RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Robust and Multifunctional Kirigami Electronics with a
Tough and Permeable Aramid Nanofiber Framework

Hongzhen Liu, Hegeng Li, Zuochen Wang, Xi Wei, Hengjia Zhu, Mingze Sun, Yuan Lin,

and Lizhi Xu*

Kirigami designs are advantageous for the construction of wearable elec-
tronics due to their high stretchability and conformability on the 3D dynamic
surfaces of the skin. However, suitable materials technologies that enable
robust kirigami devices with desired functionality for skin-interfaces remain
limited. Here, a versatile materials platform based on a composite nanofiber
framework (CNFF) is exploited for the engineering of wearable kirigami
electronics. The self-assembled fibrillar network involving aramid nanofibers
and poly(vinyl alcohol) combines high toughness, permeability, and manu-
facturability, which are desirable for the fabrication of hybrid devices. Mul-
tiscale simulations are conducted to explain the high fracture resistance of
the CNFF-based kirigami structures and provide essential guidance for the
design, which can be further generalized to other kirigami devices. Various
microelectronic sensors and electroactive polymers are integrated onto a
CNFF-based materials platform to achieve electrocardiogram (ECG), elec-
tromyogram (EMG), skin-temperature measurements, and measurement of
other physiological parameters. These mechanically robust, multifunctional,
lightweight, and biocompatible kirigami devices can shed new insights for the
development of advanced wearable systems and human-machine interfaces.

components combine excellent electronic
performance and good stretchability,’®*]
but their delicate structures are prone to
mechanical damage. Transfer printing
of serpentine electronics onto elastomer
films could enhance their overall struc-
tural robustness.'® However, the dense
polymer substrate may hinder water and
vapor transport arising from biological tis-
sues, causing potential issues for wearable
applications.”””! In addition, poor con-
formability of dense films on non-develop-
able 3D surfaces is another limitation.!'61]

Kirigami-inspired  structures  have
recently emerged as promising candi-
dates for stretchable electronics.®-23
In kirigami devices, a pattern of cuts is
introduced into solid membranes, which
allows the whole structure to accommo-
date imposed macroscopic elongation via
mesoscale bending and twisting. Further-
more, kirigami membranes are capable of

1. Introduction

Stretchable electronics are useful for the construction of smart
wearable systems due to their mechanical compatibility with
dynamic surfaces of the human body.' Although a variety
of materials and structural designs were exploited for the fab-
rication of stretchable electronics, achieving high mechanical
robustness with desired functionality for wearable applications
remains challenging. For instance, conjugated polymers and
soft composites exhibit considerable electrical conductance
even under severe deformation,>” but fabrication of multifunc-
tional polymer devices with stress-invariant electronic proper-
ties is difficult. Filamentary serpentine meshes with inorganic
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large-area integration on 3D dynamic sur-
faces,[?*? providing a conformal platform
for wearable human-machine interfaces.

However, designing robust and multifunctional kirigami
electronics for wearable applications imposes strict restric-
tions on the constituent materials. Firstly, the cuts involved in
kirigami patterning inevitably lead to stress concentration in
the materials under stretching, potentially causing failure of
the device by crack propagation. Therefore, many electronic
materials with brittle nature may not be suitable for creating
kirigami membranes with high stretchability. A careful evalu-
ation regarding the stretchable design and intrinsic toughness
of the base materials becomes essential. Secondly, fabrication
methods must be developed for reliable integration of diverse
functional electronic components onto the base membrane.
In this regard, an ideal material platform should be compat-
ible with both the transferred inorganic microelectronics and
conductive composites involving soft polymers, along with their
distinct processing techniques. Thirdly, microstructural perme-
ability of the membrane is desired, which combines with the
mesoscale openings from kirigami cuts to provide breathability
of the device for wearable applications.

Herein, we report a versatile materials platform for the con-
struction of wearable kirigami electronics with high mechan-
ical robustness and multifunctionality (Figure 1a). A central
piece in this platform is a microporous framework based on
aramid nanofiber (ANF) composites.?®?] The self-assembled
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Figure 1. Robust and multifunctional kirigami electronics based on CNFF. a) Schematic of a CNFF-based kirigami membrane with transfer-printed
microelectronics and infiltrated conducting polymers. b) Actual image showing a CNFF-based kirigami membrane with integrated multifunctional
electronics including LED, bioelectrodes and temperature sensor. Scale bar: 10 mm. c) Photographs of CNFF-based kirigami electronics showing a
stretchable LED array powered with serpentine interconnects from conducting polymers. Scale bar: 10 mm.

hyperconnective fibrillar network exhibits high toughness to
withstand stress concentration around kirigami cuts, allowing
flexible design for stretchability without causing failure of the
device by crack propagation. The solution-based processing
steps for fabricating microporous kirigami membranes make
their integration with various integrated electronic components,
including transfer-printed inorganic microelectronics and infil-
trated conducting polymers, very feasible (Figure 1b,c). The mul-
tifunctional kirigami electronics are compatible with 3D surfaces
of the skin, enabling physiological sensing of electrocardiogram
(ECG), electromyogram (EMG), skin temperature, and poten-
tially other important parameters. These robust, multifunctional,
and biocompatible kirigami devices may provide insights for the
design of advanced stretchable electronics and wearable systems.

2. Results and Discussion

Mechanical behaviors of the base materials are critically impor-
tant for the engineering of kirigami membranes. The composite
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nanofiber framework (CNFF) exhibits unique properties origi-
nating from the interactions between its nanoscale constituents,
i.e., hydrogen bonding between stiff ANFs and flexible poly-
vinyl alcohol (PVA) (Figure S1, Supporting Information). Solu-
tion-based processing followed by critical point drying (CPD)
enables self-assembly of hyperconnective 3D network with
strong welded fibrillar joints and high nodal connectivity.?”]
These microstructural features are crucial for the macroscopic
strength and toughness of porous composites.?82 Indeed,
CNFF membranes (=100 um in thickness) without kirigami
cuts exhibit high ductility (=107%) and strength (=716 MPa)
under tension (Figure 2a). Their fracture energy (<1500 ] m~)
can be an order of magnitude higher than those of common
polymers in electronics (e.g., SU-8), and it is comparable to that
of natural rubber (Figure 2b).2%31 The mechanical behaviors of
CNFF can be further modified by tuning the concentrations of
ANFs and PVA in the liquid precursor. A stretchable kirigami
membrane from CNFF can bear loads =1000 times higher than
its own weight without mechanical failure or propagation of the
cuts (Figure 2c).
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Figure 2. Fracture resistance of CNFF-based kirigami membranes. a) Recorded tensile response of a continuous CNFF membrane. b) Fracture energy
of CNFF determined by standard tearing test. c) A CNFF-based kirigami membrane capable of bearing a weight of 250 g, demonstrating its high
mechanical strength. d—f) Scanning electron microscopy (SEM) images of the fracture surface of CNFF, showing microstructural basis of its high
toughness. Scale bar: 5 um (d), 1 um (e), 500 nm (f). g) Computational model of a crosslinked fibrillar network with an initial crack. h) Distinct levels
of fibrillar binding energy (equal to E,, or 0.4 E, with the value of E,, given in Table S1, Supporting Information) led to different responses of the
crack-incorporated fibrillar network under imposed elongation. The red dots represent sites where crosslinking breakage takes place. i) Energy release
rate for crack propagation, as a function of the elongation imposed on a CNFF-based kirigami membrane, revealed by finite element analysis (FEA).
The inset shows the geometry of the kirigami pattern. j) Strain distribution in the CNFF-based kirigami membrane, undergoing to 100% elongation,
from the FEA simulation.

Adv. Mater. 2022, 2207350 2207350 (3 of 9) © 2022 Wiley-VCH GmbH

85U8017 SUOWIWIOD BA 11810 3ol (dde ayy Aq pausenob ae sspiie VO ‘8sn JO Sa|nJ 1oy Akeld1TauljuO AB|1M UO (SUONIPU0D-pUe-SWe)LI0o 8| IM Aled 1 jeulUo//Sdny) SUORIPUOD pue swiie 1 8y} 88S *[z202/TT/0T] uo AriqiTauluo AB(1Mm ‘'salkeiqi Buodl BuoH jo Aisienlun Ad 05202202 Bwpe/z00T 0T/I0P/W0d A8 |1 AReiq 1 puljuo//:sdny wouy papeojumod ‘0 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Microstructural examination of the fracture processes
revealed the origin of the high toughness of CNFF. Interest-
ingly, fracture of CNFF follows a tortuous path (Figure 2d),
indicating its high capability of strain energy dissipation. In
addition, blunting of the crack tip and alignment of fibrils at the
crack front were observed (Figure 2e,f), which help to reduce
stress concentration and resist further propagation of the crack.
These observations are consistent with the network topology
and nodal mechanics of CNFF. Specifically, the random nature
of the 3D hyperconnective network is helpful for the deflec-
tion of crack propagation. On the other hand, the high nodal
strength affords reorientation of fibrils without early breakage
of their joints, which effectively transfers mechanical loads and
mitigates the stress field induced around the crack tip.

We developed computational models to further examine the
effects of fibrillar interactions on the toughness of CNFF. Spe-
cifically, a random network was generated with linear and rota-
tional springs crosslinking each pair of intersecting fibrils.?>33l
Binding energy was defined as the critical elastic energy stored
in the springs before breakage of the crosslinks, reflecting
strength of the fibrillar joint. We introduced an initial crack and
simulated the responses of the fibrillar network under imposed
elongation (Figure 2g). With initial geometry of the network
and stiffness of crosslinkers kept constant, high binding energy
led to blunting and alignment of fibrils near the crack tip under
imposed stretching (Figure 2h), which is consistent with the
experimental observations. In contrast, reducing the binding
energy by 60% resulted in an early rupture of the network and
much less re-orientation of the fibrils (Figure S2, Supporting
Information).

The high toughness of CNFF is crucial for the structural
robustness of kirigami membranes under deformation. Using
finite element analysis (FEA), we evaluated energy release rates
for the extension of cuts and compared them with the intrinsic
fracture energy of the base material (e.g., CNFF), which pro-
vides a quantitative indicator of fracture resistance. Not sur-
prisingly, under stretching, the sharp cuts introduced in the
membrane create a driving force for crack propagation, with
an energy release rate increasing with the imposed elongation
(Figure 2i; Figure S3, Supporting Information). Nevertheless,
the fracture energy of CNFF (=1500 ] m~2) is about two times
higher than the energy release rate for crack propagation even
when the imposed elongation reaches 90%, and therefore pre-
vents propagation of the cuts. In addition, the strain distributed
in the membrane is well below the failure strain of CNFF, indi-
cating high stretchability of the structure (Figure 2j). In con-
trast, kirigami membranes based on other electronic materials,
such as single-crystal silicon or SU-8 epoxy, cannot achieve
such level of structural robustness. Specifically, with the same
set of geometrical designs, the simulated energy release rates
exceeded the intrinsic fracture energy of the constituent mate-
rials (e.g., =10 ] m~? for silicon or =107 ] m~2 for SU-8) even at
low levels of stretching (<10%) (Figure S4, Supporting Informa-
tion), suggesting early onset of crack propagation and potential
failure of the device.?"34%! Indeed, the driving force for frac-
ture in kirigami structures is dependent on various parameters
including the geometrical configuration of the cuts, the degree
of imposed elongation, as well as the stiffness of the constit-
uent materials, etc. Therefore, careful evaluation of specific
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designs with reference to the intrinsic fracture toughness of the
constituent materials is important.

The outstanding mechanical properties and processability
of CNFF allow reliable fabrication of multifunctional kiri-
gami electronics. Indeed, liquid mixture of ANFs and PVA
in dimethyl sulfoxide (DMSO) can be blade-coated or spin-
coated, forming uniform membrane substrates. The hydroxyl
groups on PVA are available for chemical interactions with
other surfaces, allowing for strong bonding with transferred
electronic devices, with an interfacial toughness of =20 ] m™2
(Figure S5, Supporting Information). Furthermore, the porous
CNFF affords infiltration of other functional materials to gen-
erate mechanically robust and electroactive composites for
devices applications. In the present study, we developed diverse
routes for the fabrication of CNFF-based kirigami electronics
(Figure 3). Specifically, multifunctional devices involving inor-
ganic electronic materials were microfabricated on a planar
wafer coated with a sacrificial layer (e.g., poly(methyl meth-
acrylate) (PMMA)) (Figure 3a; Figure S6-S8, Supporting Infor-
mation). The electronics were encapsulated with polyimide
(PI) layers to prevent current leakage and to allow subsequent
chemical functionalization of the surfaces. After dissolving the
sacrificial layer, the electronic components were picked up from
the handling wafer with a soft stamp (e.g., water-soluble tape).
Treatment of oxygen plasma on the stamp-supported devices
generates hydroxyl groups on the surfaces for further chemical
interactions with the polymers in CNFF. Blade-coating a layer
of liquid precursor of CNFF followed by solvent exchange with
water yielded a hydrogel membrane firmly bonded with the
electronic components.

In another fabrication scheme, conducting polymers can be
selectively deposited into the porous network of CNFF through
electrochemical methods (Figure 3b; Figure S9, Supporting
Information). Specifically, a conductive substrate (e.g., steel
plate) was masked with a laser-scribed insulating tape, with the
openings defining the patterns for conductive surface. Blade-
coating a layer of liquid precursor of CNFF followed by solvent
exchange led to a hydrogel membrane attached to the masked
substrate. Next, the sample was immersed into an aqueous
solution of monomers of interest (e.g., 3,4-ethylenedioxythio-
phene (EDOT)). Applying appropriate potential and current
(Figure S10, Supporting Information) through the conductive
substrate led to conducting polymers (e.g., poly(3,4-ethylenedi-
oxythiophene) (PEDOT)) deposited into the porous network of
ANF-PVA, with the patterns defined by the mask. The inter-
penetrating microstructures involving nanofiber networks and
conducting polymers afford strong interfacial bonding and high
structural robustness under mechanical loads (Figures S10 and
S11, Supporting Information). These conductive patterns can
serve as electrodes or interconnects for further applications.

To complete the fabrication of CNFF-based kirigami elec-
tronics, the device-bonded hydrogel membranes were laser-cut
halfway through their thickness with kirigami patterns. This
method preserves the geometry of the membrane during the
shrinking process involved in CPD. After the drying process,
the laser-scribed area of CNFF was fully removed, leading to
highly stretchable kirigami electronics.

We evaluated the performance of CNFF-based kirigami
electronics in the context of wearable applications. The
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Figure 3. Schematics of the fabrication processes for CNFF-based kirigami electronics. a) Transfer methods for wafer-fabricated multifunctional
electronics. b) Electrodeposition processes for the integration of conducting polymers. c) Laser cutting and CPD steps complete the fabrication of

CNFF-based kirigami electronics.

stretchability of kirigami membranes scales with (L. — x)/2y,
where L. is the length of the cut, x is the spacing between
nearest cuts in the transverse direction, and y is the spacing in
the axial direction.”! Modifying the kirigami patterns allows
for tuning of the stretchability of the membranes (Figure S12,
Supporting Information). To further reduce stress concentra-
tion under stretching, round edges of the kirigami cuts were
designed for the fabricated devices (Figure S13-S15, Supporting
Information). We evaluated the fracture resistance of the
design by introducing cracks at the tip of the round edges in
the FEA modeling of stretching. The simulated energy release
rate remains an order of magnitude lower than the fracture
energy of CNFF even under 100% of elongation, indicating
sufficient structural robustness (Figure S16, Supporting Infor-
mation). During experimental tensile tests, the behaviors of
the kirigami membrane were barely influenced by the printed
electronic components, but instead were largely determined by
the intrinsic properties of CNFF as well as the structural design
of the kirigami patterning (Figure 4a). At low strains (<5%),
the initial stiffness (=94.6 kPa) of the membrane is due to the
stretching of CNFF. As the load reaches a threshold for trig-
gering buckling, the deformation is mostly dominated by the
out-of-plane deformation of the kirigami structures, leading
to a low effective stiffness of =19.7 kPa. Finally, the membrane
failed at very high elongation due to tearing at the edge of kiri-
gami cuts.

CNFF-based kirigami electronics exhibit stretching-invariant
electrical properties. The resistance of serpentine interconnects
in a kirigami membrane remains unchanged even under 130%
of elongation (Figure 4b). Indeed, the structural deformation
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of both the kirigami membrane and the serpentine intercon-
nects accommodated the macroscopic elongation and led to
low strains in the constituent materials. In contrast, serpen-
tine interconnects bonded to a continuous membrane without
kirigami patterning failed at a lower elongation of =~60%. Fur-
thermore, CNFF-based kirigami electronics can withstand
over 5000 cycles of 60% elongation without causing significant
change to the electrical resistance (Figure 4c).

The high deformability of CNFF-based kirigami electronics
enables conformal integration of the devices on the dynamic
3D surfaces of the skin (Figure 4d,e). Additional gel adhesives
can be applied to further strengthen the interface between the
devices and the skin. The kirigami patterns accommodated 3D
deformation and led to minimal driving force for interfacial
delamination. The porous microstructures of CNFF allow vapor
transport, which was confirmed by characterization of air flow
through CNFF membranes. Specifically, under a face velocity of
0.05 m s, the presence of CNFF membrane led to a moderate
pressure drop ranging from 2 to 10 kPa, corresponding to a
thickness of membrane ranging from 20 to 200 um (Figure 4f).
It is conceivable that the intrinsic permeability of CNFF mem-
branes, in conjunction with the structural openings created by
kirigami cuts, enhances their breathability during extended
wearing on the skin. The low density of CNFF (=0.15 g cm™)
is also beneficial for wearable applications. In addition, the via-
bility of NIH 3T3 fibroblasts cultured on CNFF indicates good
biocompatibility of CNFF-based kirigami devices (Figure 4g,h).

The multifunctional electronics built in CNFF-based kiri-
gami devices enable characterization of various physiological
information from the skin (Figure 5a; Figures S17 and S18,
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Figure 4. Behaviors of CNFF-based kirigami devices for wearable applications. a) Tensile responses of a bare kirigami membrane and kirigami mem-
branes with transfer-printed serpentine electronics or infiltrated conducting polymer interconnects. b) Resistance variation for conducting polymer
interconnects as a function of elongation imposed to CNFF membranes with or without kirigami cuts. c) Resistance variation of conducting polymer
interconnects under 5000 cycles of 60% elongation imposed to the kirigami membrane. d,e) A CNFF-based kirigami membrane conforming to the 3D
dynamic surface of human skin. f) Air flow through CNFF membranes with various thickness led to moderate pressure drop across the membrane,
demonstrating good permeability of the CNFF. g) Live/dead assay of NIH 3T3 fibroblasts cultured on CNFF membrane for 1, 3, and 5 days. Live cells:
green. Dead cells: red. Scale bars: 100 um. h) Cell viability over 5 days of incubation.

Supporting Information). For example, the contact impedance
between electrodes and the skin ranges from 120 to 180 kQ at
100 Hz, which is sufficient for gathering high-quality electro-
physiological signals (Figure S19a, Supporting Information).
Indeed, electrocardiogram (ECG) signals captured by both
transfer-printed gold (Au) electrodes and infiltrated PEDOT
electrodes exhibited clean details comparable to those measured
with commercial silver/silver chloride (Ag/AgCl) gel electrodes
(Figure 5b). An array of microfabricated electrodes laminated
on the forearm can be used for the recording of electromyo-
gram (EMG) (Figure 5c). EMG signals measured from different
pairs of electrodes captured the distinct patterns arising from
contraction of different muscle groups (Figure 5d,e). This spati-
otemporal information can be useful for gesture recognition or
other applications for human-machine interactions. Thermal
sensors in the array are based on the temperature coefficient
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of resistance for gold traces (Figure S19b, Supporting Informa-
tion). They were able to capture temperature variations in phys-
iologically relevant processes, represented by a hot compress
applied to the skin (Figure 5f).

3. Conclusion

We have developed a versatile CNFF-based material platform
for the construction of kirigami electronics for wearable appli-
cations. The high toughness, permeability, and processability
of CNFF are advantageous for the development of robust and
multifunctional kirigami membranes that conform well to 3D
dynamic surfaces of the skin. The mechanics insights regarding
the fracture resistance of CNFF-based devices revealed here are
also applicable to the engineering of other kirigami devices,
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Figure 5. Multimodal physiological sensing with CNFF-based kirigami electronics. a) Schematic showing the capability of multifunctional kirigami
devices for sensing various biological signals. b) ECG data measured with microfabricated Au electrodes (middle) and conductive polymer electrodes
(bottom) integrated on CNFF-based kirigami membranes, as compared with the data measured with commercial gel electrodes (top). ¢) An EMG
recording with CNFF-based kirigami electronics. d,e) Two pairs of microfabricated Au electrodes laminated on the forearm (d) form two independent
channels for EMG-based gesture recognition (e). f) Temperature variation during a hot compress applied to the skin, recorded by a microfabricated

sensor integrated on the kirigami membrane.

and therefore provide guidance for their design and fabrica-
tion. Due to the manufacturability of CNFF-based devices, their
capability of physiological sensing and stimulation can be fur-
ther expanded. Inclusion of high-density electrodes array, actua-
tors, microfluidics, or biochemical sensors is highly feasible,
which could enable sophisticated wearable system for medical
diagnosis, disease management, human—machine interactions,
or other advanced applications.

4. Experimental Section

Fabrication of CNFF-Based Kirigami Electronics: 2 wt% ANF dispersed
in DMSO and 10 wt% PVA solution in DMSO were prepared using
established methods.[#”3¢] These two liquids were mixed in a water-free
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environment with 1:1 volume ratio to obtain liquid ANF-PVA mixture.
The liquid precursor was then blade-coated with controlled thickness
followed by immersing in deionized water to generate ANF-PVA
hydrogel membranes. Kirigami pattern was introduced into the hydrogel
membrane by laser cutting. After that, hydrogel membranes with kirigami
pattern were immersed in ethanol for 12 h followed by CPD to generate
CNFF membranes. The laser-scribed area was mechanically removed to
complete the kirigami structures. Scanning electron microscopy (SEM,
Hitachi S4800) was used to characterize the 3D microstructures on
CNFF.

Various methods, including thin-film deposition, photolithography
and etching, have been developed for the microfabrication of
electronics.’’]l In the present study, water-soluble tapes (3M) were used
as stamps to pick up microfabricated electronics from the handling
wafer. Next, the stamp-supported electronics were treated with oxygen
plasma (Tailong Electronics, China) and then blade-coated with a layer
of liquid mixture of ANF-PVA. Finally, the tape-supported electronics
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covered with the mixture were immersed in deionized water to release
the tape and solidify the ANF-PVA, leading to hydrogel-bonded
electronics.

PET tapes were patterned with laser cutting and attached to a steel
plate, serving as the mask for electrodeposition of PEDOT. ANF-PVA
hydrogel attached on the mask was fabricated by blade coating and
solvent exchange. EDOT (0.05 M) monomers, Sodium dodecyl sulfate
(0.2 m), and LiClO, (0.1 m) were dissolved in water for electrodeposition.
Next, the sample was immersed in the solution and PEDOT was
deposited on the interface between the hydrogel and conductive
substrate by pulse electrodeposition (1.0 V vs Ag/AgCl, 1s, 0 V, 2s,
200 cycles). Finally, the interpenetrating ANF-PVA-PEDOT hydrogel
electronics were peeled off from the electrodeposition mask.

Modeling and Simulation: In the discrete network simulations, 2D
filamentous networks were generated by randomly placing 250 fiber,
each with length |, into a box with dimension 2/ x 2/ where periodic
boundary conditions were enforced on each side of the box. An edge
crack with length 0.5/ was then introduced to the network (Figure 2g).
The fracture response of the network (when subjected to stretching in
the vertical direction) was then simulated by treating each fiber as a
Reissner beaml®®l capable of undergoing large stretching and bending
deformations. The mean distance of crosslinkers in the network was
about 0.25 um, which is consistent with experimental observation. The
Young's modulus and diameter of fiber were chosen as E = 18.2 GPa
and d = 50 nm, respectively, according to the tensile moduli of PVA
and Kevlar 979 fiber (=960 MPa and =123 GPa).%l Each pair of jointing
fibers were assumed to be connected by a crosslinker modeled by a
combined linear and rotational springs with spring constants of x; and
K; respectively. Consequently, the strain energy stored in each deformed
crosslinker is

sy sp2 U]
EC—ZKSSI +2K,56

where ¢l is the separation of the intersecting points and 60 s the change
in the relative angle between two filaments. In addition, once the energy
reaches a critical value (i.e., the binding energy) E,, the cross-linker
will break and not rebind again. Adopted values of these parameters
describing the response of crosslinkers were gathered in Table S1
(Supporting Information). Finally, possible re-alignment of fibers at the
crack front was assessed by monitoring the average value (|sin€)]) of all
fibers within the circle (with diameter 0.2/, see Figure S2, Supporting
Information) just in front of the crack tip where 0 represents the angle
formed between the filament and the horizontal axis.

A commercial software (ABAQUS) was used for FEA simulation
of the designed kirigami membrane, treated as an elastic thin layer
with prescribed cuts (Figure 2i), at the continuum level. A small
perturbation was applied perpendicular to the membrane to trigger
the 3D out-of-plane deformation of kirigami structures. The minimum
size of elements was set to be one-third of the thickness of the kirigami
membrane (=100 um). The elastic moduli (E) and Poisson’s ratios (V) of
various materials examined in this study are as follows: Ecypr = 45 MPa,
Venrr = 0.46; Es; = 165 GPa, vg; = 0.278; Egyg = 2 GPa, Vsyg = 0.252.

Mechanical Characterization: Tensile tester (Zwick Roel) was used
to record the tensile response samples. Variations in the resistance
of our specimens during uniaxial tensile and cyclic stretching tests
were recorded by a digital source meter (2450; Keithley Instruments).
Tearing tests were used to obtain the fracture toughness (I') of CNFF.
Specifically, T" was calculated according to the formula T' = 2F/t, where
F is the stable-state tearing force and t is the thickness of membrane.

Cell Experiments: NIH 3T3 fibroblasts were used to examine the in
vitro cytotoxicity of CNFF. The samples were washed with ethanol and
phosphate buffered saline (PBS, Gibco pH 7.4 basic (1x)) prior to cell
seeding. The cell suspension containing =2 x 10* cells was seeded in
culture plates containing the CNFF samples. The plates were placed in
an incubator at 37 °C and 5% CO, after adding fresh medium, which
was made by gentle mixing of 89% Dulbecco’s modified Eagle medium
(DMEM, Gibco, high glucose), 10% fetal bovine serum (Gibco, qualified,
Brazil), and 1% penicillin—streptomycin (Gibco, 10000 U mL™) in volume
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fraction. The live/dead assays were used to quantify the cell viability
on day 1,3, and 5. Briefly, after discarding the culture medium, 200 pL
PBS staining solution (Invitrogen) including 2 x 107® m calcein-AM and
8 x 107® m propidium iodide (Pl) was added into the plate and then cells
were incubated at room temperature for 15 min according to product
instruction. Cells were observed using a fluorescent microscope (Nikon
Eclipse Ci-L, Japan). Cell viability was defined by the normalized ratio of
the number of living cells to the total number of cells, where the live/
dead status of around 600-700 cells on at least 3 hydrogel samples was
collected for each day’s viability.

Physiological ~ Recordings: The array of multifunctional sensors
includes four unipolar electrodes, one pair of bipolar electrodes, and
one temperature sensor. On the other hand, the design for conducting
polymer structures involves six pairs of bipolar electrodes. Wafer-
fabricated electrodes and conducting polymer electrodes attached to
the chest of a volunteer can achieve high-quality ECG recording by a
commercial data acquisition system (PowerLab T26, AD Instruments).
Four wafer-fabricated unipolar electrodes attached to the forearm of a
volunteer formed 2 independent channels to record EMG signals for
gesture recognition. Skin impedance and temperature were recorded
with an LCR meter (E4980AL; Keysight Instruments). All human
experiments were performed upon approval from the Human Research
Ethics Committee, The University of Hong Kong, under project
number EA1812001. In addition, written consent was acquired from the
participants of the research.

Supporting Information

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