
projectile attacks by the dart (Figure 6b; Movie S4, Supporting
Information).

3. Conclusion

To summarize, in this paper we applied a shear-stiffening gel
and chemically-strengthened glass sheets to develop a composite
laminate, called PCCL, to address the inherent conflict between
flexibility and impact resistance in the traditional anti-impact ar-
mors. At low strain rates, the resulting PCCL demonstrated con-
siderable flexibility, which can be attributed to two factors: i) the
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Figure 6. The demonstration of the potential application of the PCCL in protecting a vulnerable balloon. a) Schematic illustration showing the set-up of
the projectile test. b) Projectile attack tests on a latex balloon with or without protection by a PCCL.

enhanced flexural strength of the ultrathin glass sheets after ion
exchange process; and ii) the flowable gel state of PBDMS at low
strain rates. At high strain rates, the PCCL demonstrated excel-
lent impact resistance evidenced by its high energy absorption
and high rigidity under impact attacks. Such a high impact re-
sistance can be ascribed to the shear stiffening behavior of the
PBDMS matrix and the high flexural strength of the chemically
strengthened glass sheets. With the possession of both high flex-
ibility and high impact resistance, our PCCL has been demon-
strated to have great application potential as an anti-impact armor
for objects with curved profiles.

4. Experimental Section
Preparation of Hexagonal Patterns in Ultrathin Glass Sheets: The ul-

trathin glass sheets were supplied by Asahi Glass Co., Ltd. (Japan). The
compositions were confirmed by X-ray fluorescence (XRF, SHIMADZU
XRF-1800, Japan), and the result is shown in Table S1 (Supporting In-
formation). The ultrathin glass sheets were first cleaned in acetone and
then dried in a drying oven. Subsequently, AZ 5214E photoresist (Micro-
Chemicals GmbH, Ulm, Germany) was spin-coated (Sawatec Spin Coater,
Switzerland) onto the cleaned ultrathin glass sheets. The spin speed was
4000 rpm and the spin time was 40s, in this case, a 3.2 μm thick pho-
toresist layer was coated onto the ultrathin glass sheet (Figure S1b, Sup-
porting Information). Then, the ultrathin glass sheets were transferred to
a hot plate to improve adhesion between the photoresist and glass sheets
under 120 °C for 2 min. To get photoresist patterns, the ultrathin glass
sheets were transferred to a UV mask aligner (SUSS MA6 Mask Aligner,
Germany), under the effect of UV light (Wavelength: 365 nm, Power: 350 W,
Exposure time: 20 s), patterns from the photomask were transferred to the
photoresist on the ultrathin glass sheets. After developing in AZ 300 MIF
developer, the hexagonal photoresist patterns presented on the ultrathin
glass sheets (Figure S1, Supporting Information). To further transfer the
photoresist patterns into ultrathin glass sheets, a chemical etching was
implemented. To be specific, the ultrathin glass sheets were immersed in
HF solution for 20 min. It is noteworthy that the HF solution was obtained
by mixing ammonium bifluoride, 98% sulfuric acid, 37% hydrochloric acid,
and deionized water. After cleaning and drying, ultrathin glass sheets with
hexagonal patterns were obtained (Figure S2, Supporting Information).

Ion Exchange: The ion exchange processing was performed in a muffle
furnace (KSL-1200X, Hefei Kejing Materials Technology Co., Ltd., China).

The potassium nitrate (KNO3, Purity ≥ 99%, Sigma–Aldrich Co. LLC,
USA) in a nickel crucible was first heated to 450 °C at a heating rate of
10 °C min−1 to get KNO3 molten salt. During this procedure, the ultra-
thin glass sheets with hexagonal patterns placed in a molybdenum mesh
basket were held above a nickel crucible and heated together with KNO3.
Then, the glass sheets were immersed into KNO3 molten salt to conduct
ion exchange at 450 °C for 180 min. After that, the glass sheets were with-
drawn from the molten salt and cooled to room temperature with the muf-
fle furnace. Subsequently, the ion-exchanged glass sheets were cleaned
using distilled water to remove residual salt on the surfaces of the glass
sheets.

Preparation of PBDMS: First, boric acid (H3BO3, Shanghai Aladdin
Biochemical Technology Co., Ltd., China) and hydroxyl-terminated poly-
dimethylsiloxane (PDMS-OH, Shanghai Bide Pharmaceutical Technology
Co., Ltd., China) were mixed and stirred at a mass ratio of 5:95. Then, the
mixture was heated to 180 °C using the muffle furnace and maintained
at this temperature for 180 min. Eventually, PBDMS was obtained after
cooling the resulting polymer to room temperature.

Fabrication of PCCL: Chemically-strengthened glass sheets and PB-
DMS were hybridized to prepare the PCCL. First, 5 g PBDMS was fully dis-
solved in 100 mL acetone to get a stable PBDMS solution. Subsequently,
the chemically-strengthened glass sheets were immersed in PBDMS so-
lution for 8 h to obtain sufficient PBDMS adhesion. After that, the glass
sheets was assembled in a staggered arrangement mode (Figure 1d). The
study then used a pre-pressing step with a pressure of 1 MPa to make dif-
ferent glass laminations fully contact. Finally, a vacuum hot-pressing step
was applied to improve the adhesion between the chemically-strengthened
glass sheets and PBDMS under a 5 MPa pressure for 6 h. Through the
above-mentioned procedures, the PCCL (Figure 2h) was obtained.

Quasi-Static Compression Tests: The specimens used for the quasi-
static compression tests were 60 mm × 60 mm × 0.55 mm panels. For
each group, at least four specimens were tested. The tests were performed
on a universal testing machine (MTS QTest/25, USA). A loading nose with
a spherical tip (diameter: 6 mm) was driven into the center of the spec-
imens at a quasi-static rate of 0.5 mm min−1 until failure. The force and
deflection curves were recorded during the tests, and the total energy ab-
sorption for each specimen was calculated according to the area of the
force-deflection curve. An optical camera was used to record the compres-
sion processes during the tests and failure morphologies after the tests.

Drop-Hammer Impact Tests: The dynamic drop-hammer impact tests
were performed on a drop-weight impact testing system (Instron 9250HV,
USA) equipped with a 17.45 kg drop weight and a hemispherical-tip im-
pactor (12.7 mm in diameter). The specimens used for the drop-hammer
impact tests were 60 mm × 60 mm × 2 mm panels. For each group, at
least four specimens were tested. Before the impact tests, the specimens

Adv. Sci. 2024, 11, 2403379 2403379 (7 of 9) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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were clamped in a steel supporting frame (Figure 4a). During the tests,
the same impact velocity of 2.42 m s−1 was adopted. Force-displacement
curves were plotted according to the results of the impact tests, and en-
ergy absorption for each specimen was obtained by calculating the area
beneath the force-displacement curve. After the impact tests, an optical
camera was used to record the failure morphologies of the tested speci-
mens.

Demonstration of PCCL as a Flexible Armor: To demonstrate the effi-
cacy of the PCCL in protecting objects with curved surfaces, a model test
illustrated in Figure 6a was designed. The PCCL was attached to the sur-
face of a balloon, a tungsten carbide dart with a tip was used to impact the
balloon protected by the PCCL. For comparison, the dart was also used
to impact the balloon without any protection. A catapult was applied to
launch the darts from the same distance to the balloons, resulting in a
constant impacting speed of around 2.5 m s−1. All balloons were inflated
manually with a pump to the same size.

Characterizations: The hexagonal photoresist patterns on ultrathin
glass sheets obtained by the photoetching process were characterized us-
ing a digital microscopy system (KEYENCE VHX-7000, Japan). The pat-
terns in ultrathin glass sheets obtained by the chemical etching process
were characterized using an optical microscope (Nikon EPIPHOT 200,
Japan) and an optical profiler (New Zygo NexView, USA). The concentra-
tion of potassium ion was characterized using an electron probe micro-
analyzer (EPMA, JXA-8530F PLUS, Japan) and an energy disperse spec-
troscopy (EDS, X-max, UK). The flexural strength and flexibility of the
plain glass sheet and the chemically-strengthened glass sheet were char-
acterized by a three-bending method, and the span and loading rate were
50 mm and 0.5 mm min−1, respectively. The rheological properties were
characterized using a rheometer (Haake Mars60, Germany). Fourier trans-
form infrared spectroscopy (FTIR) data of PBDMS was obtained by a
Thermo Scientific iN10 spectrometer (USA) in the wavenumber range of
4000–500 cm−1.
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