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ABSTRACT: As essential components in intelligent systems, 0

q q 5 q q q Electrode
printed soft electronics (PSEs) are playing crucial roles in public %
health, national security, and economics. Innovations in printing o Corona

technologies are required to promote the broad application of
high-performance PSEs at a low cost. However, current printing
techniques are still facing long-lasting challenges in addressing the
conflict between printing speed and performance. To overcome

this challenge, we developed a new corona-enabled electrostatic °
printing (CEP) technique for ultra-fast (milliseconds) roll-to-roll [ om
(R2R) manufacturing of binder-free multifunctional e-skins. The
printing capability and controllability of CEP were investigated
through parametric studies and microstructure observation. The
electric field generation, material transfer, and particle amount and
size selecting mechanisms were numerically and experimentally studied. CEP-printed graphene e-skins were demonstrated to possess
an outstanding strain sensing performance. The binder-free feature of the CEP-assembled networks enables them to provide pressure
sensitivity as low as 2.5 Pa and capability to detect acoustic signals of hundreds of hertz in frequency. Furthermore, the CEP
technique was utilized to pattern different types of functional materials (e.g, graphene and thermochromic polymers) onto different
substrates (e.g,, tape and textile). Overall, this study demonstrated that CEP can be a novel contactless and ultra-fast manufacturing

platform compatible with the R2R process for fabricating high-performance, scalable, and low-cost soft electronics.

KEYWORDS: binder-free printing, corona discharge, electrostatic force, flexible sensors, roll-to-roll manufacturing

1. INTRODUCTION

Printed soft electronics (PSEs) are playing crucial roles in
public health, national security, and economic stability as they
are the essential components in internet of things systems,
providing social distancing,1 health monitoring,2’3 real-time
diagnosis,4’5 drug delivery,6 human—machine interaction,’
timely treatment,” and so forth. The market of PSEs is
projected to grow from $7.8 billion in 2020 to $20.7 billion by
2025 with a compound average growth rate as high as 21.5%.
In particular, PSEs have flourished in recent years and opened
a new path for comfortable and personalized ways to realize
the above functions.”'”'" Innovations in their manufacturing
technologies are required to promote the broad application of
high-performance PSEs.

However, current printing techniques are facing challenges
in addressing the conflicts between printing speed and
performance. For instance, contact printing techniques such
as screen,'?71° ﬂexographic,”’ls and gravurelé’w’20
relatively easy to realize industrial roll-to-roll (R2R)
manufacturing and achieve high printing speed. However,
they suffer from drawbacks of wearing off of masks, a large
amount of waste materials, and low resolution.'”'*'*~*! To
address these issues, non-contact photolithography,zz’23 laser
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direct writing, 425 and inkjet printing 5,16,26,27

with improved
resolution have become popular alternatives. However, their
throughputs are much lower than the contact printing
techniques because of the poor compatibility with R2R
systems or speed limitations in ink feeding.”*~*’
Furthermore, almost all the above techniques require using
passive polymer binders for material transfer. However, the
usage of binders introduces many limitations, including (1)
curing/drying of polymer additives often takes long time and
high temperatures, leading to increased manufacturing cost and
limited material options;”' (2) low melting/softening temper-
ature of polymer additives limits the high-temperature
applications of PSEs;*® and (3) insulation and encapsulation
of passive materials may compromise the sensitivity of

nanomaterial networks.”” Thus, it is highly desirable to
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Figure 1. Corona-enabled electrostatic printing (CEP). (a) Schematic of the basic needle CEP system. (b,c) SEM images of graphene particles
attached onto the substrate after CEP of 15 and 25 kV. (d) Number of particles with different size ranges attached onto the substrate at corona
voltages of 15, 20, and 25 kV. (e) Particle size distribution in percentage by CEP of different voltages; the inset is the percentage of the covered area
on the substrate. (f) SEM image of graphene printed on non-woven fabric.

eliminate or reduce the use of passive polymer binders during
the printing process.’’

This work is reporting an innovative new printing technique,
corona-enabled electrostatic printing (CEP), to overcome the
above limitations. In CEP, the to-be-printed substrate is placed
in between the material and corona discharge (CD) in a
contactless way. The material transfer in the CEP process is
realized by the contactless electrostatic attraction process
activated and controlled by the electric field generated by CD.
It enables the ultra-fast transfer and patterning of various types
of materials with advantages of contactless, binder-free, and
ultra-fast for mass production. First, CD is an electrical
discharge caused by the ionization of air surrounding a sharp
conductor carrying a high voltage.’’ ™ It means that the
electrode and the to-be-printed substrate are not in contact.
Compared with the conventional approaches of utilizing
electric field to assemble materials,”® CEP eliminates the
limitations in manufacturing flexibility, material choices,
throughputs, and assembly directions through a contactless
way; it prevents the abrasion of masks; and it provides more
flexibility in coupling electric field with other the material
transfer mechanisms. Second, the electrostatic force in CEP
eliminates the use of passive polymer additives as the media to
realize material transfer. It avoids high temperature and long-
time drying of binders, as well as the sensitivity reduction
caused by passive polymer encapsulation. It also provides more
flexibility in choosing the materials, media, and substrates.
Third, CEP is an ultra-fast process which finishes material
transfer within milliseconds. CD is a well-developed technol-
ogy that has been widely used to provide surface treatment on
polymer films in an R2R manner with a remarkable treatment
line speed of up to 500 m/min.”” The area covered by one
single CD wire or needle can be as wide as almost 10 cm. The
length of the wire can reach meter range. Thus, combined with
the rolling speed in the R2R process, the printed area by CEP
can potentially reach hundreds of meter squares within 1 min,
making it a great solution for ultra-fast mass production.

Furthermore, the current of CD is as low as tens of microamp,
meaning it is a safe and low-power consumption process.

To validate the advantages of the CEP technique, in this
paper, we systematically investigated its printing capability,
controllability, working mechanism, and the performance of
the printed sensors. Specifically, CEP was utilized to print
different types of materials, including graphene and thermo-
chromic (TC) materials to demonstrate the broad material
options of CEP. The influences of corona parameters were
studied to understand their controllability over the printed
microstructure. Experiments and simulations were conducted
to understand the electric field formation and material-transfer
mechanism. The properties of printed graphene-based strain
sensors were tested, including their sensitivity, repeatability,
and response to different types of strains, including acoustic
vibration. The responsive mechanism of CEP-printed binder-
free microstructures to applied strain was analyzed. Finally, the
CEP R2R manufacturing and the temperature response of TC
material-based CEP temperature sensors were demonstrated.

2. RESULTS AND DISCUSSION

2.1. CEP Setup and Printed Microstructures. Figure 1la
shows the schematic of the basic setup and material-transfer
behavior of a CEP system with a tungsten needle as the
electrode (wire electrode can cover larger area). From top to
bottom, the system is formed by the discharge needle
(supported by high voltage power supply), the to-be-printed
substrate, an optional mask for patterning, and the to-be-
printed nanomaterials. Once the corona is turned on, the black
color graphene powders in the bottom container were attracted
to the substrate instantly. The printed microstructures of
samples printed at different corona voltages were observed by
SEM. It was discovered that the CEP procedure can be
controlled by the corona discharging voltage and is selective to
different particle sizes. Specifically, comparing Figure 1b
printed at 15 kV corona voltage with Figure 1c printed at 25
kV, and based on the statistics in Figure 1d, an increase in size
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Figure 2. FEA simulation of the electric field distribution in the CEP setup. (a) Configuration of the CEP system used in the FEA simulation with
key parameters is the same as the experiments. (b) Charge density distribution in the CD system with and without the polymer film when corona
voltage was set as —20 kV. (c) Electric field distribution in the system at corona voltages of —15 and —20 (with and without film), and —25 kV. (d)
Electric field distribution along the central line in figure (a). (e) Electric field strength under the polymer film increases with time.

and number of particles was observed with the increase in
corona voltage. The statistic of the particle distribution in
Figure le shows that with the increase in the voltage, the
percentage of smaller particles decreases, while the percentage
of larger particles increases. It means that higher voltage tends
to attract larger particles. With the voltage increase, the
percentage of the substrate area covered by the printed
materials also increases, which is ~61% for 15 kV and ~77%
for 30 kv (Figure le inset). For all the above-tested CD
voltages, over 93% of printed particles are less than 50 pm.
Also, compared with the original particle size distribution of
the graphene (Figure le), the amount of particles <10 um
selected by CEP is obviously increased as smaller ones tend to
be transferred by CEP easier. Thus, by controlling the corona
voltage, it is possible to control the selected particle size
distribution and amount of the materials. The detailed
material-transfer mechanism will be elaborated in the next
section. Figure 1f shows a demonstration showing the substrate
printed by CEP is not only limited to flat surfaces. The
electrostatic force can also push the particles into the complex
3D structure of non-woven fabrics, expanding the printable
substrate choices. Also, the polarity of the charges has
negligible impacts on the microstructure of the printed
networks, meaning both positive and negative polarities can
be used for CEP (Figure SI).

2.2. CEP Material-Transfer Mechanisms. As elaborated
in Figure S2, the material-transfer process is: (1) corona
generated, (2) electric field formed between the substrate and
the to-be-printed nanoparticles, (3) nanoparticles get polarized

45968

by the electric field, and (4) nanoparticles attracted to the
substrate above it. To realize the successful material transfer,
the upward attraction electrostatic force F—, needs to
overcome the downward gravity G—. That is

E>G=pvg 1)
where p is the density of the particle, Vis its volume, and g— is

the acceleration of gravity. The attraction electrostatic force
. 3840
is

Fe = QEout (2)
where E—  is the electric field applied at the outer surface of

the particles and Q is the induced charges on the particles. It is
obvious that the electric field strength and induced charges are
two major factors determining the static force applied on the
material. For the same type of material with the same
conductivity to obtain similar density of induced charges, the
electric field is the master factor. The higher electric field may
allow the CEP process to transfer larger particles. Below, we
are discussing the formation and controlling mechanism of the
electric field in CEP and its dynamic material-transfer and
particle size selection mechanism.

2.2.1. Electric Field Formation and Electric Induction
Mechanisms. The electric field distribution of CEP is different
compared with the conventional CD process as the insert of
the to-be-printed substrate accumulates charges and enhances
the electric field between the to-be-substrate and the material.
Finite element analysis (FEA) with COMSOL Multiphysics
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Figure 3. Simulated dynamic electric field evolution and material-transfer process. (a) Electric field evolution with 0, 20, 50, and 100% of the area
covered with the conductive material. (b) Charge density between the substrate and the ground electrode evolves with time in the first second of
CEP at different voltages of 1S, 20, and 25. (c—h) Snapshots of the dynamic material-transfer process at different times of S, 10, 50, 100, 200, and
500 ms for 15 kV CEP; the color of the dots represents their sizes, the upper side in each image represents the substrate, and the bottom side

represents the material resource side.

was conducted to understand the formation and control
mechanism of the electric field during CEP (see more details in
the Supporting Information). Here, we use negative corona as
an example for the detailed discussion. Figure 2a displays the
dimension of each component in the CEP system. Figure 2b
compares the charge density for the corona system with and
without the inserted polymer film as the to-be-printed
substrate. It can be clearly observed that adding the polymer
film can significantly increase the charge density in the area
underneath it. It leads to a significant increase in the electric
field underneath the polymer film, as compared in Figure 2c.
Without the inserted film, the electric field applied on the
bottom area is just around 500 kV/m. However, it increased to
~800 kV/m for —15 kV corona, ~1100 kV/m for —20 kV
corona, and ~1400 kV/m for —25 kV (Figure 2d).

The formation mechanism of this enhanced electric field is
an interesting physical process. During corona discharging,
electron avalanche occurs around the high voltage sharp
needle, colliding with the neutral molecules in the surrounding
air and forming a large number of negative ions. The electrical
field between the discharge electrode and the grounded
electrode pushes the generated negative ions downward by
electrostatic force. Since the highly insulating polymer film
locates in between the discharge needle and the ground
electrode, the negative charges get accumulated at the top
surface of the polymer film until it reaches the maximum value.
The accumulated charges form another electric field, which
weakens the overall electric field above the film but enhances
the field underneath it. Therefore, the special configuration of
the CEP which inserts the polymer film in between the corona

and the ground electrode creates a highly enhanced electric
field, which is beneficial for applying strong electrostatic force
on the materials in it and motivating them to move toward the
substrate. In addition, the enhanced filed can be formed very
quickly. As indicated in Figure 2e, the electric field under the
polymer film can reach the equilibrium state within 10 ms,
which is beneficial for ultra-fast material transfer.

2.2.2. Dynamic Material-Transfer and Particle Size
Selection Mechanisms. The discussion above reveals the
formation mechanism of the electric field without considering
the dynamic attachment of the to-be-printed materials on the
substrate during the printing process. In fact, with more and
more materials covering the polymer film, the electric field
underneath the polymer film dynamically changes. It is because
the attracted materials carry charges to the film, which
neutralizes the accumulated charges stored on the film. This
dynamic process affects the material-transfer process and
result. Figure 3a shows the simulated electric field distribution
with 20, 50, and 100% of the substrate covered by conductive
material. It is observed that with more area covered, the
strength of the electric field reduces. Figure 3b shows the
evolution of the average charge density on the polymer films
during the first 1 s of the CEP process. Higher corona voltage
leads to higher initial charge density, meaning higher electric
field applied on the material. However, all of them quickly
reduces to as low as around 0.5 X 107> C/m? within 200 ms
and drops down to ~0.35 X 107> C/m? after another 200 ms.
As a result, it leads to a rapid reduction of the electric field
between the substrate and the material with more material
being attached on the substrate, until it is too weak to attract
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Figure 4. Acceleration, velocity, and displacement of simulated graphene particles with diameters of 10, 20, 50, and 115 um at the fabrication time

instants of (a—c) 100 ms, (d—f) 200 ms, and (g—i) SO0 ms.

countable amount of materials. It also indicates that the visible
material transfer happens very fast within hundreds of
milliseconds.

The attracted particle amount and selected particle size also
vary with the initial corona voltage and the dynamic evolution
of the electric field. Movie 1 and Figure 3c—h are the movie
and snapshots of the simulated dynamic material-transfer
process, which explains the dynamic material-transfer mecha-
nism in detail. In the same electric field, smaller particles with
lower mass/gravity can obtain larger velocity to reach the
substrate faster. During the first S ms (Figure 3c), particles
smaller than S pm first reached the upper substrate. At the
10th ms (Figure 3d), particles in the range of S—10 ym start to
arrive at the substrate. At the S0th ms (Figure 3e), the arriving
particle size increased to over 20 um. At the 100th ms (Figure
3f), the size of the arriving and departing particles is similar,
including all size ranges from less than S yum to over 100 pm.
However, at the 200th ms (Figure 3g), the size of the moving
particles reduced to around half of that at the 100th ms. This is
because of the ongoing reduction of the electric field strength.
On the 500th ms (Figure 3h), the moving particles are reduced
back to less than 10 um. Thus, the material-transfer process is
dynamic with more materials getting attached onto the
substrate and weakens the field. Controlling the initial corona
voltage and the dynamic process can provide us the capability
of selecting the particle amount and size range.

Figure 4 gives the displacement, velocity, and acceleration of
typical individual particles (10, 20, S0, and 115 ym) during the
CEP process to explain the material-transfer mechanism in
more details. Figure 4a—c represents the acceleration, velocity,
and displacement of four particles with different sizes, which
start their movement at the 100th ms. Smaller particles can

obtain larger initial acceleration as their gravity are smaller
(Figure 4a). Therefore, the 10 um particle can arrive at the
substrate within 12 ms; but it took the 20 um particle 16 ms
and the 50 ym particle 30 ms instead. No matter what the
particle size is, the acceleration drops down with more
materials covering the substrate during the CEP process,
weakening the electric field and upward attraction force. One
extreme phenomenon is that the acceleration and velocity of
the 115 pm particle became negative after departing ~90 ms
(Figure 4a,b). After traveling upward for ~0.3 cm, the particle
started to dropdown (Figure 4c). As indicated in Figure 4d,
starting from the 200th ms, the acceleration of all particles is
much lower compared with the ones started from the 100th
ms. The initial acceleration of the 10 ym particle was reduced
to ~50 and 20 m/s* for the 20 um particle. The largest
activated particle in this time frame is reduced to 50 pm. It
requires ~150 ms to arrive at the substrate, with its
acceleration and velocity reduced to almost 0 upon arrival
(Figure 4e,f). For the 5S00th ms, only particles smaller than
~20 pum can move upward because of the weakening of the
field. It takes as long as 130 ms for a 20 ym particle to arrive at
the substrate with much lower acceleration and velocity than
before (Figure 4g—i).

From the above analysis, it can be concluded that the
material attraction process during CEP is a dynamic and
selective process. At the beginning, the electric field is strong,
and materials begin to move to the targeted substrate at high
acceleration and velocity. Smaller particles arrive at the
substrate first, and larger particles can be attracted. With
more material covering the substrate, the electric field weakens,
and the size and velocity of the particle reduce till they are
negligible after hundreds of milliseconds. The voltage of
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Figure S. Electromechanical performance of CEP sensors. (a) Schematic and images of the uniaxial tensile test setup. (b) Results of the cycling
tensile tests. (c) Relationship between the normalized resistance change and tensile strain. (d—f) Relationship between the normalized resistance
change and finger bending angle of 0, 15, 30, 60, and 90°. (g—j) Mapping of the location of applied force on the human arm.

corona is the major factor controlling the maximum electric
force applied on the materials and determining the amount of
the attracted particles and the selected particle size range.
2.3. Sensing Performance of the CEP Sensors.
2.3.1. Strain Sensing. 2.3.1.1. Electromechanical Properties.
The electromechanical performance of the binder-free CEP
graphene networks was characterized by conducting cyclic
uniaxial tensile tests. The electrical resistance of the graphene-
based pattern was simultaneously measured during the loading
process. The schematics of the experimental setups for the
tensile tests are demonstrated in Figure Sa. Figure Sb shows
the representative time history of the normalized change in
resistance [R, = (R — Ry)/R,] of the CEP sensors (1 cm wide
and 3 cm long) when they were subjected to the 200-cycle
tensile strain patterns (i.e., max strain: 10% and load rate: 1%
s7!). It can be observed that the resistance of the CEP sensor
changed in tandem with the applied strain pattern, which
indicates that the CEP-assembled graphene networks were
piezoresistive. The inset of Figure Sb demonstrates that the
strain sensing response was highly reversible and stable after an
initial decay. Here, decay was observed in the beginning 80
cycles, mainly because of the microstructure reconfiguration of
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the virgin graphene networks when subjected to deformations.
After the ripening/training process, the decay was significantly
mitigated. Figure Sc plots the normalized resistance change as
a function of applied strains overlapped with a least square
fitting line, which indicates that the strain sensing response was
approximately linear.

2.3.1.2. Human Motion Monitoring. The CEP strain
sensors were first demonstrated to monitor human motions.
As shown in Figure Sd—f, the skin-like CEP sensor was
attached on the index finger along its longitudinal direction for
monitoring the finger bending degrees (ie, 15, 30, 60, and
90°). Since CEP sensors were highly flexible, it could
compliantly deform with the finger during bending. The
response was highly reversible and repeatable, and the sensing
performance exhibited an approximate linear relationship with
the finger bending angles, which indicated that the CEP
sensors could be used to noninvasively monitor the finger
motions.

2.3.1.3. Spatial Strain Distribution Mapping. By taking
advantage of the scalability of the CEP technique, the
graphene-based CEP e-skins could be readily scaled up. As
shown in Figure 5g—j, a 640 X 640 mm?® CEP-printed e-skin
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Figure 6. Graphene network’s microstructural change under strains and numerically simulated electromechanical response. (a—d) Displacement
fields overlapped with the optical microscopic images of the graphene network when subjected to S, 10, 15, and 20% uniaxial tensile strains,
respectively. (e—h) DIC-measured horizontal strain distributions corresponding to (a—d), respectively. (i—1) Numerically simulated electrical
potential distributions when the graphene network was under 5, 10, 15, and 20% uniaxial tensile strains, respectively.

was attached on the forearm of a human subject. To achieve
the spatial pressure mapping capability, the CEP e-skin with 4
X 4 boundary electrodes was coupled with the electrical
impedance tomography (EIT) measurement scheme and
algorithm®' ~** (see more details in the Supporting Informa-
tion), which could allow one to determine the electrical
conductivity/resistivity distribution of the e-skins. At un-
deformed state, the resistivity distribution of the sensing skin
was mostly uniform, indicating an approximately homogeneous
electrical property achieved by the CEP printing technique. On
the other hand, “hot spots” were identified on the
reconstructed resistivity maps upon pressure being applied
on the sensing domain. According to the color bars, hotter
color refers to a larger increase in the electrical resistivity. Since
the CEP e-skin was locally deformed, each reconstructed
resistivity map shows a distinct hot spot (i.e., localized increase
in resistivity) at the vicinity where the specimen was pressed. It
was found that the coupled sensing system could locate the
pressure points with relatively high accuracy across the entire
area. Therefore, the results indicate that the scalable
continuous sensing skins could detect and spatially locate the
applied contact pressure, which paved the way for their
potential applications as large-scale and low-cost artificial smart
skins and human—machine interfaces.

2.3.2. Strain Sensing Mechanisms. Characterizing the
mechanisms of the strain responsive performance of the
nanomaterial-based strain sensors has attracted increasingly
more attention. Different computational models and numerical
simulation strategies, such as tunneling effect- and Monte
Carlo-based methods, among others, have been developed to
analyze the strain sensing mechanisms of the strain
sensors.” ™" However, few reported efforts have associated
the piezoresistive behaviors with the actual microstructures of
the sensing materials. This is mainly due to the challenge in
imaging the loading effects on the microstructures and the
encapsulation of passive binders.

For the binder-free CEP-fabricated microstructures, as it
eliminates the uncontrollable encapsulation of the passive
binder, it was hypothesized that the observed piezoresistive

response mainly resulted from the deformation-induced
alternation in the microstructures of the binder-free networks.
In particular, the applied tensile strains could decrease the
global electrical conductivity of the graphene patterns through
disturbing the graphene network connections. However, the
disturbed network connections could restore to their initial
state when the strains were unloaded, which was demonstrated
by the aforementioned reversible electromechanical response.
In order to validate the tension-induced change in the
microstructures of the graphene networks, the digital image
correlation (DIC) technique has been employed to map the
full-filed displacements and strains of the graphene networks in
a non-contact manner. The DIC technique, as an optical
metrology, has been used to quantify the deformations of
objects based on digital image processing and numerical
computing.*”>® Typically, the surfaces of objects need to
incorporate laser or white-light speckle patterns that could
transfer the displacement information to the DIC method.
Here, DIC analysis was conducted based on the in situ
microscopic optical images of the graphene networks, where
the graphene particles were directly used as the speckles for
tracing the displacements of the networks. The in situ optical
images, as shown in Figure 6, were taken from the graphene
patterns fabricated using a charging voltage of 25 kV. Figure
6a—d shows the horizontal displacement fields of the graphene
network when it was subjected to 5, 10, 15, and 20% uniaxial
tensile strains, respectively. The moving clamp (set up on the
right-hand side of Figure 6a—d) applied uniform displacement
to the graphene network. In addition, strains were calculated
by displacements (evaluated using DIC) divided by the initial
dimensions of the images, and the horizontal strain (¢&,) maps
are shown in Figure 6e—h, corresponding to Figure 6a—d,
respectively. Since the graphene particles were assembled with
no binder, it essentially isolated some of the graphene particles
from each other. The DIC-based evaluated tensile strains
relatively accurately corresponded to the practically loaded
deformations.

In this study, FEA was performed based on actual
microstructures of the graphene networks captured using the
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Figure 7. Demonstrations of CEP-printed acoustic and temperature sensors. (a) CEP sensor detecting a range of musical notes from Do to Ti.
(b,c) Result of the CEP-printed binder-free graphene sensors detected acoustic signal frequency after FFT analysis. (d) CEP-printed pattern with
the inside four circles printed by TC materials, and the outermost circle printed by graphene, at room temperature. (e) TC patterns changed their
color after 37 °C, and water was pulled into the container on which the CEP sensor was attached. (f) Extracted color intensity data of all the four
TC circles from the color change video. (g) RGB data of the innermost circle.

aforementioned in situ microscopic optical imaging method,
which was demonstrated to be capable of characterizing the
strain-caused microstructural changes in the graphene net-
works (see more details in the Supporting Information). Figure
6i—1 shows the electric potential field distributions across the
graphene networks when subjected to 5, 10, 15, and 20%
tensile strains, respectively. It was found that as the graphene
particles became more isolated, higher electric potential would
be generated, which indicated an increase in bulk electrical
resistance of the graphene network. Thus, the microstructure-
based FEA further validated that the deformation-induced
reconfiguration of the graphene network could lead to the
experimentally observed strain sensitive performance.

2.4. Multifunctional CEP Sensors. 2.4.1. Acoustic Signal
Detection. The binder-free nature of CEP allows the
nanomaterial network to deform without the restriction from
the encapsulating binders, leading to enhanced sensitivity
(down to 2.5 Pa, as elaborated in Figure S3). It is possible for
the materials to vibrate actively to accurately detect the
frequency and intensity of the acoustic signal. Figure 7a
demonstrates the capability of CEP graphene sensor
prototypes to detect a range of musical notes from Do to Ti.
Assisted with fast Fourier transform (FFT) analysis, Figure
7b,c are indicating the capability of CEP graphene sensors
detecting the frequencies of acoustic signals, such as 50, 100,
150, 200, 250, 300, and 350 Hz (the demonstrated maximum
frequency limitation of the multimeter). The capability to
detect acoustic signals with higher frequency is possible if the
data collecting capability of the multimeter allow. The binder
or encapsulation-free CEP-printed microstructure is respon-
sible for the outstanding vibration capability to detect the
acoustic signal. Compared with other flexible acoustic sensors
designed for artificial speakers and eardrums, the CEP sensors
are manufactured in an ultra-fast way, instead of going through
the complicated nano-/micro-patterning procedures, such as
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photolithography and/or imprinting. Moreover, CEP is
capable to print those sensors at a large scale with a R2R
method (Figure SS) and low cost, meaning it can potentially
be an affordable manufacturing technique for flexible artificial
speakers and eardrums for their broad applications.

2.4.2. Skin-like CEP TC Sensors. In addition to the strain
sensors fabricated with conductive materials, CEP can also
print or pattern non-conductive materials and realize more
functions as multifunctional flexible sensors. To validate this
hypothesis, CEP was demonstrated to print TC particles for
the temperature sensing application. A mask was inserted
between the material and the substrate during CEP. As shown
in Figure 7d—g and Movie 2 (more details in Figure S6), CEP-
patterned temperature TC patterns changed their colors within
seconds when subjected to temperature change. The color
change can be monitored by a camera. By analyzing the
intensity and red—green—blue (RGB) data of the recorded
video, the color change of CEP sensors can be digitalized to
allow automatic temperature monitoring, as demonstrated in
Figure 7f,g. The CEP technique can potentially mass produce
temperature sensors to perform as tattoo-like, wireless, and
powerless temperature detectors, which may be widely used in
human health monitoring, potentially to track fever symptoms
to combat pandemics such as COVID-19.

3. CONCLUSIONS

In this paper, we reported a new CEP technique for ultra-fast
R2R manufacturing of binder-free multifunctional e-skins. CD
provides a non-contact way to generate the controllable
electric field to realize ultra-fast material transfer without
utilizing binders as the media. By controlling the corona
voltage, the amount of particles and particle size distribution
can be manipulated accordingly. Compared with conventional
CD, inserting the substrate between the corona and the
material enhances the electric field applied on the materials
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because of charge accumulation on the substrate. The material
transfer is a dynamic process which can be accomplished
within less than 200 ms. The dynamic electric field evolution
during the CEP process enables us to control and select the
printed material. The CEP-printed sensors were confirmed to
possess outstanding strain sensing capability, with the linear
electromechanical relationship and reversible and competitive
sensitivity of 2.5 Pa. The binder-free microstructure provides
an in situ way to understand the strain sensing mechanism
caused by the deformation between the network interconnec-
tions. The binder-free nature of CEP sensors allows them to
possess the capability to detect acoustic signals as they can
vibrate sensitively. In addition of graphene, CEP can be
utilized to print TC materials for temperature monitoring and
for more broader applications by integrating more types of
materials together as multifunctional sensors. To summarize,
CEP is an ultra-fast printing technique which can be utilized to
manufacture highly sensitive binder-free flexible sensors at a
large scale and low cost through the R2R process. The material
and substrate choice of CEP can be very broad including
conductive and non-conductive materials and complex 3D
structured substrates. It should also be noted that the CEP
technique can potentially selectively fabricate nanomaterials of
certain dimensions to form pre-designed structures, which are
expected to influence the sensing performance of the devices.
Future work will focus on characterizing the processing—
property relationship of the CEP-fabricated sensors. As a new
advanced manufacturing strategy, CEP will potentially trans-
form the cost structure for large-area and high-performance
electronics and enable versatile applications of flexible
functional systems.

4. EXPERIMENTAL SECTION

4.1. Materials. 4.1.1. Synthesis of Graphene Dry Particles.
Graphene nanosheets were synthesized from graphite powders (—325
mesh, 99.995% pure) using an optimized water-assisted liquid-phase
exfoliation technique.”** Here, N-methylpyrrolidinone (99% extra
pure) and deionized water were mixed at a 8:2 ratio for preparing the
co-solvent. 5 mg mL™" of graphite powders were mixed with the co-
solvent, and the mixture was subjected to the bath sonication for 6 h
at a temperature between 27 and 37 °C. Then, the dispersion was
centrifuged at 3000 rpm for 30 min, and the 75% of the resulting
supernatant was used to collect graphene. The samples were dried at
80 °C for 24 h to obtain the dry powders.

4.1.2. Other Materials. The TC particles were purchased from
SolarColorDust with three different colors for three temperature
ranges of below 27.8, 27.8—35 °C, and higher than 35 °C. CNTs and
TC dry particles were used as received. The substrate for printing was
the transparent, breathable, and ultra-thin medical tapes obtained
from Nitto (XTRATA Perme-Roll AIR). The thickness of the tape
was ~10 pm; there is a ~2 pm thick adhesive layer at the to-be-
printed surface of it; and its mechanical property was compatible to
the human skin. The fibrous textile is the polypropylene non-woven
clothes from TechniCloth.

4.2. CEP Printing Process. For the laboratory-scale CEP setup, as
schematized in Figure la, the to-be-printed substrates were cut into
needed sizes for the demonstration of sensors with different functions.
Graphene or TC dry particles were uniformly placed in polystyrene
Petri dishes (60 mm in diameter and 15 mm in height). The tape was
fixed on the lid of the container with the adhesive side exposed to the
powder. Then, this set was placed 3 cm underneath the discharge
tungsten needle (tip ~0.1 mm) of the corona charging system,
consisting of the high voltage power supplier from Glassman Co. Ltd,,
which can provide adjustable voltages up to +40 kV. Even though, the
material transfer visually happened and finished immediately once the
corona was turned on. The CD was kept on for S s for the purpose of

consistency and controllability. After the CEP process, the samples
were uniformly and gently blasted with air for S s. Silver paste was
utilized to connect the stainless thin conductive yarn (from Adafruit
Inc.) as electrodes onto the sensors to collect signals. The second
layer of the skin-like Nitto tape was adhered onto the printed samples
to form the flexible ultrathin sensor. For patterning, laser-cut
patterned masks were attached on the adhesive side of the tapes
and then removed afterward the printing process.

4.3. Microstructure Characterization and /n Situ Monitor-
ing. The microstructures of the printed powders were characterized
by optical microscopy and scanning electron microscopy (SEM). The
particle distribution was analyzed with Image] software. To monitor
the microstructure evolution of the CEP network under various
strains, the printed samples were hold with a home-made stretching
device. Strains of 5, 10, and 20% were applied to the samples under in
situ optical microscopy observation. The real-time microstructure
evolution was compared with the electrical property change during
the increase in the strain to analyze the working mechanism of CEP
strain sensors. The electrical signals were collected using a Keysight
multimeter 334465A.

4.4. CEP Electric Field Simulation. COMSOL Multiphysics 5.3a
(Application Gallery ID 1403S: atmospheric pressure CD) was
employed to simulate the CEP process using FEA. Figure 2a shows a
two-dimensional axial symmetrical cross section of the FEA model. In
this setup, the needle has a length of 4 mm and a tip radius of 0.75
mm. The distance between the needle tip and the grounded electrode
is 45 mm. The 10 pum thick skin-like senor substrate is attached on a
125 pm polystyrene film with a diameter of 35 mm, and they are fixed
10 mm above the grounded electrode. More details about the
simulation are given in the Supporting Information.

4.5. Dynamic Material-Transfer Simulation. The numerical
simulation of the dynamic material-transfer process was carried out
with Python 3.7. The system configuration and particle size
distribution were in accordance with that mentioned in above FEA
and experiments. In order to simplify the calculation, the particles
were in cubic shape. The polymer films were preset with different
surface charge amount Q, and the initial electric voltage varied as 15,
20, and 25 kV. During the simulation, the acceleration, velocity, and
displacement from the grounded electrode of the particles were
recorded every 0.2 ms. For simplicity, particles reaching the polymer
substrate or material resource plane were recorded and deleted from
the system after their charges were transferred to the substrate.

4.6. CEP Sensor Property Characterization. 4.6.1. Spatial
Pressure Sensing Tests. To perform the EIT measurement on the
CEP sensors, a customized data acquisition system was employed to
automatically interrogate and record the boundary voltages of the
specimens. To be specific, a Keithley 6221 current generator was used
to inject 1 mA of DC across a preselected pair of boundary electrodes.
The current generator was interfaced with a Keysight 34980A
multifunctional switch that was controlled using a customized
MATLAB program for automatically switching the pairs of electrodes.
In addition, a built-in digital multimeter (DMM) of the switch could
measure and record voltages between the other pairs of electrodes.
For each undeformed and deformed case, the whole set of voltage
measurements was used as an input to the EIT algorithm for
reconstructing the resistivity distribution of the graphene-based
sensing network.

4.6.2. Characterization of Multifunctional CEP Sensors.
4.6.2.1. Acoustic Signal Detection. CEP sensors were attached
onto a speaker, with a 2 cm gap between the sensor and the bottom of
the speaker. Acoustic signals with different frequencies were generated
using a phone APP f generator.

4.6.2.2. Temperature Monitoring. The TC materials were first
directly treated with corona with opposite polarity with the CEP
corona. The voltage was set as 10 kV, and the corona treatment time
was 3 s. After which, the TC materials went through the CEP. A laser-
cut mask was attached on the adhesive side of the substrate to form
patterns. After CEP, sensors were tightly attached on transparent glass
beakers. Water of 37 °C was pulled into the beakers with the camera
ON to monitor the color change. The RGB signal was analyzed by
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MATLAB to obtain digital data of the color change. Video footage
data (.mp4) was converted into an object in MATLAB using the
VideoReader function. In this study, the VideoReader object
contained an RGB24 format video shot at 30 fps. To conveniently
analyze time-resolved information corresponding to each ring of
interest, uniformly sampled pixels, 7.35° between two pixels on the
same ring and 50 pixels per ring, were determined for every ring in
every frame to obtain average intensity and RGB color profiles.
Besides, the intensity profiles, a weighted average of the RGB
channels in the range from 0 to 1 (rgb2gray function), were colored
by the hue of the ring and plotted as a function of time. The average
RGB channels were also plotted as a function of time but colored by
their corresponding colors.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c11386.

Detailed simulation methods of corona discharging and
electrical field generation in CEP; EIT and the
discussion of microstructure-based FEA of electro-
mechanical response; SEM images of 30 and —30 kV
printed graphene networks; material-transfer mechanism
during the CEP process; sensitivity of CEP binder-free
graphene sensors under different gas flow pressures;
microstructure-based FEA of graphene networks’ elec-
tromechanical response; R2R CEP printing system with
the discharge electrode as a wire; and temperature
sensitivity of CEP sensors patterned with TC materials
(PDF)

The simulated dynamic material-transfer process over
time for 15 kV CEP (MP4)

The Intensity and RGB changes of CEP-patterned
temperature TC patterns over time (MP4)

B AUTHOR INFORMATION

Corresponding Author
Ying Zhong — Department of Mechanical Engineering,
University of South Florida, Tampa, Florida 33620, United
States; ® orcid.org/0000-0002-1845-7127;
Email: yingzhong@usf.edu

Authors

Long Wang — Department of Civil and Environmental
Engineering, California Polytechnic State University, San Luis
Obispo, California 93407, United States

Rui Kou — Department of Structural Engineering, University of
California, San Diego, California 92093, United States;

orcid.org/0000-0002-7370-6827

Zhaoru Shang — Program of Material Science and Engineering,
University of California, San Diego, California 92093, United
States

Zijian Weng — Department of Mechanical Engineering,
University of South Florida, Tampa, Florida 33620, United
States

Chaoyi Zhu — Department of Materials Science and
Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.1c11386

Author Contributions

LW. and RXK. contributed equally to this work. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the research grant support from the
U.S. National Science Foundation (NSF) under grant nos.
2114216 and 2114223, as well as the Startup Funding for Dr.
Y.Z. from University of South Florida. The authors also
acknowledge the support from Dr. Yu Qiao and Dr. Kenneth
Loh at the University of California, San Diego for the corona
system, material supplies, and the EIT data acquisition
hardware system.

B REFERENCES

(1) Klein, B.; Larock, T.; Mccabe, S.; Torres, L.; Privitera, F.; Lake,
B.; Kraemer, M. U. G.; Brownstein, J. S.; Lazer, D.; Eliassi-Rad, T.;
Scarpino, S. V.; Chinazzi, M.; Vespignani, A. Assessing Changes in
Commuting and Individual Mobility in Major Metropolitan Areas in the
United States during the COVID-19 Outbreak; Northeastern University
Network Science Institute, 2020; p 29.

(2) Liu, Y.; Pharr, M.; Salvatore, G. A. Lab-on-Skin: A Review of
Flexible and Stretchable Electronics for Wearable Health Monitoring.
ACS Nano 2017, 11, 9614—9635.

(3) Yu, X,; Shou, W.; Mahajan, B. K.; Huang, X.; Pan, H. Materials,
Processes, and Facile Manufacturing for Bioresorbable Electronics: A
Review. Adv. Mater. 2018, 30, 1707624.

(4) Rogers, J. A; Chen, X.; Feng, X. Flexible Hybrid Electronics.
Adv. Mater. 2020, 32, 1905590.

(5) Choi, S;; Han, S. I; Kim, D,; Hyeon, T.; Kim, D.-H. High-
Performance Stretchable Conductive Nanocomposites: Materials,
Processes, and Device Applications. Chem. Soc. Rev. 2019, 48,
1566—1595.

(6) Pang, Q.; Lou, D.; Li, S.; Wang, G.; Qiao, B.; Dong, S.; Ma, L.;
Gao, C; Wu, Z. Smart Flexible Electronics-Integrated Wound
Dressing for Real-Time Monitoring and On-Demand Treatment of
Infected Wounds. Adv. Sci. 2020, 7, 1902673.

(7) Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A;; Doshi, R;;
Huang, A,; Song, Y,; Gehlhar, R; Ames, A. D.; Gao, W. Biofuel-
Powered Soft Electronic Skin with Multiplexed and Wireless Sensing
for Human-Machine Interfaces. Sci. Robot. 2020, S, No. eaaz7946.

(8) Song, Y; Min, J; Gao, W. Wearable and Implantable
Electronics: Moving toward Precision Therapy. ACS Nano 2019,
13, 12280—12286.

(9) Printed Electronics Market by Printing Technology, Application,
Material, End-Use Industry. COVID-19 Impact Analysis; Market-
sandMarkets, 2021; p 252.

(10) Khan, Y.; Thielens, A.; Muin, S.; Ting, J.; Baumbauer, C.; Arias,
A. C. A New Frontier of Printed Electronics: Flexible Hybrid
Electronics. Adv. Mater. 2020, 32, 1905279.

(11) Yang, Y.; Gao, W. Wearable and Flexible Electronics for
Continuous Molecular Monitoring. Chem. Soc. Rev. 2019, 48, 1465—
1491.

(12) Duan, S.; Gao, X; Wang, Y.; Yang, F.; Chen, M.; Zhang, X;
Ren, X.; Hu, W. Scalable Fabrication of Highly Crystalline Organic
Semiconductor Thin Film by Channel-Restricted Screen Printing
toward the Low-Cost Fabrication of High-Performance Transistor
Arrays. Adv. Mater. 2019, 31, 1807975.

(13) Kim, Y. D.; Hone, J. Materials Science: Screen Printing of 2D
Semiconductors. Nature 2017, 544, 167—168.

(14) Zhou, L.; Yu, M.; Chen, X,; Nie, S.; Lai, W.-Y.; Su, W.; Cui, Z.;
Huang, W. Screen-Printed Poly(3,4-Ethylenedioxythiophene):Poly-

https://doi.org/10.1021/acsami.1c11386
ACS Appl. Mater. Interfaces 2021, 13, 45966—45976


https://pubs.acs.org/doi/10.1021/acsami.1c11386?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11386/suppl_file/am1c11386_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11386/suppl_file/am1c11386_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11386/suppl_file/am1c11386_si_003.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Zhong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1845-7127
mailto:yingzhong@usf.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Kou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7370-6827
https://orcid.org/0000-0002-7370-6827
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoru+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zijian+Weng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11386?ref=pdf
https://doi.org/10.1021/acsnano.7b04898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201707624
https://doi.org/10.1002/adma.201707624
https://doi.org/10.1002/adma.201707624
https://doi.org/10.1002/adma.201905590
https://doi.org/10.1039/c8cs00706c
https://doi.org/10.1039/c8cs00706c
https://doi.org/10.1039/c8cs00706c
https://doi.org/10.1002/advs.201902673
https://doi.org/10.1002/advs.201902673
https://doi.org/10.1002/advs.201902673
https://doi.org/10.1126/scirobotics.aaz7946
https://doi.org/10.1126/scirobotics.aaz7946
https://doi.org/10.1126/scirobotics.aaz7946
https://doi.org/10.1021/acsnano.9b08323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201905279
https://doi.org/10.1002/adma.201905279
https://doi.org/10.1039/c7cs00730b
https://doi.org/10.1039/c7cs00730b
https://doi.org/10.1002/adma.201807975
https://doi.org/10.1002/adma.201807975
https://doi.org/10.1002/adma.201807975
https://doi.org/10.1002/adma.201807975
https://doi.org/10.1038/nature21908
https://doi.org/10.1038/nature21908
https://doi.org/10.1002/adfm.201705955
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(Styrenesulfonate) Grids as ITO-Free Anodes for Flexible Organic
Light-Emitting Diodes. Adv. Funct. Mater. 2018, 28, 1705955.

(15) Zhang, Y.-Z.; Wang, Y.; Cheng, T.; Yao, L.-Q.; Li, X,; Lai, W.-
Y.; Huang, W. Printed Supercapacitors: Materials, Printing and
Applications. Chem. Soc. Rev. 2019, 48, 3229—3264.

(16) Li, D.; Lai, W.-Y,; Zhang, Y.-Z; Huang, W. Printable
Transparent Conductive Films for Flexible Electronics. Adv. Mater.
2018, 30, 1704738.

(17) Cosnahan, T.; Watt, A. A. R; Assender, H. E. Flexography
Printing for Organic Thin Film Transistors. Mater. Today: Proc. 2018,
S, 16051—-16057.

(18) Kim, S.; Sojoudi, H.; Zhao, H.; Mariappan, D.; McKinley, G.
H.; Gleason, K. K; Hart, A. J. Ultrathin High-Resolution Flexographic
Printing Using Nanoporous Stamps. Sci. Adv. 2016, 2, No. e1601660.

(19) Kim, Y. Y; Yang, T.-Y.; Suhonen, R; Vilimiki, M.; Maaninen,
T.; Kemppainen, A,; Jeon, N. J.; Seo, J. Gravure-Printed Flexible
Perovskite Solar Cells: Toward Roll-to-Roll Manufacturing. Adv. Sci.
2019, 6, 1802094

(20) Bariya, M.; Shahpar, Z.; Park, H; Sun, J.; Jung, Y.; Gao, W.;
Nyein, H. Y. Y; Liaw, T. S,; Tai, L.-C.; Ngo, Q. P.; Chao, M.; Zhao,
Y.; Hettick, M,; Cho, G.; Javey, A. Roll-to-Roll Gravure Printed
Electrochemical Sensors for Wearable and Medical Devices. ACS
Nano 2018, 12, 6978—6987.

(21) He, P.; Cao, J.; Ding, H.; Liu, C.; Neilson, J.; Li, Z; Kinloch, L.
A.; Derby, B. Screen-Printing of a Highly Conductive Graphene Ink
for Flexible Printed Electronics. ACS Appl. Mater. Interfaces 2019, 11,
32225-32234.

(22) Yang, X,; Sun, M; Bian, Y.; He, X. A Room-Temperature High-
Conductivity Metal Printing Paradigm with Visible-Light Projection
Lithography. Adv. Funct. Mater. 2019, 29, 1807615.

(23) Hondred, J. A;; Stromberg, L. R.; Mosher, C. L.; Claussen, J. C.
High-Resolution Graphene Films for Electrochemical Sensing via
Inkjet Maskless Lithography. ACS Nano 2017, 11, 9836—9845.

(24) Gao, Y; Li, Q; Wy, R; Sha, J,; Lu, Y.; Xuan, F. Laser Direct
Writing of Ultrahigh Sensitive SiC-Based Strain Sensor Arrays on
Elastomer toward Electronic Skins. Adv. Funct. Mater. 2019, 29,
1806786.

(25) Cai, J.; Lv, C.; Watanabe, A. Laser Direct Writing and Selective
Metallization of Metallic Circuits for Integrated Wireless Devices.
ACS Appl. Mater. Interfaces 2018, 10, 915—924.

(26) Wang, Y.; Zhang, Y.-Z.; Dubbink, D.; ten Elshof, J. E. Inkjet
Printing of 6-MnO2 Nanosheets for Flexible Solid-State Micro-
Supercapacitor. Nano Energy 2018, 49, 481—488.

(27) Shahariar, H; Kim, L; Soewardiman, H.; Jur, J. S. Inkjet
Printing of Reactive Silver Ink on Textiles. ACS Appl. Mater. Interfaces
2019, 11, 6208—6216.

(28) Park, J. W,; Kang, B. H; Kim, H. J. A Review of Low-
Temperature Solution-Processed Metal Oxide Thin-Film Transistors
for Flexible Electronics. Adv. Funct. Mater. 2020, 30, 1904632.

(29) Zhang, T.; Li, X.; Asher, E.; Deng, S.; Sun, X; Yang, J. Paper
with Power: Engraving 2D Materials on 3D Structures for Printed,
High-Performance, Binder-Free, and All-Solid-State Supercapacitors.
Adv. Funct. Mater. 2018, 28, 1803600.

(30) Uz, M.; Lentner, M. T.; Jackson, K.; Donta, M. S,; Jung, J;
Hondred, J.; MacH, E.; Claussen, J.; Mallapragada, S. K. Fabrication
of Two-Dimensional and Three-Dimensional High-Resolution Bind-
er-Free Graphene Circuits Using a Microfluidic Approach for Sensor
Applications. ACS Appl. Mater. Interfaces 2020, 12, 13529—13539.

(31) Chang, J.-S.; Lawless, P. A; Yamamoto, T. Corona Discharge
Processes. IEEE Trans. Plasma Sci. 1991, 19, 1152—1166.

(32) Kou, R;; Zhong, Y.; Qiao, Y. Flow Electrification of Corona-
Charged Polyethylene Terephthalate Film. Langmuir 2020, 36, 9571—
9577.

(33) Kou, R; Zhong, Y,; Kim, J.; Wang, Q.; Wang, M.; Chen, R;;
Qiao, Y. Elevating Low-Emissivity Film for Lower Thermal Trans-
mittance. Energy Build. 2019, 193, 69—77.

(34) Zhong, Y; Kou, R; Wang, M; Qiao, Y. Electrification
Mechanism of Corona Charged Organic Electrets. J. Phys. D: Appl.
Phys. 2019, 52, 445303.

45976

(35) Kou, R; Zhong, Y.; Wang, Q; Kim, J; Chen, R; Qiao, Y.
Improved Window Energy Efficiency with Thermal Insulating
Polymer-Air Multilayer. Appl. Therm. Eng. 2021, 191, 116890.

(36) Zhang, S.; Pelligra, C. 1; Feng, X; Osuji, C. O. Directed
Assembly of Hybrid Nanomaterials and Nanocomposites. Adv. Mater.
2018, 30, 1705794

(37) Kutz, M. Applied Plastics Engineering Handbook; Elsevier
Science, 2011; p 574.

(38) Williams, E. R.; Faller, J. E.; Hill, H. A. New Experimental Test
of Coulomb’s Law: A Laboratory Upper Limit on the Photon Rest
Mass. Phys. Rev. Lett. 1971, 26, 721-724.

(39) Plimpton, S. J; Lawton, W. E. A Very Accurate Test of
Coulomb’s Law of Force between Charges. Phys. Rev. 1936, S0,
1066—1071.

(40) Conductors in Electrostatic Equilibrium. University Physics
Volume 2; OpenStax, 2016, Chapter 6.4.

(41) Lin, Y.-A.; Zhao, Y.; Wang, L.; Park, Y.; Yeh, Y.-J.; Chiang, W.-
H.; Loh, K. J. Graphene K-Tape Meshes for Densely Distributed
Human Motion Monitoring. Adv. Mater. Technol. 2021, 6, 2000861.

(42) Wang, L.; Gupta, S.; Loh, K. J.; Koo, H. S. Distributed Pressure
Sensing Using Carbon Nanotube Fabrics. IEEE Sens. ]. 2016, 16,
4663—4664.

(43) Wang, L,; Gupta, S;; Loh, K. J; Koo, H. S. Nanocomposite
Fabric Sensors for Monitoring Inflatable and Deployable Space
Structures. Smart Materials, Adaptive Structures and Intelligent Systems;
American Society of Mechanical Engineers, 2016; Vol. 50480, p
V001T0SA006.

(44) Zhao, Y.; Wang, L; Gupta, S; Loh, K. J; Schagerl, M.
Comparison of Electrical Impedance Tomography Inverse Solver
Approaches for Damage Sensing. Nondestructive Characterization and
Monitoring of Advanced Materials, Aerospace, and Civil Infrastructure;
International Society for Optics and Photonics, 2017; Vol. 10169, p
1016915.

(45) Hu, N; Karube, Y,; Yan, C; Masuda, Z; Fukunaga, H.
Tunneling Effect in a Polymer/Carbon Nanotube Nanocomposite
Strain Sensor. Acta Mater. 2008, 56, 2929—2936.

(46) Gu, H; Wang, J; Yu, C. Three-Dimensional Modeling of
Percolation Behavior of Electrical Conductivity in Segregated
Network Polymer Nanocomposites Using Monte Carlo Method.
Adv. Mater. 2016, S, 1-8.

(47) Fralick, B. S.; Gatzke, E. P.; Baxter, S. C. Three-Dimensional
Evolution of Mechanical Percolation in Nanocomposites with
Random Microstructures. Probabilist. Eng. Mech. 2012, 30, 1-8.

(48) Hashemi, R.; Weng, G. J. A Theoretical Treatment of Graphene
Nanocomposites with Percolation Threshold, Tunneling-Assisted
Conductivity and Microcapacitor Effect in AC and DC Electrical
Settings. Carbon 2016, 96, 474—490.

(49) Pan, B. Digital Image Correlation for Surface Deformation
Measurement: Historical Developments, Recent Advances and Future
Goals. Meas. Sci. Technol. 2018, 29, 082001.

(50) Berfield, T. A; Patel, J. K;; Shimmin, R. G.; Braun, P. V.
Lambros, J.; Sottos, N. R. Micro-and Nanoscale Deformation
Measurement of Surface and Internal Planes via Digital Image
Correlation. Exp. Mech. 2007, 47, 51—62.

(51) Wang, L; Loh, K. J; Chiang, W.-H.; Manna, K. Micro-
Patterned Graphene-Based Sensing Skins for Human Physiological
Monitoring. Nanotechnology 2018, 29, 105503.

(52) Manna, K.; Wang, L,; Loh, K. J.; Chiang, W.-H. Printed Strain
Sensors Using Graphene Nanosheets Prepared by Water-Assisted
Liquid Phase Exfoliation. Adv. Mater. Interfaces 2019, 6, 1900034.

https://doi.org/10.1021/acsami.1c11386
ACS Appl. Mater. Interfaces 2021, 13, 45966—45976


https://doi.org/10.1002/adfm.201705955
https://doi.org/10.1002/adfm.201705955
https://doi.org/10.1039/C7CS00819H
https://doi.org/10.1039/C7CS00819H
https://doi.org/10.1002/adma.201704738
https://doi.org/10.1002/adma.201704738
https://doi.org/10.1016/j.matpr.2018.05.050
https://doi.org/10.1016/j.matpr.2018.05.050
https://doi.org/10.1126/sciadv.1601660
https://doi.org/10.1126/sciadv.1601660
https://doi.org/10.1002/advs.201802094
https://doi.org/10.1002/advs.201802094
https://doi.org/10.1021/acsnano.8b02505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b02505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b04589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b04589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201807615
https://doi.org/10.1002/adfm.201807615
https://doi.org/10.1002/adfm.201807615
https://doi.org/10.1021/acsnano.7b03554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201806786
https://doi.org/10.1002/adfm.201806786
https://doi.org/10.1002/adfm.201806786
https://doi.org/10.1021/acsami.7b16558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b16558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2018.05.002
https://doi.org/10.1016/j.nanoen.2018.05.002
https://doi.org/10.1016/j.nanoen.2018.05.002
https://doi.org/10.1021/acsami.8b18231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b18231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201904632
https://doi.org/10.1002/adfm.201904632
https://doi.org/10.1002/adfm.201904632
https://doi.org/10.1002/adfm.201803600
https://doi.org/10.1002/adfm.201803600
https://doi.org/10.1002/adfm.201803600
https://doi.org/10.1021/acsami.9b23460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b23460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b23460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b23460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/27.125038
https://doi.org/10.1109/27.125038
https://doi.org/10.1021/acs.langmuir.0c01596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c01596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enbuild.2019.03.033
https://doi.org/10.1016/j.enbuild.2019.03.033
https://doi.org/10.1088/1361-6463/ab325f
https://doi.org/10.1088/1361-6463/ab325f
https://doi.org/10.1016/j.applthermaleng.2021.116890
https://doi.org/10.1016/j.applthermaleng.2021.116890
https://doi.org/10.1002/adma.201705794
https://doi.org/10.1002/adma.201705794
https://doi.org/10.1103/PhysRevLett.26.721
https://doi.org/10.1103/PhysRevLett.26.721
https://doi.org/10.1103/PhysRevLett.26.721
https://doi.org/10.1103/PhysRev.50.1066
https://doi.org/10.1103/PhysRev.50.1066
https://doi.org/10.1002/admt.202000861
https://doi.org/10.1002/admt.202000861
https://doi.org/10.1109/JSEN.2016.2553045
https://doi.org/10.1109/JSEN.2016.2553045
https://doi.org/10.1016/j.actamat.2008.02.030
https://doi.org/10.1016/j.actamat.2008.02.030
https://doi.org/10.11648/j.am.20160501.11
https://doi.org/10.11648/j.am.20160501.11
https://doi.org/10.11648/j.am.20160501.11
https://doi.org/10.1016/j.probengmech.2012.02.002
https://doi.org/10.1016/j.probengmech.2012.02.002
https://doi.org/10.1016/j.probengmech.2012.02.002
https://doi.org/10.1016/j.carbon.2015.09.103
https://doi.org/10.1016/j.carbon.2015.09.103
https://doi.org/10.1016/j.carbon.2015.09.103
https://doi.org/10.1016/j.carbon.2015.09.103
https://doi.org/10.1088/1361-6501/aac55b
https://doi.org/10.1088/1361-6501/aac55b
https://doi.org/10.1088/1361-6501/aac55b
https://doi.org/10.1007/s11340-006-0531-2
https://doi.org/10.1007/s11340-006-0531-2
https://doi.org/10.1007/s11340-006-0531-2
https://doi.org/10.1088/1361-6528/aaa709
https://doi.org/10.1088/1361-6528/aaa709
https://doi.org/10.1088/1361-6528/aaa709
https://doi.org/10.1002/admi.201900034
https://doi.org/10.1002/admi.201900034
https://doi.org/10.1002/admi.201900034
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

