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ARTICLE INFO ABSTRACT

Handling editor: Hao Wang Kirigami structures are increasingly popular in wearable devices due to their exceptional properties. However,
their mechanical robustness and anti-impact properties during structural deformation have been overlooked.
This study addresses this issue by introducing defects on the surface of composites, mimicking pangolin scales to
produce negative Poisson’s ratio deformation during tensile strain. Kevlar, conductive shear stiffening elastomer
(c-SSE), and PET are combined (Kiri-Kevlar). When subjected to impact, the subconscious rapid response of
humans leads to bending arms or curling up, causing Kiri-Kevlar assembled at joints to stretch and undergo
structural deformation. The Kiri-Kevlar deformation and high energy dissipation characteristics of c-SSE effec-
tively resist external impact. In summary, a functional-integrated wearable device is developed based on a bionic
kirigami structure, realizing efficient anti-impact and providing ideas for a new generation of human-computer
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interactive intelligent protection devices.

1. Introduction

Kirigami is an ancient art that creates fascinating ornaments by
artfully cutting and manipulating a piece of paper. Currently, this art
form has evolved into a framework for design and manufacturing [1,2]
that enables the creation of multifunctional materials and structures at
different scales [3-5]. By skillfully designing geometric slits, simple 2D
thin plates can be transformed into complex 3D structures with unique
and programmable mechanical properties under external stimulation,
such as flexibility [6], super-shape deformation [7], and adjustable
Poisson’s ratio [8]. Structural design based on kirigami beyond tradi-
tional materials has a wide range of potential applications in robotics
[9], metamaterials [10], green energy [11], biomedicine [12] and other
fields.

The development of wearable devices needs to consider the optimal
selection and design of materials and structures for functioning at
curvilinear and dynamic surfaces of the human body [13,14]. The
structural flexibility of kirigami provides a rich solution to this problem.

Gao et al. developed a wearable biosensor inspired by fish scale patterns
and kirigami, which confers many advantages, including high stretch
ability, breathability, and the capacity to collect sweat for diagnostic
and motion monitoring [15]. Phillip Won et al. assembled stretchable
electronics with multivariable configurability by cutting highly
conductive and transparent electrodes into diverse geometric patterns,
based on which they developed an ultra-scalable transparent kirigami
heater for personal thermal management [16]. Overall, the flexible and
stretchable nature of the kirigami-based structures allows them to
conform well to the curved structure of muscle tissue during human
movement and adapt to dynamic behaviors.

Nevertheless, many kirigami-based wearables overlook the impor-
tance of dynamic mechanical property design, and research on the
response of mechanical properties under dynamic impact loading is
scarce. As people’s security awareness continues to increase, the de-
mand for wearable devices that can protect users under extreme impact
becomes more urgent [17-19]. In fact, certain kirigami structures
possess great potential in the field of impact resistance due to their
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auxeticity or ability to form load-bearing structures [20]. Li et al. pro-
posed a novel kirigami corrugated structure that incorporates additional
vertical breaking resistance and restraint between structural planes. In
comparison to traditional corrugated structures, the deformation
behavior of the kirigami corrugated structure undergoes significant
changes under out-of-plane crushing, resulting in a substantial
improvement in energy absorption [21,22]. Chan-Young Park et al.
proposed a kirigami and origami-based structure to study the impact of
hollow patterns on aerodynamics, which can cushion against collisions
and falls, protecting drones from damage [23]. The researches demon-
strate that kirigami structures are excellent candidates for anti-impact
design. However, the kirigami structures currently employed in the
field of anti-impact are often structurally heavy and rigid, which is
contrary to the requirements of flexibility and adaptability in wearable
device design. When designing flexible anti-impact devices, the selec-
tion of materials is crucial. In recent years, researchers have shown
significant interest in the unique shear stiffening effect exhibited by
some new smart materials. The shear stiffening elastomers (SSE) have
become widely popular for use in wearable protective devices due to
their exceptional cushioning and energy dissipation properties during
impacts [24,25]. It is also noteworthy that SSE, as an excellent polymer
matrix, can be combined with various functional materials to achieve
conductivity, thereby laying the groundwork for developments in
human-computer interaction and other related fields.

In this work, inspired by the scales of the pangolin, a flexible com-
posite is developed by combining Kevlar, shear c-SSE, and PET, utilizing
the kirigami structure (Kiri-Kevlar). Kiri-Kevlar exhibits excellent me-
chanical properties and can seamlessly transition between 2D and 3D
modes. Due to the structural stiffness of Kiri-Kevlar itself and the unique
strain-rate-sensitive properties of c-SSE, it has demonstrated an
extraordinary ability to dissipate impact forces, even withstanding the
impact of high-speed bullets. Moreover, Kiri-Kevlar can be comfortably
worn on curved areas of the human body, remaining flat when relaxed.
When subjected to impact, the subconscious actions of the body, such as
curling up or bending limbs, trigger the activation of the kirigami
structure of Kiri-Kevlar, effectively acting as an impact buffer. Addi-
tionally, Kiri-Kevlar enables intelligent human-computer interaction
based on its electrical properties. By wearing Kiri-Kevlar, users can
control computer games through multiple channels.

2. Materials and methods
2.1. Materials

Hydroxyl silicone oil was provided by Guangzhou Gongwang New
Material Technology Co., LTD. Boric acid, octanoic acid, hydroiodic acid
and ethanol were supplied by Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China. Carbon nanotubes (CNTs) were supplied by Suzhou
Carbon Feng Graphene Technology Co., LTD. PET film was purchased
from Wuxi Xiaguang Plastic Industry Technology Co., LTD. The fabric
used in this work was the plain-woven aramid Kevlar fabric 129 with an
areal density of 200 g/m? (tensile strength: 3.45 GPa; elongation at
break: 3.4%; initial modulus: 97 GPa). It was also commercially
available.

2.2. Preparation of conductive shear stiffening gel (c-SSG)

To prepare c-SSG, hydroxy silicone oil and boric acid were mixed in a
mass ratio of 30:1. A corresponding mass fraction of CNTs was added to
the mixture, which was then heated at 180 °C. The mixture was stirred
every 15 min until it completely congealed into lumps. Subsequently,
250 pL of octanoic acid was added per 100 g of hydroxy silicone oil, and
the mixture was stirred thoroughly again. After heating for 30 min, c-
SSG was successfully synthesized.
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2.3. Fabrication of Kevlar-based composite with kirigami structure (Kiri-
Kevlar)

To prepare Kiri-Kevlar with structural deformation ability, it was
necessary to first create periodic notches on a PET film using laser
engraving. A mixture of c-SSG and VMQ in a 7:3 mass ratio, along with a
4% mass fraction of benzoyl peroxide, was then laid on the PET film in a
mold, followed by a layer of Kevlar fabric on top. The entire mixture in
the mold was then hot pressed at 100 °C and 20 MPa for 30 min,
allowing the ¢-SSG and VMQ to vulcanize to c-SSE. Finally, a hand cutter
was used to create a notch in the composite material along the preex-
isting notch in the PET film, resulting in the successful preparation of
Kiri-Kevlar with an adjustable structure.

2.4. Characterization

The microstructures of the materials were characterized by SEM
(Gemini SEM 500, ZEISS) equipped with an energy-dispersive spec-
troscopy (EDS) system. The rheological properties of the polymer matrix
were measured by a commercial rheometer (Physica MCR 301, Anton
Paar Co., Austria). Fourier transform infrared spectra were obtained
using an FTIR Nicolet 8700 (Thermo Nicolet, USA). The uniaxial tensile,
structured Kiri-Kevlar compression and peeling test was conducted with
a universal testing machine (MTS Criterion™ Model 43). The force
dissipation property of Kiri-Kevlar was studied by a low-velocity impact
drop tower testing system consisting of a drop tower test device
(ZCJ1302-A, MTS Co. Ltd, China), acceleration sensor and force sensors.
The high-speed impact system consisted of an air gun and a laser velo-
cimeter, which controlled the initial velocity of the bullet by controlling
the initial air pressure of the air gun, and the initial velocity could be
collected through the laser velocimeter. A high-speed camera (Phantom
V2512) was set up behind the sample to record the impact at different
speeds. The water contact angle was measured by a contact angle
measuring instrument (JY-82C, Chengde Dingsheng Co., LTD, China).
The electrical properties of the materials were measured by the Modu-
Lab Materials Test System (Solartron Analytical, AMETEK Advanced
Measurement Technology, Inc., United Kingdom). The Kiri-Kevlar was
connected to a voltage divider circuit to control the computer by elec-
trical signals. The signal acquisition system (USB3136, Altai Technology
Development Co., LTD, China) transmitted these electrical signal data to
the computer for processing, which was carried out using the LabView
program.

3. Results and discussion

3.1. Design and fabrication of bionic kirigami structure Kevlar (Kiri-
Kevlar) composite

The pangolin is a remarkable example of nature’s ability to create
stretchable and impact-resistant structures [26,27]. Its body is covered
in overlapping scales that provide both flexibility and protection against
predators (Fig. 1a). When threatened, the pangolin will assume a curled
posture. Due to the tensile stress on the outer surfaces during the
bending process (Fig. 1b), the scales will extend outward, creating a
half-opened pine cone shape. It is evident that periodic intervals and
defects between scales can induce structural modifications. For the bi-
onic design of such structures, laser engraving is employed to etch lines
on PET film (Fig. 1c, Figure S1). This method is versatile and can be
applied to process a diverse range of kirigami structures (Figure S2).
Subsequently, Kevlar, ¢-SSG, and PET are integrated using the
hot-pressing method while also creating a corresponding notch (Fig. 1d).
During the hot-pressing process, the molecular chains in the c¢-SSG
containing BPO are cross-linked and vulcanized to produce c-SSE
(Fig. 1e). Fig. 1f displays the infrared spectra of VMQ, SSE, and c-SSE. As
silicon-based materials, these three substances exhibit typical Si-O bands
at 1008 cm !, Notably, the addition of boric acid to SSE and c-SSE
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Fig. 1. (a) Schematic diagram of a pangolin curling up and raising its scales; (b) stress distribution in the direction of thickness of bending element; (c—e) preparation
process diagram of Kiri-Kevlar; (f) infrared spectra of VMQ, ¢-SSG and c-SSE; SEM images of Kevlar surface (g) before and (h) after hot pressing; (i, j) schematic
diagrams of structural change of Kiri-Kevlar caused by stretching; (k) simplified deformation model of Kiri-Kevlar; (1) when the Kiri-Kevlar is worn on the joints, (m,
n) it opened the bionic scales with the bending of the arm for anti-impact; (o) Kiri-Kevlar also had sensitive sensing capability during impact.

results in a characteristic peak at 1340 cm ™!, which represents the “B-O"
dynamic bond characteristic peak [28]. Neat Kevlar exhibits a smooth
surface with weak interfiber bonding (Fig. 1g). Upon hot pressing, a
portion of c-SSE adheres to the fiber surface (Fig. 1h), with a more
pronounced effect at the intersection of warp and weft fiber bundles
(Figure S3a). The side view of Kiri-Kevlar reveals that c-SSE acts as an
intermediate layer, firmly bonding the PET film to Kevlar fabric
(Figure S3b). A detailed analysis of the interfacial properties between
the materials will be provided in Section 3.5. Kiri-Kevlar undergoes a
structural transformation from a 2D to a 3D configuration when sub-
jected to a pre-tensile load, akin to the scales of a pangolin expanding
(Fig. 1i and j). Specifically, structureless Kiri-Kevlar is described as
Kiri-Kevlar with free boundary condition and two-dimensional state.
When subjected to tensile loads and transformed into a
three-dimensional structure, it is defined as structured Kiri-Kevlar.
Furthermore, the Kiri-Kevlar exhibits flexibility (Figure S4), allowing
it to be comfortably contoured and worn on the human body. As a result
of prestrain-induced structural deformation, the structured Kiri-Kevlar
provides support when impacted, allowing deformation and resisting
the impact energy (Fig. 1k). According to Figure S5, the human body
responds to falls and impact in various ways by instinctively assuming a
protective posture [29-31]. Curling up, which is a form of pre-strain, can

initiate the deformation of the Kiri-Kevlar. For example, when worn over
human joint areas, Kiri-Kevlar initially assumes a flat state during the
arm hangs in a natural position (Fig. 11). In the event of a fall or external
impact, the subconscious reaction of the individual prompts them to
quickly bend their arms to assume a defensive posture and resist the
impact (Fig. 1m and n). Fortunately, Kiri-Kevlar’s structure deforms in
tandem with the arm’s movement, providing an immediate increase in
impact resistance. Kiri-Kevlar can also generate corresponding resis-
tance signals with various deformation modes, thus providing a foun-
dation for the development of intelligent sensing, human-computer
interaction, and other related functions (Fig. 10).

3.2. Rheological and electrical properties of unstructured Kiri-Kevlar
composites

Prior to investigating the properties of structured Kiri-Kevlar, it is
essential to study the unstructured composite itself. It is worth noting
that the anti-impact properties of Kiri-Kevlar are partly attributed to the
rheological properties of c-SSE in conjunction with Kevlar. As the raw
material for c-SSE, the storage modulus (G ) of ¢-SSG exhibits signifi-
cantly increase with increasing loading frequency (Fig. 2a). Meanwhile,
the loss modulus (G ") initially increases before eventually decreasing
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Fig. 2. Sweep-frequency (a) storage modulus and (b) loss modulus of ¢-SSG with different mass fractions of CNTs; (c) structure of boron-oxygen bond in (d) c-SSE
after vulcanization; (e) SEM images of CNTs and c-SSE; (f) stable I-V curves of ¢-SSG with different mass fractions of CNTs; sweep-frequency (g) storage modulus, loss
modulus and (h) damping factor of Kiri-Kevlar; (i) height comparison of ball rebounding after falling on Kiri-Kevlar and rigid plate; (j) EDS elemental mapping images
of Kiri-Kevlar surface; (k) schematic diagram of conductive path changing during matrix deformation; (1) FEM simulation result of embedded CNTs in polymer under
tensile loading; (m) sweep-strain storage modulus and loss modulus of Kiri-Kevlar under different frequencies; (n) elastic term and the viscous term of relative

resistance change.

(Fig. 2b). The addition of CNTs greatly enhances the initial modulus and
overcomes the cold flow behavior of pure shear stiffening gel (SSG)
(Figure S6). The typical strain-rate effect is attributed to the presence of
dynamic “B-O" bonds in the polymer chain (Fig. 2c). At high strain rates,
these bonds (Fig. 2d) do not have sufficient time to separate, thereby
elevating the macrolevel modulus of SSG. The SEM images clearly
demonstrate the uniform dispersion of CNTs within the SSG (Fig. 2e). At
a CNTs mass fraction of 3%, the seepage threshold is reached, resulting
in a significant enhancement of the conductivity of ¢-SSG (Fig. 2f).
Consequently, c-SSG comprising 3% CNTs is chosen for vulcanization.
The strain-scanning shear loading of 3 wt % ¢-SSG did not reveal an
obvious yield point due to its fluid-like nature (Figure S7). Upon being
subjected to high temperature and pressure during hot pressing, c-SSG
with VMQ undergoes vulcanization and transforms into an elastomer
known as c-SSE. The viscoelasticity of vulcanized c-SSE results in a
decrease in modulus at high strain (Figure S8). Fig. 2g shows that Kiri-
Kevlar exhibits an obvious strain rate effect in the unstructured state,
whereas vulcanized VMQ is strain rate independent (Figure S9). The
damping factor ({) can be calculated by ¢ = G /G and reaches a
maximum value of 0.47 at a frequency of 5.7 Hz (Fig. 2h). Compared to
falling on a rigid plate, Kiri-Kevlar’s damping effect dissipates energy
and reduces the rebound height of the ball (Fig. 2i-Video S1, S2). The

creep and relaxation curves of flat Kiri-Kevlar are shown in Figure S10.
C-SSE also carries the electrical conductivity of the Kiri-Kevlar com-
posite. EDS mapping confirms that c-SSE partially penetrates the Kevlar
surface (Fig. 2j-S11), resulting in an overall enhancement of the elec-
trical conductivity of the structure. The resistance of a composite ma-
terial changes as a result of the deformation of the matrix and the
alteration of the conductive path formed by CNTs (Fig. 2k). To simulate
this process, a CNTs embedded with a polymer model is constructed
(Figure S12, Supplementary Discussion 1) [32]. When the polymer is
subjected to low strain stimulation, the adjacent CNTs move away from
each other, and the overall conductive path becomes elongated, leading
to an increase in the overall resistance (Fig. 21). The yield strain of
Kiri-Kevlar is determined to be 6.3% through strain scanning loading
tests (Fig. 2m). At higher strains, the number of connections between
particles per volume increases linearly with time, resulting in a decrease
in resistance (Fig. 2n) [33-35]. This phenomenon can be explained by
the effect of elastic and viscous terms (Supplementary Discussion 2).

3.3. Structural evolution of Kiri-Kevlar caused by axial elongation

The deformation process of Kiri-Kevlar’s structure under tensile
loading requires detailed discussion. The stress—strain curves of Kiri-



J. Zhou et al.

Kevlar under different strain rates are shown in Fig. 3a. After undergoing
the elastic stage, Kiri-Kevlar’s stress—strain curve exhibits a significant
reduction in stiffness and eventually fails after reaching the stress limit.
Due to the cohesiveness of c-SSE, the failure mode is not a collapse,
which is obviously different from single Kevlar and PET. In addition,
Kiri-Kevlar demonstrates significant strengthening and toughening
under high strain rate loading (Figure S13), which is attributed to the
shear stiffening effect. In the elastic range, Kiri-Kevlar shows excellent
tensile cycle stability (Fig. 3b). During stretching, the gaps in the
structure gradually widen, resulting in the formation of a periodic arch
bridge structure (Fig. 3c-Video S3). The twisting of the lateral periodic
edges gives rise to a negative Poisson’s ratio for the entire structure
(Fig. 3d-Video S4). Monolayer Kevlar and PET demonstrate different
mechanical behaviors when subjected to tensile loading (Figure S14).
Specifically, PET exhibits higher flexural rigidity than Kevlar, rendering
it a suitable candidate for use as a stiffness adjustment layer in Kiri-
Kevlar [36]. Notably, the primary damage mode in Kevlar is fiber
pull-out (Figure S15). To further understand the structural evolution of
Kiri-Kevlar during the stretching process, three points (P-up, P-middle,
P-down) are identified on the side of one of Kiri-Kevlar’s single periodic
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units (Figure S16a, b). The points P-up and P-down can be traced by
fluorescent agent and camera (Figure S17). The acquisition mode of the
camera is set to long exposure, and the fluorescence produced by the
feature points at different times and in different spatial locations is
recorded. The movement of the green points can be considered as the
motion trajectory of the feature points during deformation of
Kiri-Kevlar. The absolute changes in coordinates for the three points are
depicted in Fig. 3e and f. Setting P-middle as the origin, the relative
coordinate changes of P-up and P-down relative to P-middle are calcu-
lated in a reference coordinate system by Equation (1). The movement of
P-up and P-down relative to the midpoint is centrosymmetric (Fig. 3g
and h).

AxRelalive = A-xAbsolu!c - A-X:P—mia,'dle
AYretasive = AYabsotuie — DYp—middte

@

The structural parameters of Kiri-Kevlar undoubtedly play a pivotal
role in determining structural alterations. To investigate the impact of
these parameters, finite element models with varying structural char-
acteristics have been constructed (Figure S18a, Table S1). Consistent
with the experimental results, three feature points are marked on the
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Fig. 3. (a) Typical tensile stress-strain curves of Kiri-Kevlar under different strain rates; (b) tensile properties of Kiri-Kevlar cycling stably within the elastic interval;
(c) front view and (d) side view of the structural changes during the Kiri-Kevlar tensile process; change in the X coordinate and Y coordinate of the reference point in
the (e, f) absolute coordinate system and (g, h) reference coordinate system based on the midpoint; (i) FEM simulation result of the tensile process of Kiri-Kevlar; (j)
characteristic region deformation of Kiri-Kevlar and rotation curve of the reference point in polar coordinates; (k) initial stiffness of Kiri-Kevlar with different
structural parameters; (1, m) comparison of reference point coordinate changes in the experiment and FEM simulation; (n) rotation angle of the reference point in

polar coordinates as a function of engineering strain.
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short edge of the structural unit (Figure S16¢, d). By taking the same
structural parameters as in the experiment, the FEA simulation result
presents structural deformation that agrees with the experiment and
allows for characterization of structural parameters that are difficult to
measure experimentally (Fig. 3i and j). Furthermore, the deformation of
different structural parameters is also considered (Figure S18-S21,
Supplementary Discussion 3). Fortunately, the initial stiffness of defor-
mation can be adjusted by structural parameters (Fig. 3k). The trajectory
of the FEA feature points relative to the midpoint is compared with the
trajectory tracked by the experiment, and the two agree well (Fig. 31 and
m). The simplified geometric truss structure of Kiri-Kevlar is shown in
Figure S22, and the rotation angle of its feature points under high strain
can be predicted by Equation (2) [37].

1
=cos”! 2
07 =cos (EE T 1) 2)

where 07 and ¢ are the rotation angles calculated by the theoretical
model, engineering strain and ez = % (Supplementary Discussion 4).

The rotation angle calculated by the theoretical model (6r) is similar to
the angle extracted by the finite element model (6r) by Equation (3).

Composites Part B 277 (2024) 111368

0F — arctan AyAb.mlule - AyP—middIe

pia
0<0,<7) 3)
AXppsolute — DXp—middle ( 2
Under small strains, the angular change caused by the deformation is
more pronounced (Fig. 3n). Consequently, when worn on the human
body, even a small range of motion can result in significant structural
deformation.

3.4. Compression performance of Kiri-Kevlar with varying structural
degrees

When Kiri-Kevlar is impacted and provides protection, it is essen-
tially subjected to an out-of-plane compression load with a high strain
rate. The Kiri-Kevlar not only provides additional load carrying capacity
by the structure, but its modulus span of the shear stiffening effect at
high strain rates also collaboratively improves the anti-impact proper-
ties [38]. During the compression process of unstructured Kiri-Kevlar,
the stress—strain curve exhibits an obvious hysteresis loop due to the
viscoelastic property of c-SSE (Fig. 4a). Moreover, the modulus and
maximum stress at 10% strain increase significantly with the strain rate
(Fig. 4b and c). Cyclic compression experiments are conducted on
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unstructured Kiri-Kevlar samples with varying maximum strains. At a
strain of 2%, a significant strengthening effect occurred (Fig. 4d).
However, at higher strains, the stress—strain curve is found to be
dependent on the historical maximum load, leading to the manifestation
of the Mullins effect (Fig. 4e). A three-point bending experiment is
conducted on unstructured Kiri-Kevlar. As the loading displacement
increases, the support reaction also increases (Fig. 4f). Additionally, the
Kiri-Kevlar also exhibits a clear shear thickening effect under the
bending load (Fig. 4g). It is evident that structured Kiri-Kevlar, obtained
via pre-strain, possesses an additional load-bearing capacity in com-
parison to unstructured Kiri-Kevlar, with the ability to even support up
to 58.2 times its own weight (Fig. 4h). This additional load bearing
capacity is mainly due to periodic truss structures (Fig. 4i), which are
marked in the finite element model (Figure S23). The structural defor-
mation of kirigami structure can be simplified to truss model. When the
structured Kiri-Kevlar is subjected to external loads, it can provide stable
bearing reaction force, which in the truss model is considered to be
along the truss rod direction. To quantitatively evaluate the compression
strength of the structured Kiri-Kevlar, a custom fixture is fabricated to
secure the two ends of the Kiri-Kevlar and apply pre-strain by adjusting
the distance (Figure S24a). Once structured, Kiri-Kevlar is subjected to
vertical compression loading by the MTS system (Fig. 4j, Figure S24b).
The deformation degree of structured Kiri-Kevlar varies depending on
the magnitude of the pre-strain. Higher strains result in a greater degree
of lateral expansion (as demonstrated in the previous section). Addi-
tionally, the larger structural rotation angle makes the component of the
support reaction in the horizontal direction smaller, thus providing more
efficient support. Cyclic compression loading of structured Kiri-Kevlar
with varying degrees of pre-strain is conducted at different strain
levels (Fig. 4k). The resulting extreme stress points are fitted linearly. It
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is found that Kiri-Kevlar with a more structured degree exhibits higher
structural stiffness (Fig. 41). Even when structured, the Kiri-Kevlar
demonstrates a significant shear stiffening effect when subjected to
compression. The higher strain rate and greater pre-strain synergisti-
cally enhance the load carrying capacity of the structured Kiri-Kevlar
(Figure S25). It is noteworthy that when the pre-strain is 6.25%, the
stress experiences a sharp increase under high compressive strain. This
can be attributed to the fact that Kiri-Kevlar has been completely flat-
tened and the structure could not be furtherly deformed. In addition to
being suitable for flat areas, the structured Kiri-Kevlar can also be fitted
to cylindrical or right-angle areas without damaging the structure
(Fig. 4m and n), demonstrating its feasibility for wearing on curved body
surfaces such as arms and hips. To verify the bearing capacity under
curved surface of Kiri-Kevlar, a 3D printed model based on the di-
mensions of the human elbow joint is created. Kiri-Kevlar demonstrates
effective load-bearing capabilities under bending conditions
(Figure S26a). In contrast, neat Kevlar is prone to breaking under even
slight loads due to its weak interface properties (Figure S26b).

3.5. Interlayer interface performance and anti-impact property of Kiri-
Kevlar

Structured Kiri-Kevlar is specifically designed to provide impact
resistance when worn on the human body. To ensure its robustness
under impact loading, Kiri-Kevlar requires high interfacial properties
between different composite components. For both neat Kevlar and Kiri-
Kevlar, a yarn pull-out test is conducted (Figure S27). The typical fiber
pull-out curve for neat Kevlar is illustrated in Fig. 5a. The poor inter-
facial properties between the fibers result in loosely woven fabric. C-SSE
effectively enhances the interface properties of Kevlar fiber bundles by
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the shear stiffening effect (Fig. 5b). A hydrophilic surface possesses a
higher surface free energy than a hydrophobic surface [39]. The surface
of ¢-SSE contains a substantial number of hydrophilic groups (Si-OH),
which contribute to its exceptional adhesion properties (Fig. 5¢). The
incorporation of carbon nanotubes (CNTs) has been demonstrated to
enhance the mechanical strength of the matrix [40,41], thereby pro-
moting interfacial bonding and further augmenting the hydrophilicity of
the material (Fig. 5d). The adhesion strength between c-SSE and PET is
characterized by a T-peeling test. The force-displacement curves of
peeling at different strain rates are shown in Fig. 5e. The peeling force
gradually reaches a plateau zone prior to the complete separation of the
specimen. The adhesion strength (I',) is defined as

I,=2P,/w )]
where Py, is the average peeling force at the plateau and w is the width of
the peeling specimen [42]. At a higher peeling velocity, the adhesion
strength is significantly enhanced (Fig. 5f). The increase in adhesion
strength leads to a notable variation in the morphology of the peeling
surfaces (Fig. 5g, Figure S28). At a peeling velocity of 0.01 mm/s, c-SSE
is stably removed from the PET, resulting in a relatively smooth surface
(Video S5). However, at a peeling velocity of 1 mm/s, the peeling pro-
cess becomes fluctuant, leading to the appearance of a wavy structure on
the surface (Video S6). This is also reflected in the fluctuation of the
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platform region of the peeling curve, as shown in Fig. 5Se. At a higher
peeling velocity, there is a significant adhesion phenomenon in the
peeling region, indicating a higher adhesion strength (Fig. 5h). When
the removed PET and c-SSE are re-bonded by hand pressing, there is still
a stable adhesion strength during the second peeling (Figure §29). To
study the in-situ force dissipation ability of structured Kiri-Kevlar during
impact loading, a test platform is set up, as shown in Fig. 5i. First,
Kiri-Kevlar is structured by applying pre-strain. The impactor is released
vertically, and a force sensor is placed underneath to measure the
remaining force after being buffered. The entire impact process is
recorded using a high-speed camera positioned on the side. When the
falling height is 100 mm, the peak impact force without protection is
0.46 kN, and structured Kiri-Kevlar almost completely dissipates the
impact force before the impactor contacts the force sensor (Fig. 5j—-Video
S7). The original impact force curves at different heights are presented
in Figure S30. At higher heights, the shear stiffening effect of c-SSE and
the stiffness of the Kiri-Kevlar structure play an excellent force dissipa-
tion role (Fig. 5k), which can also be proven by the extension of buffer
time (Figure S31). In the composite structure of Kiri-Kevlar, conductive
shear-stiffening elastomer plays a major role in impact force dissipation
under low-speed impact loading. Low velocity impact experiments are
also carried out on different material components of Kiri-Kevlar. Sin-
gle-layer Kevlar fabric and single-layer PET are not present a significant

a 4— b C 24 d s
E 3
5 2 ® E1s £
S £ ] =
= ] 212 g g
8 0 8 3 3
° — 60 cm — 30 K 2 g
= —50cm — 20cm > 308 g4 ~
ol —40cm —70cm 2 a a
) , . . R , 0.0t / , . . O/ . . ‘
0 1 2 3 4 0 1 2 3 4 5 0.0 04 0.8 12 1.6 0 2 4 6 8 10
Time(ms) Time(ms) Time(ms) Time(ms)
s i Contacting Compressing Flattening Spring-back
0.4 150
[ Kirigami

[ structureless|

Specific energy absorption(J/g) D

e
o

0
10 20 30 40 50 60
Height(mm)

Penetrited

Fig. 6. Velocity vs. time of (a) structureless and (b) structured Kiri-Kevlar; displacement vs. time of (c) structureless and (d) structured Kiri-Kevlar; (e) comparison of
energy absorption by structured/structureless Kiri-Kevlar during impact; (f) structural deformation evolution of structured Kiri-Kevlar at the moment of impact; (g)
FEM results of displacement field of structural deformation under impact loading; (h) penetration process diagrams of (h) neat Kevlar and (i) Kiri-Kevlar with initial

velocities of 86.8 m/s and 84.8 m/s.



J. Zhou et al.

impact-dissipating effect at low-speed impact, while force dissipation
performance of Kiri-Kevlar is excellent (Figure S32). Furthermore, many
common materials can be used as protective layers, and soft materials
tend to have better force dissipation capacity than rigid materials
without structure design due to high deformation capacity. In this work,
the force dissipation capacity of structured Kiri-Kevlar is far better than
those of commonly used materials (Fig. 51-S33).

It is worth mentioning that c-SSE itself has impact resistance [43],
and Kiri-Kevlar enhances this performance by structuring. Through the
accelerometer installed on the impactor, the speed change during the
impact can be calculated (Fig. 6a). Compared to the unstructured
Kiri-Kevlar, the structured Kiri-Kevlar has more freedom under
compression loading, and the speed starts to decline earlier (Fig. 6b).
The displacement of the impactor can be obtained by Equation (5):

Ah:/(\/lg—hof/adg dt (5)

where hy, Ah, and a are the initial height, height variation during impact
and accelerated speed of the impactor, respectively (Fig. 6¢ and d). The
structure of Kiri-Kevlar incorporating periodic notches not only en-
hances energy dissipation but also reduces surface density, and there is a
significant increase in energy dissipation per unit mass (Fig. 6e). This
excellent energy dissipation ability comes from structural deformation.
When the impactor contacts the structured Kiri-Kevlar [Fig. 6f (i)], the
de-structuring process consumes part of the impact energy [Fig. 6f (ii)].
When Kiri-Kevlar is completely flattened, the shear stiffening effect from
c-SSE further consumes energy [Fig. 6f (iii)]. Finally, the impactor
bounces back, and the structure can also recover well [Fig. 6f (iv), Video
S8]. By utilizing the displacement information recorded by the accel-
eration sensor on the impactor and high-speed camera system, the
structural recovery at different heights are compared. For instance,
when the impact speed is 100 mm, the non-resilient structure defor-
mation of Kiri-Kevlar after impact is measured to be 1.3 mm, resulting in
a resilience rate of 92.6%. As the impact height increases, the non-
resilient structure deformation of Kiri-Kevlar gradually increases, lead-
ing to a decrease in the resilience rate. Upon reaching an impact height
of 600 mm, the resilience rate is recorded as 59.3%. (Figure S34a). The
process of applying pre-strain and subsequent impact can be more
clearly demonstrated through an explicit dynamic model (Figure S34b).
In the perspective model, the structured flattening and rebounding of
Kiri-Kevlar during impact can be clearly observed (Fig. 6g). The distri-
bution of Mises stress during the structured and impact loading process
of Kiri-Kevlar is shown in Figure S35. Under the loading of in-plane
tension, the tensile stress appears around the stress concentration
point (Figure S35a-d). Interestingly, when structured Kiri-Kevlar is
subjected to impact outside the plane, unloading behavior appears in
some areas, showing negative stiffness characteristic that is conducive to
overall energy dissipation (Figure S35e-f) [44-46]. As the structure
flattens, more regions are coupled into the buffer region, and at this
stage, the energy dissipation is further realized by the shear hardening
effect (Figure S35g-h). Furthermore, Kiri-Kevlar presents excellent wear
resistance, which guarantees its robustness during impact in practical
use (Figure S36). The introduction of c-SSE gives Kiri-Kevlar without
notches higher impact strength under high speed velocity loadings. At
an average initial speed of 85 m/s, the neat Kevlar is easily penetrated
(Fig. 6h-Video S9), while the Kiri-Kevlar without a notch can effectively
withstand bullets (Fig. 6i-Video S10). At the initial speed of 140.8 m/s,
Kiri-Kevlar without a notch is observed to be penetrated (Video S11).

3.6. Application design based on the electromechanical coupling
performance of Kiri-Kevlar

The aforementioned study demonstrated the stable electrical prop-
erties of Kiri-Kevlar, along with the ability to exhibit resistance changes
in response to applied strain. The potential of this electromechanical
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coupling in the development of wearable protective devices is explored.
Under tensile loading (Fig. 7a), the maximum stress exhibits a nonlinear
increase with respect to strain (Fig. 7b). Concurrently, the peak resis-
tance of the material also demonstrates an increase with strain (Fig. 7c).
Tensile loading is primarily executed during the structuring process,
whereas Kevlar is predominantly subjected to compressive loading from
external sources when being structured and exposed to impact (Fig. 7d).
During the compression process, there is obvious strain strengthening,
which is conducive to impact resistance (Fig. 7e). Under structured
compression loading, the resistance changes more dramatically (Fig. 7f).
Under tensile loading, the goodness of fit R? value of linear fitting is
0.994, and the sensitivity calculated by the slope of linear fitting is 23.5
kQ/mm (Figure S37a). During the process of structured compression,
more regions are involved in deformation, so the amplitude of resistance
change is larger. The R? value of the linear fit is 0.981, and the sensi-
tivity calculated based on the slope of the linear fit is higher, at 74.9 kQ/
mm (Figure S37b). Interestingly, due to periodic notches in the structure
of Kiri-Kevlar itself, it is naturally segmented into multiple sensing re-
gions and forms an array. Electrical properties vary when different short
sides are used as electrodes (Figure S38). When the middle region of
Kiri-Kevlar is bent, the resistance changes significantly (recorded by
electrodes No. 3-4), while the resistance signal in the other regions does
not change (recorded by electrodes No. 1-2 and No. 5-6) (Fig. 7g).
Apparently, Kiri-Kevlar is designed to be worn on the human body and
provide protection in a “subconscious” defensive posture (Fig. 7h). The
bending behavior causes the Kiri-Kevlar to stretch, resulting in a 3D
structure (Fig. 7i). This structural transformation leads to changes in
resistance, which can be detected and analyzed by a computer system
(Video S12). By analyzing the resistance signals from multiple channels,
various defensive postures can be distinguished (Fig. 7j-Video S13).
Specifically, in a voltage divided circuit, Kiri-Kevlar is connected in se-
ries with a fixed resistor. The voltage signal changes of Kiri-Kevlar are
collected by the DAQ system. These signals are then transmitted to
LabVIEW for processing, including the operation of games (Fig. 7k). As
an example, Kiri-Kevlar can be used on both arms to control games,
where throwing a left punch results in blue character punching and
throwing a right punch results in red character punching (Fig. 71, m,
Video S14). Furthermore, based on stable electromechanical coupling
performance, Kiri-Kevlar can be envisioned for integration into more
complex wearable intelligent systems.

4. Conclusion

In this study, a hot-pressing process is employed to combine Kevlar,
shear stiffening gel, and PET, resulting in flexible kirigami structures
(Kiri-Kevlar). Kiri-Kevlar exhibits exceptional mechanical properties
and the achieves the ability to switch between 2D and 3D states due to
the introduction of periodic notches. When the human body faces
external impact, the subconscious reaction causes individuals to curl up,
among other actions. This instantaneous response effectively triggers
the structural transformation of Kiri-Kevlar. FEM is employed to sys-
tematically investigate the structuring process. By adjusting the struc-
tural parameters, the initial stiffness and Poisson’s ratio of the Kiri-
Kevlar can be designed accordingly. Similar to a pangolin spreading
its scales, Kiri-Kevlar provides additional structural stiffness, offering
excellent protection. When subjected to impact, the Kiri-Kevlar struc-
ture, in combination with shear stiffening effects, effectively dissipates
the impact force. Specifically, at a height of 60 cm, the impact force is
reduced from 1.24 kN to 0.54 kN. The impact process recorded by a
high-speed camera demonstrates Kiri-Kevlar’s remarkable resilience.
Furthermore, as a wearable device, Kiri-Kevlar not only provides
effective protection but also exhibits electrical responsiveness under
different loads. This electrical signal can be utilized for flexible control
in computer games. In summary, Kiri-Kevlar represents an innovative
design for impact protection in wearable devices. Its stable electrical
performance also expands its potential applications in the field of
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human-computer interaction and holds great promise for future intelli-
gent protective equipment.
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