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The flexibility and stability of transparent electrodes play a crucial role in the growing popularity of
flexible devices, especially in potential wearable electronics. To date, various solution-coating
techniques have been developed for fabricating silver nanowire (AgNW) flexible bioelectronics.
However, achieving the orderly distributed patterns of AQNW without undesirable aggregations still
poses a grand challenge. Here, an approach to realize regular patterned ultrathin AQNW networks on a
freestanding electrospun PVDF-TrFE frame by evaporation-induced self-assembly is proposed. The
patterning mechanism of evaporating AgQNW colloidal suspension is investigated from experimental
and theoretical analysis. The influence of evaporation-induced flow inside colloidal freestanding
membranes on forming regular square hole-shaped arrays, selective deposition of AgNW, and
aligning them along the artificial pinning array are addressed. Owing to the orderly arrangement of
AgNW networks, the resultant flexible electrode achieves ultrathin thickness (about 5 pm), high optical
transmittance (87.8%), and low sheet resistance (8.4 Q-sq ") with a relatively low dosage of AQNW
(9 ug-cm~2). The electrode exhibits excellent durability during cyclic bending (50,000 times) and
stretching (50% strain). The resistance remains virtually unchanged during 200 days in everyday
environments. Furthermore, the excellent conformability and breathability of the flexible transparent
electrode attached to the human skin demonstrates its potential application as an e-skin sensor. Our
findings reliably urge a simple approach to underscore better outcomes with effective patterns by self-

assembly of AgQNW for highly conformal wearable electronics.

Flexible transparent electrodes (FTEs) play a vital role in numerous next-
generation electronic technologies, such as optoelectronic devices'™,
healthcare wearables® ™", and human-machine interfaces''™"". To satisfy the
fabrication and application of flexible electronics, FTEs require additional
properties like superior conductivity, robustness, durability, and diversity, as
well as smaller size and lower cost. Among the various developed materials
for conductive pathways in flexible electronics, AGNW has attracted tre-
mendous attention to fabricate FTEs for high electrical conductivity and
mechanical flexibility, and the process adaptability of solution
processing'®™". To date, enormous solution-based processes, including spin
coating™, spray coating”', vacuum filtrating”, rod or blade coating”*,

printing techniques™”’, and methods based on coffee ring effect”’ >, have

been developed for fabricating AgNW FTEs. However, current solution-
based techniques still can hardly place the nanowires at the desired position
with controllable accumulation density, which usually leads to random
distribution and aggregation of nanowires. Significant AGNW dosage is
needed to attain improved conductivity, which not only increases the cost
but also sacrifices the transmittance. Besides, the uniformity of the
deposited AgNW decreases drastically as the area increases. Han et al.
reported a facile 2D ice-templating approach to fabricate large-area AgNW
patterns on various substrates”’. During ice crystal growth, AgNW were
effectively aligned and compacted, yielding high contact area, low contact
resistance, and excellent mechanical durability. Another solution-based
assembly method of AgNW endowed accumulation of AgNW at the edges
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Fig. 1 | Fabrication and structure of AgNW net-
works. a Schematic illustration of the fabrication
process for AgNW networks, and the inserted SEM
image of AgNW wrapped around PVDE-TrFE
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scaffold. Scale bar: 5 um. b SEM image of the silicon )
mold. ¢ Optical image of the free-standing PVDEF- —
TrFE film. d Optical image of the AgNW patterning. 3 1 31 =
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of the droplets during spraying enabled by a scalable coffee-ring effect™.
Zhao et al. presented a flow-driven self-assembly for preparing the highly
oriented woven AgNW grids with a silicon templating™. Although the above
methods have led to significant advances in the conductivity and trans-
parency of flexible electronics by assembling AgNW into specific pattern
using the solution-based approach, there are still some unresolved issues.
For example, the facile 2D ice-templating approach can assembly AgNW
efficiently, and yet it has strict limits due to the difficulty of controlling the
specific growth of ice crystals. The self-assembly scheme using coffee ring
effect needs to control droplet distribution and evaporation behavior on the
substrate, otherwise it will lead to the random distribution and undesirable
aggregation of AgNW. The silicon template is utilized to arrange AgNW
into regular grids but suffers from the damage during subsequent trans-
ferring process. Despite these efforts, controllable patterning of AgNW-
based FTEs by using a solution process remains a challenge.

Here, we report an evaporation-induced self-assembly approach to
obtain a free-standing AGNW networks. A uniform conductive nanowires
patterning is obtained on a predesigned PVDF-TrFE frame by solvent
evaporation of a AgNW-colloidal suspension. The electrode shows ultrathin
thickness (about 5 pum), high optical transmittance (87.8%), and low sheet
resistance (8.4 (-sq ") with a relatively low AgNW dosage (9 pg-em %)’ It
also exhibits excellent durability during cyclic bending (50,000 times with a
bending radius of 2 mm) compared to the commercial ITO/PET. After
200 days in an everyday environment, the resistance of the pattern only
increased by 1.6 Q. Additionally, we demonstrated the potential applica-
tions of our electrode in wearable electronics for electrophysiological (ECG)
and electromyography (EMG) monitoring. With its versatility and con-
trollability, we believe that the evaporation-induced self-assembly is
encouraging to large-area nanostructures patterning on a pilot scale.

Results

Design of fine patterned AgNW network FTE and its preparation
procedure

The fabrication procedure divided into three major steps is outlined in Fig.
la, and the details can be found in the experimental section. Step 1 is the

prefabrication of the electrospun nanofibrous framework. To obtain a
selectively deposited PVDF-TTFE scaffold, a silicon mold with an invested
pyramid structure was used, as shown in Fig. 1b. These square-pyramidal
cavities, prepared by photolithography technique and anisotropic wet
etching of silicon, create height differences in the surface topology depicted
in the Supporting Information note 1. Subsequently, a current collector of
300 nm thick silver was deposited onto it. It is noted that the enhanced
conductivity of metallic collector contributes to the selective deposition of
electrospun nanofibers™. This phenomenon is well-analyzed and stimulated
in the Supporting Information note 2. Additionally, a laser-cutting Poly-
imide (PI) shadow mask was used to define the region of interest, which can
not only easily separate the electrospun film from the collector without
wrinkles but also ensure the flatness and structural regularity of nanofiber
film. Then, nanofibers with diameter range from 400 nm to 1000 nm were
prepared by electrospinning a PVDF-TrFE solution onto the collector and
regularly intertwined to form a fibrous patterning structure. Generally, the
PVDE-TTrFE fibers are preferentially deposited on the raised grid under the
action of a boosted electric field to form a mesh-like pattern. Such a special
electric field focusing effect tends to be weaken gradually with the electro-
spinning time increasing™. Accordingly, there were some fibers inside the
grids, which may blur the array pattern and degradation the performance of
the optical transmission. After peeling off from the collector, a suspended
electrospun nanofiber film along with the frame was obtained (Fig. 1c). Step
2 is the refinement of the electrospun scaffold by evaporative ethanol-water
blend, which favors the formation of more regular patterns for nanowires
placement. After withdrawing from the blend, the thickness of suspended
liquid membrane decreases due to quick evaporation and eventually leads to
the rupture of the liquid membrane and the enlargement of regular holes.
Periodic patterns in space and time can be observed in individual grids of
PVDE-TrFE frame. Consequently, the nanofibers inside the grids are
dragged toward the electrospun scaffolds during symmetrical evaporation
of hanging membranes. The dip-dry process can be cycled several times to
achieve desired scaffold. The final step is evaporative self-assembly of
AgNW-colloidal suspension. With the solvent evaporation, AgNW are
pinned and tangled together to form continuous networks around the
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Fig. 2 | Schematic illustration and simulation of
hole-opening process. a Liquid film evaporation
rupture under high-speed camera. b Side view of
thin liquid film. ¢ Side view of rupture of thin liquid
film. d Schematic of fiber displacement. e Optical
image of nanofibers displacement under surface
tension. Scale bar: 25 pm. f Simulated deformation
displacement of nanofibers during evaporation.
Grid size: 50 pm. Deformation ratio: 1.
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PVDE-TTFE scaffolds. The conductivity of the pattern strongly depends on
the density of AgNW coating. A free-standing FTE with orderly organized
AgNW is successfully obtained, as shown in Fig. 1d. It is noted that the
AgNW only wrapped around the two-dimensional plane formed by the
hole-opened PVDF-TrFE film. Therefore, the film thickness is extremely
thin (about 5 um), which is demonstrated in supplementary Figure 3.

Evaporation-induced refinement of hole-array
As mentioned above, the refinement of electrospun templating is vital for
controllable patterning of AgNW. In the following, a description of eva-
poration of an ethanol hanging membrane is presented and the influence of
geometrical parameters on hole-array formation is investigated thereafter.
Experiments were conducted in a clean room with steady temperature and
humidity. An electrospun PVDF-TrFE free-standing film with
200 x 200 um square array on carrying PI substrate was utilized as the
templating. The drying process was observed in situ under an optical
microscope (Supplementary Video 1). Figure 2a shows the hole-array
refinement with respect to the evaporation proceeding. The evaporation-
induced hole-opening process can be divided into four successive phases:
formation of thin liquid film, rupture of liquid film, growth of the holes, and
the formation of regular hole-array, as shown in Supplementary Figure 4.
First, a suspended liquid film was formed after withdrawn from the
solution. A force balance can be obtained among gravitational, pinning and
surface tension forces all at once. During the continuous evaporation of the
solvent of ethanol, the competition between thermogravimetry and ther-
mocapillary can be evaluated by the dimensionless Bond number, which can
be expressed by B, = pgh’/a (where p is the liquid density, g is the gravita-
tional acceleration, / is the wetting height of the pinned membrane and g is
the surface tension). For our case, Bond number is much less than the order
of 1, which means the capillary force dominates gravity, namely the capillary
flow in the interior liquid dominates gravity flow. Therefore, the liquid with
low volume fractions can be suspended in the air with the support of the
bezel and will not drip under the influence of gravity’**”’. The evaporation
motion was constrained by the solid wall boundary (PVDF-TrFE nanofi-
bers), which should be considered as a special type of liquid bridge™. Due to

the suspended geometrical feature and symmetrical evaporative flux, a
symmetrical capillary bridge with critical liquid volume and critical curva-
ture of the liquid film meniscus was generated between fibers. The second
stage is liquid film rupture. For individual pinning grids, one can suppose
that evaporation was greatest at the center of the free-standing membrane
and nearly zero at the edge of grids. Therefore, a temperature difference
occurs at the free interface of the liquid film due to rapid evaporation, which
caused a surface tension-driven flow, as shown in Fig. 2b. Such interior flow
is named as Marangoni eddy. With the drop of the total volume of blend, a
periodic pattern in space and time was observed due to the thinning of the
liquid film. Normally, the central part shows the minimum liquid film
height. Thus, the film fragmentation here refers to the part of the liquid film
that is preferentially ruptured in the central area of the pixel due to uneven
evaporation. In Fig. 2¢, this liquid film rupture is the combined action by a
complex interplay between the intermolecular attractive van der Waals
forces, capillarity, and hydrodynamics. This interplay results in a critical
thickness at which attractive intermolecular forces dominate, thus causing
film rupture”. If the thickness of such films is of or less than the order of a
micrometer, long-range intermolecular forces become significant and
influence the thinning dynamics***'. The third stage is hole-growth. The
rupture point will immediately become a round hole of tens of microns
under surface tension”. Thus, as evaporation proceeds, the liquid film
gradually shrinks, and the holes become larger and larger. In the liquid film
portion around the opening hole, the force of surface tension acts tangen-
tially to the surface, as shown by the red arrow in Fig. 2d. The contraction of
the liquid film causes these fibers to move closer to the edge of the grid,
increasing the porosity of the liquid film. At the same time, the evaporation
of the remaining liquid between the fibers favors the fiber aggregation,
which in turn contributes to the expanding of pores. Corresponding to
surface tension is the viscous force of the liquid film. Due to the properties of
the ethanol-water blend, it is much less than the surface tension. As a result,
the holes in the liquid film become larger and larger, and the fibers are
dragged away from the initial positions. Figure 2e shows the fiber dis-
placement behavior observed under an optical microscope in situ. The
fourth stage is completely evaporation and therefore the formation of a
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regular pore pattern among individual ridges. As solvent evaporated, the
distance decreases until the contact of two wires where the capillary force
reaches maximum. It is noted that the coalescence of fibers is irreversible.
That is, even after the liquid is fully evaporated, the fibers remain bond
together, possibly due to the van der Waals force®. Especially, a single fiber
produces obvious displacement under the action of surface tension.
Meanwhile, the coalescence is also affected by fibers’ rigidity and electro-
spun structure.

The size of the enlarged pore is mainly determined by the nanofiber
properties and the surface tension of the liquid. The experiment shows thata
nonuniform temperature perturbation produced along the surface resulted
in a surface tension gradient, which pulled the surface fluid toward regions
of higher surface tension (ie., the PVDF-TrFE grid edge regions). With
increasing the evaporative time, the blend concentration altered due to a
decrease of the temperature difference, which implied a surface tension
change. It is observed that the scattered nanofibers were elongated under
surface tension. As shown in Fig. 2¢, an equilibrium between the liquid
surface tension F, and fiber elastic recovery force F, was created and
eventually formed a bending curvature of R. Note that the cracked liquid
film has surface tension on both sides. Thus, the mechanical model of
nanofiber deformation follows an elastic rod fixed at both ends, which can
be described by the formula*:

_ 4R sin 1
dx=4 p arcs1n(2R) 1)

where x is the deformation of the fiber along the surface tension worked on
fibers. k is the elastic coefficient of nanofiber. y is the surface tension coef-
ficient of liquid. [ is the effective length of the surface tension applied to the
nanofiber. The nanofiber is prepared by electrospinning using PVDF-TrFE
material with the Young’s modulus 20.8 MPa**. The elastic coefficient of
nanofiber is calculated by k = 24EI/P, where I is the area inertia moment
(I=mr'/4, r is the radius of the nanofiber). The elastic coefficient k is
35mN-m™ (r=3 pm, I = 50 um). Considering the effect of the viscous force
of liquid on surface tension and evaporation rate, an ethanol-water blend
was used to improve the porosity of FTEs, and the ratio determines the size
of the hole by Eq. 1. The surface tension coefficient of the liquid y is
20.8 mN-m " at 20°C". Therefore, the deformation of nanofiber caused by
bending can be calculated as x is 12 pm and the radius of hole R is 33 pm.
Moreover, changing the ratio of ethanol-water blend will change the surface
tension, resulting in a different hole radius from 25 to 40 ym.

To prove the above theoretical analysis, using COMSOL Multiphysics
to simulate deformation of nanofiber during evaporation is evidenced in Fig.
2f. The results show the deformation of nanofiber under surface tension is
1.5 pum, which is in good agreement with the theoretical analysis results.

AgNW deposition in evaporative colloidal suspension
To deposit AgNW on the suspended substrate deposition, an evaporative
colloidal suspension was utilized by a mixture of AQNW ink and ethanol-
water blend. For the binary phase suspension, the evaporation is performed
in a similar way to the pure blend described above. The difference is the
deposition of nanowires. For instance, AgNP can also be self-assembled
onto the free-standing film with hole array induced by liquid film rupture'’.
The solid phase settlement on the enlarged scaffold will be described
emphatically in this part. It is noted that the manner in which the solvent
evaporates from the suspension should significantly affect the interior flow
of the suspension.

Initially, the colloidal suspension has a uniform distribution of AgNW.
In the interior of the suspension, the nanowires concentration is relatively
low, and pressure gradients can be balanced by viscous stress, which is well-
known in Stokes flow*®. Therefore, it is assumed that the colloidal nanowires
have a negligible effect on the hydrodynamics inside the suspension. Under
a nonuniform evaporation, an inward flow of liquid toward the center of the
film is required for mass conservation, which converts the nanowires away
from the contact line, reducing the nonuniformity of nanowires in the

suspension. As the evaporation proceeds, the AgN'W tend to aggregate near
the edge of grids and forms the redistribution of the nanowires. Upon
complete evaporation of the solvent, the suspended nanowires remain
adhered to the PVDF-TtFE fibers to form an ordered structure. The pinning
is due to the colloidal nanowires wedging between the PVDF-TrFE and
solid-liquid interface physically, the contact line remains pinned because of
the accumulation of colloidal nanowires at the surface of PVDF-TTFE fibers.
The density of developing AgNW coating along the fiber framework
depends on the amount of time that the pins at a particular location. Besides,
suspension grid geometry is also found to affect the evaporation-induced
flow, with concave regions along the contact lines experiencing a lower
evaporative flux. Using in-situ observation, we acquired images of woven
nanowires along the edges of grids, consistent with accumulated liquid
volume near the edges. The pattern of AGNW can be also tuned by con-
trolling the evaporation in grids.

Performance evaluation of as-fabricated FTE

Apparently, the electrospinning time plays a major role in determining the
nanofiber density and porosity within individual grid. Porosity is the ratio of
the area of the fiber portion to the area of the blank portion. The porosity of
the electrode can be calculated the with Image J, which can reflect the effect
of hole-opening on the morphology of the film. As shown in Fig. 3a, the
shorter the spinning time, the better the selective deposition of fibers, and
the higher the porosity. Since the films electrospun for 45 s were too fragile
to test, the 1 min films were selected for follow-on operation. Then, the
electrospun films were submerged into different concentrations of ethanol
solution for hole-opening. As explained above, the concentration of the
ethanol solution affects the surface tension of the solution, which in turn
affects the effect of hole opening and porosity. The ethanol-water blend of
10 wt% ethanol addition has the surface tension coefficient of 50.0 mN-m ',
which is higher than 30 wt% and 50 wt% ones". Figure 3b shows that 10 wt
% ethanol solution causes the highest porosity for the same hole-opening
time. Therefore, the 10 wt% ethanol concentration was used by us in the
experiment. And after twice hole-opening, the porosity did not increase
significantly, which is due to the aggregation of fibers to make it resist the
effect of surface tension. The conductivity of the film is conferred by coating
AgNW. It is obvious that the AgNW content of the film increases as the
number of coating increases. It is calculated that the AGNW content of free-
standing film increases by about 4.5 pg-cm ™ per coating cycle. As presented
in Fig. 3¢, the sheet resistance of the film decreases as the number of coating
increases. For the first three coating cycles, the sheet resistance of the film
significantly decreases with the loading of the AgN'W. The initial deposition
of AgNW onto PVDF-TrFE scaffold may result from the electrostatic
attraction between oppositely charged components”. With the coating
process continues, the attraction force becomes weaker, leading to a slower
deposition rate of AgNW. On the other hand, the conductivity and resis-
tance of the as-fabricated electrode can reach a relative saturation value after
AgNW density exceed a critical value. Thus, subsequent tests were per-
formed using samples coated three times with AgNW. A piece of square-
shaped sample is shown in Fig. 3d to demonstrate its excellent optical
transmittance due to its ultra-thin structure. The overall optical transmit-
tance spectra with different sheet resistance are exhibited in Fig. 3e. It is
noted that the increase of AgNW dosage decreases the transmission of the
electrode while increasing the conductivity. For the sample having a sheet
resistance of 12.4 Q-sq’l, the transmittance at 550 nm wavelength is found
to be 87.8%. To compare the properties of FTEs and previous presented
AgNW-based electrodes, the figure of merit” (FOM) has been introduced to
characterize the relationship between light transmittance and sheet resis-
tance. The higher the FOM value, the better the properties of the transparent
electrode. As shown in Fig. 3f, most electrodes have the FOM value of no
more than 200 (the dashed line). The free-standing hole-opened electrodes
demonstrates much lower sheet resistance and higher FOM value. The hole-
opened structure and excellent conductivity of the electrode contributes to
the high FOM value, which is superior to most of the recently reported
flexible transparent electrodes.
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Fig. 3 | Optical and electrical characterizations of a
the electrodes. a Electrospun film porosity variation

with spinning time. b Variation of porosity of spun

films immersed in different concentrations of

ethanol-water blend with the number of hole-

opening cycles. ¢ Sheet resistance of the electrodes

with different dip-coating cycles. d Optical image of

as-prepared electrode indicating its transmittance.
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The robustness and durability of electrodes in flexible electronics are
the most relevant aspects for its potential applications. In this regard, the
mechanical stability of sheet resistance during bending, cyclic bending, and
stretching were investigated. For the bending test, the electrode was trans-
ferred onto a 25 pm thick PI substrate that was clamped and held in the same
bending shape. Figure 4a shows the optical images of the electrode at a
maximum bending curvature of 500 m™" (bending radius 2 mm). As the
distance between the clamps decreases, the radius of curvature decreases, the
curvature of the film increases. Figure 4b compares the sheet resistance
variation (AR/R) of this work and commercial ITO/PET electrode at dif-
ferent bending curvatures of 0m™, 100m™, 200m™", 300 m™, 400 m™’,
and 500 m ™, respectively. The sheet resistance of the electrode even slightly
increases as a maximum curvature of bending is applied. At the maximum
curvature of 500 m™’, the resistance changes by merely 0.37%, which is
sharply contrasted to the ITO/PET electrode (411.583%). As shown in Fig.
4c, the free-standing porous electrodes maintains low sheet resistance var-
iation (0.96%) even after bending 50,000 cycles. The inserted figure depicts
the sheet resistance fluctuation of the electrode as the bending proceeds,
which implies that the influence of each bending cycle on the sheet resis-
tance of the film is extremely slight. It is likely attributed to the fact that
bending deformation does not have a significant effect on very thin struc-
tures. The morphology of the electrode after bending 50,000 cycles is shown
in Supplementary Fig. 6, the squared array structure is basically free of
deformation and damage, which demonstrates the excellent robustness of
the ultrathin electrode. Figure 4d illustrates the sheet resistance variation of
the electrodes during stretching test. Quantitatively, as the electrode is
stretched to 50% strain, the increase of sheet resistance of the electrodes is

116.57%. The insets in Fig. 4d describe the morphology of the deformation
of AgNW network when the electrode undergoes stress. Left inset shows the
stress is loaded almost solely onto the nanofiber-based backbone and con-
tributes to the deformation of the network. In other words, the conductive
path can survive the strain unless the network is broken. As shown in
Supplementary Figure 8, the hysteresis curve of the electrode resistance
variation during stretching-releasing cycles, which also illustrates the
robustness of the electrode. The network structure prepared by electro-
spinning supported and stabilized the contacts among the AgNW, which is
vital for the excellent robustness. Furthermore, the free-standing porous
electrode is found to have quite stable conductivity in an ambient atmo-
sphere. After 200 days, the extremely small resistance variation (12.5%, sheet
resistance increases 1.6 Q) is obtained (Fig. 4e). All the results above justify
the robustness and stability of the electrodes.

The biology application demo of FTE

To demonstrate the potential bioelectric applications of this sample,
an ECG/EMG signal monitoring sensor was fabricated. Figure 5a
shows a sample with an area of 2.5 cm X 2.5 cm worn on the arm. By
spraying alcohol onto the skin, the electrode film can be easily
attached to the skin even with full of wrinkles and tiny channels. It is
obvious that the electrode fits tightly on the skin which is due to its
ultra-thin feature. Owing to the excellent optical transmittance, it is
almost invisible except for the conductive connection part. In Fig. 5a
(i, ii), optical microscopy observes the conformability of electrodes to
the skin in its squeezing state and in the stretching state. Moreover,
the ultra-thin electrodes have sufficient tensile properties to
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Fig. 4 | Mechanical properties of free-standing a b 500
porous electrodes. a Optical images of a sample on
the PI film at a bending curvature of 500 m™". . 400 ITO/PET
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withstand the amount of stretching that occurs in the arm area in
daily human life. For bioelectric signal monitoring, the contact
impedance of the electrode with the skin was measured and com-
pared with commercial gel electrodes (Fig. 5b). This result shows that
this electrode has a similar contact resistance to gel electrodes above
100 Hz. This electrode has a lower contact impedance which
decreases noise disturbance at the acquisition terminal than com-
mercial gel electrode during the usual electrophysiological signal test
range. Like commercial gel electrodes, preventing sweat from eva-
porating from the epidermis can cause signal distortion at the time of
health monitoring. Thus, the air permeability of the electrode film
was investigated by implementing an evaporation rate test experi-
ment. Electrospun PVDF-TrFE film, GEL electrode, commercial
plastic wrap, and electrode film covered of the bottles loaded with DI
water. To observe the evaporation process, Rhodamine was added to
the water for dyeing. The water content losses in the four bottles were
compared after 60 hours under 60 °C, 55% RH conditions. The water
vapor loss permeated from the electrode film is a little bit higher than
the electrospun PVDF-TrFE film due to the hole opening. GEL film
and commercial plastic wrap have almost no water loss. By measuring
the weight of four samples, it shows that the water weight in the four
bottles linearly decreases over time, and the water loss rate of the
electrode film is 0.2 g-h™!, which is close to the electrospun PVDE-
TrFE sample (0.17gh™") and much higher than the GEL film
(0.02g-h™") and commercial plastic wrap film (0.0001 g-h™"). This
result demonstrates the good air permeability of the electrode film,
which enables its great potential for on-skin applications. Figure 5d
shows the ECG signal acquisition of the two different types of elec-
trodes. It illustrates that the ultra-thin electrode exhibits obvious P-

Q-R-S-T characteristics peaks and that the signal strength is superior
to those of commercial gel electrodes. The ultra-thin electrode
records a higher magnitude of the signals with negligible noise fluc-
tuation than the commercial gel electrode attributed to the high-
fidelity conformality to the undulating skin and the good con-
ductivity of the AgNW network, which provides higher surface
charge density and surface electric displacement field for more pre-
cise extraction of electrical potential. This is mainly due to the smaller
contact resistance between the electrode and the skin, and the voltage
division of the signal at the contact impedance portion can be
reduced, thus enhancing the signal voltage at the acquisition term-
inal. Furthermore, as shown in Supplementary Video 2, a sensor for
real-time forearm muscles state monitoring was also fabricated by
using this flexible transparent electrode. The contraction and
relaxation of the forearm muscles were depicted in Fig. 5e. When the
forearm exerts force, the hand grasps the fist, the voltage of the EMG
signal increases immediately. These results indicate the potential of
using this epidermal sensor to detect bioelectric signal.

Discussion

In summary, we propose an evaporation-induced approach to self-assemble
AgNW into a regular-hole pattern. The formation of hole pattern is explored
experimentally and theoretically. It is found that evaporation-induced liquid
film rupture and subsequent fiber aggregation are vital for excellent optical,
mechanical, and electrical properties. The electrode has an ultrathin thick-
ness (about 5 pm), high optical transmittance (87.8%), and low sheet
resistance (8.4 (sq~") with a low AgNW dosage (9 pg-em ™). Moreover, it
exhibits excellent durability during cyclic bending (50,000 times). Addi-
tionally, we demonstrated the potential applications of our electrode in
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electronic skin sensor. More importantly, various can be realized by con-
trolling the freezing dynamics to yield complex patterns of AgNW on var-
ious rigid and flexible substrates. With its versatility and designability, we
believe that our evaporation-induced approach is beneficial for the fabrica-
tion of simple functional patterns, which are highly demanded in many
advanced applications such as flexible electronic devices.

Methods

Fabrication of selective deposition of electrospun nanofiber film
Photolithography technique and wet etching were employed to obtain the
silicon mold for the collector. The prepared silicon mold with the surface
structure of square pyramid cavity arrays has been depicted in the former
work’. The RCA-1 procedure was implemented for removing organic
residue and films from a double oxidized (001) silicon wafer with about 1 pm
oxide layer. A semi-automated mask aligner (MA6, SUSS) printed a 1.5 pm
thick photoresist (RZ]-304) mask on the silicon wafer. The naked SiO2 grids
were etched in the etching solution (BOE), and the photoresist mask was
removed by SYS9070 solution. The surface structure of square pyramid
cavity arrays was obtained by etching the wafer in a hot potassium hydro-
xide solution (10 wt%, 70°C). A collector was prepared by depositing a silver
film with a thickness of 300 nm on the silicon mold. PVDE-TrFE compo-
sites solution was prepared from PVDE-TrFE powder into a mixture of
DMEF and acetone with a mass ratio of 7:3 at the concentration of 15%, after
stirring the solution for about 3 hours at 70°C. The solution was poured into
a plastic syringe with a blunted 30 G needle. The electrospinning was done at
7kV with a collecting distance of 10cm and a feeding rate of
16.67 pL-min”'for 1 min. The final freestanding PVDF-TtFE film can be
obtained by stripping from the collector.

Fabrication of ultra-thin free-standing AgNW electrode

The electrospun nanofiber film was first dipped into a mixed solution of
ethanol and DI water and dried naturally in the air. A commercial AgNW
ink (nanowire length ranging from 50 to 150 pum, diameter ranging from 70
to 105 nm, 1 wt%, ethanol-water blend as dispersant, New Material Tech-
nology Company, Zhejiang, China) was dispersed uniformly in the mixed
solution of ethanol and DI water to attain a concentration of 0.00015 wt%.
The film was submerged in the silver nanowires dispersion and then dried in
air, repeated several times to obtain the desired AgN'W dosage.

Gas permeability test

Hole-opened PVDF-TTFE film, GEL electrode, commercial plastic wrap,
and as-prepared electrode film covered of the bottles loaded with DI water.
Each of the four bottles was filled with 2 mL of water and 7.5 mg of rho-
damine dye. The four bottles were then put into a humidity-controlled
chamber with a temperature of 60°C. The humidity was set at 55%. Con-
comitantly, the weight of bottles was recorded using an analytical scale to
evaluate the water vapor loss.

Bending test

A 25 pum polyimide (PI) film was chosen as the substrate for the bending test.
The electrode was transferred onto the PI film, where two ends were con-
nected to the two Ag electrodes (with a thickness of 300 nm). The PI film was
then fixed on a linear motion actuator and connected to the Keithley
2400 source meter to record the resistance change. The resistance was
measured at the bending curvature of 500 m ' at ambient conditions with
the humidity of 55%. The period of the motion was set as 12's, and the
bending cycle was 50,000 times.
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Bioelectric signal acquisition

The alternating current impedance of the electrodes and commercial gel
electrodes was measured with an electrochemical workstation (Autolab).
Two electrodes were used as working electrodes with an Ag/AgCl elec-
trode as the reference electrode. ECG was measured from the front of the
forearm using an ECG detector (BMD101), and EMG signals were
acquired from the side of the forearm using a commercial EMG signal
acquisition and processing device. All samples of electrodes were 2.5 cm x
2.5cm square in shape, and the distance between the two samples
was 7 cm.

Characterization

The morphologies of the electrodes were measured by the scanning
electron microscope (S4700, Hitachi) and optical microscope. Optical
images were obtained using the Nikon Lv150 microscope. Cross-
section and morphology were captured with the FEI Nova Nano SEM
450. The transmittance spectrum was measured with the UV-vis-NIR
spectrometer. The rupture of thin liquid film and hole-growth pro-
cess simulations are performed using COMSOL Multiphysics
software.

Data availability
The data used and analyzed during this study available from the corre-
sponding author on reasonable request.

Code availability
All the custom codes deemed central to the conclusions are available from
the corresponding authors upon reasonable request.
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