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Abstract

Touch-sensitive screens are crucial components of wearable devices. Materials such as reduced graphene oxide (rGO), carbon
nanotubes (CNTs), and graphene offer promising solutions for flexible touch-sensitive screens. However, when stacked with
flexible substrates to form multilayered capacitive touching sensors, these materials often suffer from substrate delamination
in response to deformation; this is due to the materials having different Young’s modulus values. Delamination results in
failure to offer accurate touch screen recognition. In this work, we demonstrate an induced charge-based mutual capacitive
touching sensor capable of high-precision touch sensing. This is enabled by electron trapping and polarization effects related
to mixed-coordinated bonding between copper nanoparticles and vertically grown graphene nanosheets. Here, we used an
electron cyclotron resonance system to directly fabricate graphene—metal nanofilms (GMNFs) using carbon and copper, which
are firmly adhered to flexible substrates. After being subjected to 3000 bending actions, we observed almost no change in
touch sensitivity. The screen interaction system, which has a signal-to-noise ratio of 41.16 dB and resolution of 650 dpi, was
tested using a handwritten Chinese character recognition trial and achieved an accuracy of 94.82%. Taken together, these
results show the promise of touch-sensitive screens that use directly fabricated GMNFs for wearable devices.
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Introduction

With increased growth of wearable devices, touch sensors
are becoming popular interface devices for human—computer
interaction systems and diverse other applications [1-3].
Touch-sensitive screens can be implemented using various
approaches, including capacitive, piezoresistive, piezoelec-
tric, and surface acoustic wave implementations, among
others [4-7]. Capacitive touch-sensitive screens have the
largest market share at present. The sensing materials used in
the fabrication of conventional capacitive touch sensors are
usually conductive metal oxides, including indium tin oxide
and aluminum-doped zinc oxide, among others [8]. How-
ever, the fragility and inflexibility of these materials make
them unsuitable for contemporary wearable devices, since
these drawbacks can lead to unstable performance and inac-
curate touch detection under bending stress [9].

Other materials have been reported as alternatives to con-
ductive metal oxides for use in flexible capacitive sensors.
Such materials include reduced graphene oxide (rGO) [10],
carbon nanotubes (CNTs) [11, 12], MXene [13], and silver
nanowires [14—-16]. Of these, graphene has attracted exten-
sive research interest due to its desirable physical properties
[17-22]. Tt usually needs to be transferred to a dielectric
layer, where it acts as a sensing electrode, before finally
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being encapsulated into a flexible capacitive sensor with a
multilayer structure [23-25]. However, when sensors are
deformed by external forces, the mechanical mismatches
between dielectric and electrode layers can lead to inaccu-
rate sensing [26]. At the same time, polarized charges need
to overcome the poor conductivity of graphene for collection
by electrodes, thereby reducing sensor sensitivity [27]. These
factors hinder the further development of touch sensors and
their potential applications.

Here, we used an electron cyclotron resonance (ECR)
system [28, 29] to achieve a one-step (from raw mate-
rial to device) fabrication process for flexible touch sensors
(Fig. la). This system sputters atoms of a specific mate-
rial directly onto the substrate, which ensures that a sensing
material could be firmly attached to flexible substrates.
At the same time, the graphene—metal nanofilm (GMNF)
prepared using this system uses only two low-cost and envi-
ronmentally friendly materials, copper and carbon, which
will significantly reduce the cost and environmental impact
of touch sensors. The vertical graphene nanosheet net-
work ensures that the sensing material retains anti-bending
properties, and that copper nanoparticles embedded in the
vertical graphene nanosheet network (Fig. 1d) form mixed-
coordination (Fig. le) materials. This generates an electron
trapping effect that facilitates efficient electron transport,
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Fig. 1 Overview of the electron cyclotron resonance (ECR) system and
an induced charge-based mutual capacitive sensing screen. a Schematic
illustration of the ECR system. Copper and carbon target biases were
applied to sputter copper and carbon onto the substrate. Substrate bias
was used to attract electrons and atoms to grow the graphene—metal
nanofilm (GMNF). b Depiction of the growth process of vertical
graphene nanosheets as induced by the ECR system. ¢ Demonstration
of the five components of the flexible touch-sensitive screen: the top
and bottom acrylic protective layers, the GMNF sensing layer, the PI

resulting in high sensitivity for the touch screen [29]. The
mixed coordination of Cu—C material is shown in Fig. le, as
calculated using the density functional theory (DFT) method
(Fig. S9 in Supplementary Information). Purple and yel-
low clouds indicate the highest occupied molecular orbitals

Copper target @ Electron (]
Carbon target @ Carbon atom@Copper atom

GMNF driving layer

~GMNF sensing layer

Acrylic layer

(lower side)

(upper side)

Batch manufacturing

substrate, and the GMNF driving layer. The port of the touch screen was
connected to external circuitry using a standard 2.54 mm connection
jack. d The GMNF is composed of copper nanoparticles and vertical
graphene nanosheets. e Mixed coordination of the Cu—C material, as
calculated using the density functional theory (DFT) method. Purple and
yellow clouds show the highest occupied molecular orbitals (HOMOs)
of the system, and show the electron transfers within the system that
contribute to the sensing of charge redistribution. f The fabrication pro-
cess of the device, which is suitable for batch manufacturing

(HOMO:s) of the system; these data show that electron trans-
fers within the system contribute to charge redistribution
sensing. The thickness of the GMNF developed here was only
100 nm, which is much smaller than the thickness of the flex-
ible substrate (80 wm). Due to the firm adhesion of GMNF to
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the substrate, the flexible performance of the sensing screen
depends entirely on the flexible substrate to achieve a high
level of precision. Next, we designed a flexible and interac-
tive touch-sensitive screen platform by attaching the flexible
touch-sensitive screen to garments (Fig. 1c). Further testing
showed that this system can accurately recognize Chinese
characters when written by the user, thereby demonstrating
the potential of how a GMNF can be applied to wearable
devices. Overall, this study introduces a new approach of
leveraging a GMNF to create a novel touch sensor, thereby
expanding what is possible in the fields of human—computer
interactions and wearable technologies.

Experimental method
Fabrication of GMNF-based touch-sensitive screens

Metal masks (Fig. S1 in Supplementary Information) of the
driving and sensing electrodes were fixed to the front and
back sides of a polyimide (PI) substrate (thickness: 80 pwm)
using PI tape. First, the side on which the driving electrodes
were located was fixed outwardly relative to the chamber
base of the ECR. This was performed under an argon pres-
sure of 4x 1072 Pa, and microwaves (power: 500 W) were
fed into the vacuum chamber to generate plasma. Ar* ions
were then sputtered onto the negatively biased carbon target
and copper target to produce GMNF on the driving side of the
substrate. Next, after waiting for the system to cool down for
20 min, the side on which the sensing electrodes were located
was fixed outwardly onto the chamber base of the ECR. Sub-
sequently, the rotary deposition motor was switched on and
operated at a speed of 10 r/min. Deposition was carried out
under the same conditions as for the deposition process used
for the driving electrodes. Thickness was controlled by vary-
ing deposition time. The deposition time used in this study
was 30 min for a single side, which resulted in a GMNF
thickness of approximately 100 nm per side. After depo-
sition, positive bias was applied to the substrate to attract
electrons. GMNF nanostructures were then analyzed using
Raman spectroscopy (HORIBA, HR-Resolution, HORIBA
STEC, Japan; a wavelength of 532 nm), scanning transmis-
sion electron microscopy (STEM, FEI Titan Cubed Themis
G2 300, Thermo Fisher Scientific, USA), and scanning elec-
tron microscope (SEM, FEI Scios, Thermo Fisher Scientific,
USA).
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Testing of induced charge GMNF-based mutual
capacitive sensors

Next, we performed testing of mutual capacitive sensors. To
do so, GMNFs were deposited on the upper and lower sur-
faces of a2 cmx 2 cm PI with a thickness of 80 wm. This was
performed at a substrate bias voltage of 40 V, a copper target
current of 700 mA, and a deposition time of 30 min. Next, the
GMNFs were encapsulated in an acrylic tape with a thickness
of 50 wm to form a mutual capacitive sensor (Fig. S2 in Sup-
plementary Information). The prepared sensor was then fixed
on a one-dimensional (1D) moving platform for bending and
cycling tests. Subsequently, we fixed the prepared sensor on a
two-dimensional (2D) moving platform (Fig. S3 in Supple-
mentary Information) and conducted anti-false-touch tests,
touch sensitivity tests, and other sensitivity tests under vary-
ing contact conditions and at different heights. To avoid the
influence of test subject movements (i.e., shaking of the hand)
on experimental results, we used a copper foil with a diame-
ter of 8 mm to contact the device, which was then connected
to the human body via a wire. We performed sensitivity tests
under different contact conditions by dipping the copper foil
in water and by adding gloves to the copper foil, separately.

Touch increment change testing

To test the differences in touch increment, we used two cop-
per foils to encapsulate probes of the 2D moving platform
(diameter: 8 mm) that were connected with the human body,
and these were used to touch the screen. The contact center
of one copper foil was located at the center of the intersec-
tion area of the fourth driving electrode and the third sensing
electrode, while the contact center of the other electrode was
located at the center of the intersection area of the seventh
driving electrode and the eighth sensing electrode.

Signal-to-noise ratio (SNR) testing

The experimental conditions used here were consistent with
those of touch increment change testing. For SNR testing, the
center of the copper foil was placed at the center of the over-
lapping position of the fifth driving electrode and the fifth
sensing electrode. To test temperature stability, the flexible
touch screen was attached to a heating platform, and the heat-
ing platform was then heated to 30, 40, 60, 80, and 100 °C.
At each temperature, nine touch points were taken evenly on
the surface of the touch screen.
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Results and discussion
Preparation of the touch-sensitive screen

An ECR system uses microwaves to induce the formation
of stable plasmas, uses magnetic coils to accelerate elec-
trons, and uses ions to sputter target atoms (Fig. 1a). Unlike
magnetron-based sputtering, the plasma generation and sput-
tering processes are separate in the ECR system [30]. Thus,
the performance of the film can be modulated by control-
ling the parameters of substrate bias, copper target current,
and deposition time (Fig. S4 in Supplementary Information).
Accordingly, it is possible to transform carbon sources from
an amorphous structure to a vertical graphene nanosheet
structure (Fig. 1b) by adjusting preparation parameters [28].
The structure of the touch-sensitive screen is shown in Fig. lc.
It is divided into three main parts, i.e., protective layers,
induction layers, and substrate layers. The protective layers
are comprised of acrylic tape (50 wm) and are divided into
upper and lower protective layers. Their function is to insu-
late the human body from the GMNEF. The acrylic tape was
selected since it has a good dielectric constant, which facil-
itates mutual capacitance detection. To create the induction
layer, the two electrodes are placed perpendicularly to each
other on the two surfaces of the substrate to form a touch-
sensitive array. Sensing electrodes are located on the upper
surface of the PI substrate and are used to detect signals, while
driving electrodes are present on the lower surface of the PI
substrate and receive the excitation signal. The surfaces of
the driving and sensing electrodes cannot be swapped, or the
sensing electrodes will be shielded by the driving electrodes
such that the touch signal cannot be detected. GMNF is used
as the material for the sensing layer, since it has good elec-
trical conductivity and is difficult to bend. For the substrate
layer, GMNFs are firmly adhered to the PI substrate surface
by the ECR system.

The flexible printed circuit (FPC) of the flexible touch
screen with the encapsulated device is shown in Fig. 1f. The
FPC layout of the touch-sensitive screen must follow certain
rules to ensure the consistency of the signal, avoid cross talk,
and avoid the introduction of unnecessary noise that would
prevent the touch screen from working properly. Accord-
ing to these rules [31], all wires were placed on the lower
surface of the substrate (i.e., the same surface as the driving
electrodes), while the sensing electrodes on the upper surface
are connected to the lower surface by vias. The design sizes
of the FPC are shown in Fig. S5 (Supplementary Informa-
tion). The metal masks of the sensing electrodes and driving
electrodes were attached to the related substrate and then sent
into the ECR system, after which the GMNFs were deposited
directly onto the driving and sensing surfaces. This process
can reduce defects during manufacturing, and is therefore
suitable for batch manufacturing.

Characterization of graphene-metal nanofilms

The ECR system can directly fabricate functional materials
on flexible substrates, and is induced by the unique plasma
generation mode of ECR and the polariton energy-transfer
mode between the plasma and the surface of the substrate.
Figure 2a shows the structure of the touch-sensitive screen.
A cross-sectional view of these parts obtained via SEM is
shown in Fig. 2b. Since a GMNF is only 100 nm thick, it
is not visible on this scale. Figure 2c illustrates the struc-
ture of a GMNEF, and Fig. 2d shows the SEM image of a
GMNEF. Next, Figs. 2e and 2f show STEM images of GMNF
at substrate bias voltages of 0 and 40 V. When using the ECR
system, the kinetic energy of electrons can be increased by
increasing substrate bias, which permits more electrons to
collide with carbon and copper atoms, which in turn results
in the deposition of higher density films on the PI sub-
strate. When the number of collisions between electrons and
carbon atoms increases, higher energy will be imparted to
carbon atoms. This induces bonding between carbon atoms,
thereby resulting in the transition of deposited carbon atoms
from a disordered amorphous structure to a vertical graphene
nanosheet structure [32]. As shown in Fig. 2e, the ordered
vertical graphene nanosheet structure is not observed when
the bias voltage of the substrate is 0 V. Next, fast Fourier
transform (FFT) was performed on the red region; the inset
shown in Fig. 2e is the electron diffraction image, which
reveals that the object in the red region has a face-centered
cubic structure, which corresponds to the structure of cop-
per nanoparticles [33]. This indicates that the ECR system
can successfully embed copper nanoparticles onto deposited
films. Moreover, when the bias voltage of the substrate was
40 V, we observed that the carbon atoms form a partially
ordered structure; the more obviously ordered carbon atoms
are marked by yellow circles in Fig. 2f. The FFT of ordered
carbon atoms (indicated by the green area in Fig. 2f) yields the
results shown in the green inset. Here, significant Laue spots
can be observed, and the reciprocal lattice spacing between
the spots was 5.78 nm~!, yielding an interplanar distance of
d=0.346 nm in this direction. This corresponds to the (0001)
surface of multilayer graphene and indicates that the material
present in the green area is multilayer graphene [34, 35]. By
performing FFT on disordered carbon atoms (i.e., the blue
region shown in Fig. 2f), the obtained electron diffraction
map has no obvious Laue spots, indicating that the internal
structure of this region is generally amorphous. However,
Fig. 2f shows that the copper nanoparticles are surrounded
by well-ordered vertical graphene nanosheets.

Figures 2g and 2h show the compositional distribution
of GMNF. Figure 2g shows a high-angle annular dark-field
(HAADF)-scanning transmission electron image of GMNEF,
with copper shown in white and carbon shown in gray. The
two materials are also marked in pink and black dotted lines,
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Fig. 2 Characterization of graphene—metal nanofilms (GMNFs). a Illus-
tration of the five-layer structure of the flexible touch-sensitive screen:
acrylic (protection)-GMNF (driving layer)-PI (dielectric)-GMNF (sens-
ing layer)-acrylic layer. b Cross section of the film imaged by scanning
electron microscope (SEM). The thicknesses of the acrylic protective
layer, GMNEF, and polyimide (PI) were 50 pwm, 100 nm, and 80 pm,
respectively. ¢ Illustration of the GMNF structure. Shown are copper
nanoparticles and graphene nanosheets. d SEM image of a GMNFE.
Light-colored parts indicate copper nanoparticles, while dark-colored

respectively. Figure 2h shows the result of a composition
analysis of the region shown in Fig. 2g; this image shows
that the distribution of copper and carbon perfectly corre-
sponds to that shown in Fig. 2g. Specifically, the copper atoms
have aggregated into copper nanoparticles, while the carbon
is uniformly distributed throughout this region as either an
amorphous or a vertical graphene nanosheet structure.
Next, the Raman spectra of the deposited films were tested
at substrate bias voltages of 0, 20, and 40 V, as shown in
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parts indicate graphene nanosheets. e, f Transmission electron micro-
scope (TEM) images of films under substrate bias voltages of 0 and
40 V. Insets show fast Fourier transform (FFT) images of the selected
region (i.e., labeled red, green, and blue). g High-angle annular dark-
field (HAADF) image of a GMNF. The white part indicates copper
and the gray part indicates carbon; these are marked using pink and
black dotted lines, respectively. h Compositional analysis of region (g).
i Raman spectra of a GMNF at substrate bias voltages of 0, 20, and 40 V

Fig. 2i. When the substrate bias voltage is 0 V, there were
no D- or G-peaks, indicating that no graphene nanosheets
were present in the deposited film and therefore that the car-
bon was present in the film in an amorphous form [36]. At
a substrate bias voltage of 20 V, we observed obvious D-
and G-peaks. However, no 2D peak was observed, indicat-
ing that the deposited film contains graphene nanosheets,
but their crystallinity was very low. Moreover, the ratio of
the D-peak to the G-peak increased from 1.005 at 20 V to
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1.218 at 40 V, indicating that the graphene nanosheet con-
tent increased. Moreover, 2D peaks can be observed, which
indicates both that the crystallinity of graphene nanosheets
increases with increasing voltage and that vertical graphene
nanosheets of a certain size form within the deposited film.

Testing of induced charge GMNF-based mutual
capacitive sensors

The touch-sensitive screen is based on an array of mutual
capacitors. The working mechanism of induced charge
GMNF-based mutual capacitive sensors is shown in Fig. 3a.
The human body can be thought of as equivalent to a cir-
cuit model in which a resistor and a capacitor are connected
in series to the ground. After applying an excitation sig-
nal to the driving electrode of the mutual capacitor sensor,
but without touching it, the driving electrode and the sens-
ing electrode will form a capacitor C,,. However, when a
finger approaches the capacitor, the electric fields formed
between Cy, are instead diverted to the ground through the
finger, thereby reducing the capacitance of C,y. The touch
sensitivity testing circuit is visualized in Fig. S6 (Supplemen-
tary Information). We used an analog-to-digital converter
(ADC) module to measure changes in touch voltage during
the mechanical stability test, and then used it to reflect sensor
sensitivity.

With defined electrode shape, adjusting the preparation
parameters of the GMNF can modulate the C; value as shown
in Fig. 3a and thus vary the touch sensitivity of the device.
We set the parameters of the substrate bias voltage to 10,
20, 30, and 40 V and held the copper target current fixed
at 700 mA and the deposition time at 30 min; this allowed
us to determine the changes in film square resistance and
touch sensitivity in response to different substrate bias volt-
ages (Fig. S4 in Supplementary Information). Furthermore,
as the substrate bias voltage gradually rose from 10 to 40 V,
the square resistance of the film decreased nearly linearly
from 200 to 35 2/sq, and the change in touch voltage of the
film increased from 69.3 to 217.5 mV. This effect is due to
the electron trapping effect of the copper nanoparticles and
vertically grown graphene nanosheets formed during mixed
coordination, which increases the conductivity of the film.
Thus, rising film conductivity helps to establish a stronger
electric field. Moreover, the stronger the electric field, the
more obvious the interaction between the human body and
the electric field, leading to greater change in mutual capaci-
tance (i.e., touch sensitivity). In addition, the higher the film
conductivity, the smaller the attenuation of high-frequency
signals after they pass through the film.

DFT calculation results for the copper nanoparticle-
graphene nanosheet system are shown in Fig. 3b. Numbers
1, 2, and 3 indicate the inner, outer, and mixed-coordination
atoms, respectively. The partial densities of states (PDOSs)

of atoms labeled 1, 2, and 3 show that the peaks of Cu 3d
orbital electrons shifted from deeper energy (approximately
—0.15 eV) to upper energy (approximately —0.09 eV) (i.e.,
d-band center moved closer to the Fermi level E¢). This is
known as the polarization effect [37]. Valence band polariza-
tion is known to occur with metals; specifically, the valence
band redshifts since nonlocal charges are polarized upward
to Et at under-coordinated sites [38]. This effect contributes
to charge redistribution sensing transfers observed in the sys-
tem.

The simulation results obtained using finite element anal-
ysis software (COMSOL 6.0) are shown in Fig. 3c. Here,
the orange dashed line represents a finger. When the finger
approaches the capacitor, the electric field line undergoes a
significant transfer [39].

We note that when the PI substrate is bent, the vertical
structure of graphene nanosheets tilts to offset some of the
bending-induced deformation. Moreover, when the PI sub-
strate expands back, the van der Waals force between the film
and PI substrate causes the vertical graphene nanosheets to
return from a tilted to a vertical state. Moreover, at a certain
bending curvature, the rate of change of graphene resistance
is small [40]. Therefore, a GMNF can possess a strong anti-
bending property.

Accordingly, here we bent GMNF mutual capacitive sen-
sors by fixing them to a 1D moving platform as shown in
Fig. 3d. Next, the bending angle was gradually increased
from 0° to 120°, and the resistance was measured by using a
source instrument every 5° during the bending process. This
allowed us to obtain the curve for the bending angle and resis-
tance change rate. The rate of change of resistance is defined
as follows [41]:

AR = RzRo 5 100%, (1)

where Ry is the original resistance value and R; is the resis-
tance value in the bent state.

The results of these bending tests are shown in Fig. 3d.
They show that as the bending angle increases, the resistance
change of the sensor increases linearly. However, when the
bending angle reached 120°, the change in resistance was
still only 6.32%, indicating that the sensor maintained good
electrical conductivity across a range of bent conformations.
This is a prerequisite for the preparation of a flexible mutual
capacitive touch-sensitive screen, since it ensures that the
sensor can work stably when bent.

Next, arepeated bending test was conducted on the sensor.
Thus, we bent it 3000 times using a 1D moving platform,
each time at an angle of 90°. Every 50 times, we recorded
the change in touch voltage. These results are visualized in
Fig. 3e. Briefly, no significant differences in touch sensitivity
were observed after bending, and the touch sensitivity did
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Fig.3 a Mechanistic diagram of induced charge-based mutual capaci-
tive sensors. Testing was performed by applying an excitation signal
to the graphene-metal nanofilm (GMNF) driving electrode and by
measuring voltage fluctuations through the analog-to-digital converter
(ADC). b Density functional theory (DFT) calculation results for the
copper nanoparticle-graphene nanosheet system. The numbers 1, 2, and
3 indicate inner, outer, and mixed-coordination atoms, respectively. The
partial density of state (PDOS) polarization effect calculated by DFT for
atoms labeled 1, 2, and 3 is shown in the lower panel. ¢ Simulation of the
electric field distribution. As the finger approaches, a change in the dis-
tribution of electric field lines occurs, and this causes redistribution of
the induced charge. d Bending angles of induced charge-based mutual

not deteriorate, remaining at about 215 mV even after 3000
bending cycles.

The sensor was also tested against “mis-touches.” We
found that as the distance between a copper foil (used here
as a substitute for a finger) and the sensor decreased, the
sensing voltage of the sensor varied exponentially (Fig. 3f).
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capacitive sensors and associated resistance change ratio curves. These
results show that when the sensor is bent to 120°, the ratio of resistance
change is 6.32%. The inset shows the 1D test platform. e Touch sensi-
tivity of the sensor after repeated bending movements. Insets show the
results of the initial and final 10 repetitions of the bending test. f Results
of the anti-false-touch test. As the finger moves away, the touch sensi-
tivity showed an exponential decrease. g Touch sensitivity at different
touch frequencies, demonstrating sensor responsiveness. h Touch sen-
sitivity test at 1 Hz under different contact conditions (i.e., with a wet
hand, while wearing gloves, and using a bare finger). i Touch sensitivity
obtained at a frequency of 1 Hz at heights of 1, 5, 9, 15, and 25 mm;
shown are values for 0.5 mm raised, and 0.5 mm lowered

When the copper foil touched the sensor, the touch voltage
change suddenly increased to 217 mV, which is two orders
of magnitude higher than 8 mV.

Next, we tested the stability of the sensor under different
states. In general, the sensor was found to be able to generate
distinct touch voltage changes at different touch frequencies,
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thereby demonstrating the high responsiveness of the GMNF
capacitive sensor (Fig. 3g). Furthermore, in tests simulating
three daily scenarios (i.e., using a wet hand, wearing gloves,
and using a bare finger), we found that the sensor was able to
accurately recognize all forms of touch and to generate a clear
change in voltage (Fig. 3h). This indicates that the sensor can
be used in real-world situations. Moreover, when repeatedly
approaching the sensor at different heights, the touch voltage
changes measured from the touch-sensitive screen signifi-
cantly decreased as the contact distance increased (Fig. 31).
This result corresponds to Fig. 3f and indicates that the sen-
sor can prevent accidental touches and has some potential for
being operated without touching.

GMNF touch-sensitive screen test

Mutual capacitive touch screens detect changes in capaci-
tance between driving and sensing electrodes. After encap-
sulation, we used the SAM D21 Xplained Pro development
board to test the signal stability of the touch-sensitive screen.
We also used it as the lower computer of our interac-
tive system (Fig. S7 in Supplementary Information). Here,
the system determined whether a touch action occurred by
detecting a touch increment (touch delta). When inputting
the same excitation signal to all driving electrodes, the signal
change of all sensing electrodes was detected [42]. Moreover,
if the electrode to which the excitation signal is applied is the
same as the driving electrode of the touch point, the signal
change at the sensing electrode of the touch point will be
at the maximum, and the X and Y coordinates of the touch
point can be identified. As shown in Fig. 4a, when the exci-
tation signal is applied to the X5 electrode, the maximum
signal change is detected at the Y5 electrode, and these touch
coordinates are written here as (Xs, Ys).

We therefore collected touch increment (“touch delta”)
data from all sensing electrodes when driving all driving
electrodes. The post-processing results are shown in Fig. 4b.
Here, we can see that there are two distinct touch points over
the whole touch plane, i.e., points (4, 3) and (7, 8). This
result verifies the hypothesis that the GMNF mutual capaci-
tive touch-sensitive screen has the ability to detect multiple
touched points.

The SNR reflects the amount of noise in the touch detec-
tion system. In general, the higher the SNR, the higher the
accuracy of the touch coordinates reported by the system.
The SNR is calculated using the following equations [43]:

Signal = Touchdeltaaygioo — Untouchaygioo, 2)

3% (Touchdelta[n] — Touchdeltavc10o)
100 ’
(3)

Nrwms100 =

Signal
SNR [dB] =201lg ——, 4
Nrwms100

where Touchdelta is the touch increment, Untouch is the
value detected by the system when there is no touch, and the
subscript “AVG100” means the average value of 100 techni-
cal replicate measurements.

When the fifth driving electrode is driven, signals from all
sensing electrodes are acquired at 100 points without touch-
ing and at 100 points with touching. These results are shown
in Fig. 4c. Moreover, the touch increment is about 33.91
mV and the detection value when untouched is about 1 mV.
According to Eq. (4), the SNR is 42.7 dB. Next, we sam-
pled nine points uniformly distributed throughout the plane
of the flexible touch screen and found a mean SNR value of
41.16 dB.

Resolution refers to the ability of the touch detection
system to detect small changes in touch coordinates. The
equation for calculating resolution is as follows [44]:

Resolution = 3.32 x (Ig electrodesnym

+ Ig TouchdeltaavG oo — 1g noisepk—pk ), (5)

where Resolution is expressed in “bits,” electrodesyyn, is the
number of electrodes along this axis, and noisepk—pk is the
maximum value of the touch increment minus the minimum
value of the touch increment.

From the data shown in Fig. 4c, the values for these
parameters were as follows: Touchdeltaaygi0o=33.83 mV,
noisepk—pk=2, electrodesnym=10. Thus, the resolution of the
touch detection system reported here is 7.4. In practice, the
resolution of the flexible touch film is set to 7; that is, the
maximum value that can be represented by the XY coordi-
nates using this system is 27=128. The actual sensing area of
the flexible touch film is 50 mm x50 mm, and therefore, the
smallest change in distance that the system can detect along
the X- or Y-axis is 0.39 mm (i.e., corresponding to a resolu-
tion of 650 dpi). The resolution of this touch screen is greater
than 150 dpi, which indicates that it is highly sensitive and
has low noise.

Next, we used a 2D moving platform to take 19 linear mea-
surement points uniformly from coordinates (0, 0) to (127,
127) to touch the screen at these points. We then compared
these set points to the set of coordinates reported by the sys-
tem. These results are shown in Fig. 4d and show a linearity
(R*=0.91) for the system as a whole.

The response time of the touch-sensitive system was also
tested. Each driving electrode has a scan time of 2 ms, and
10 driving electrodes were used in total. Thus, the time to
collect a frame of data is 20 ms. Figure 4e shows the touch
increments of a sensing electrode. Here, the time interval
between each point is 25 ms, and a touch event is detected
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Fig.4 a Illustration of the working principle of the touch-sensitive
screen, which is based on an array of mutual capacitors. Briefly, a mutual
capacitance is formed between two electrodes, e.g., X and Y. When an
excitation is applied to the Y electrodes (i.e., the driving layer) and a fin-
ger touches the X electrode (i.e., the sensing layer), the resulting voltage
change is highest at the point of touch. b Touch increment map for the
touch film when touching points (4,3) and (7,8). The touch increment
is the change in voltage detected by the microcontroller when a finger
touches the screen. It is caused by the finger forming a circuit with
the earth to release the charge. ¢ Sampling data of the touch-sensitive

when the touch increment is greater than the threshold. More-
over, when the touch signal disappears, the system responds
within 25 ms.

The signal stability of a touch-sensitive screen refers to
the ability of the touch detection system to function prop-
erly under different operating conditions. Here, the signal
stability of the flexible touch films was tested under differ-
ent operating conditions as follows. (i) Temperature stability.
To examine temperature stability, a flexible touch-sensitive

@ Springer
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system after touching and untouching 100 points, separately. Touch-
ing the fifth sensing electrode (RX5) above the fifth driving electrode
generated the greatest touch increment change relative to the other sens-
ing electrodes. d Accuracy test of the touch-sensitive system. The touch
points reported by the system and the true touch points were on a straight
line after fitting. e Response time of the touch-sensitive system. We set
the touch threshold to 50% of the touch increment to determine whether
atouch action occurred or not. f—h Touch increment and signal-to-noise
ratio (SNR) of the touch-sensitive system under different temperatures,
at different bending angles, and following repeated bending cycles

screen was attached to a heating platform, and the tempera-
ture of the heating platform was raised to 30, 40, 60, 80, or
100 °C. Nine touch points were uniformly triggered using the
touch film at each of these temperatures, and the maximum
touch increment and the SNR were calculated each time.
The results shown in Fig. 4f indicate that as the tempera-
ture increased, the touch increment gradually increased from
33.83 mV (at 30 °C) to 35.09 mV (at 100 °C). This occurs
because higher temperatures increase the kinetic energy of
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electrons flowing inside the GMNF. This means that the ver-
tical graphene edges are able to capture the electrons more
quickly, leading to an increase in the conductivity of the film
and consequently an increase in touch increment [45-47].
The SNR changes along with the touch increment accord-
ing to the relationship indicated in Eq. (4); thus, its value
also increased gradually with temperature, from 41.16 dB at
30 °C to 42.13 dB at 100 °C. (ii) Bending stability. In gen-
eral, as the bending angle increases, the touch increment
decreases. As shown in Fig. 3d, the resistance of the film
decreased linearly when we increased the bending angle; fur-
thermore, when the bending angle of the film reached 120°,
the resistance had decreased by 6.32% relative to the original
(i.e., unbent) value. As shown in Fig. 4g, when the bending
angle increased, the touch increment of the system decreased
from 33.83 to 32.33 mV and the SNR decreased from 41.16
to 39.94 dB. These results suggest that when the bending
angle reaches 100°, the film still has a good electrical con-
ductivity, and the detection system can still maintain a high
SNR. (iii) Cyclic bending stability. The results of cyclic bend-
ing tests are shown in Fig. 4h. These results show that the
performance of the system did not deteriorate after repeated
bending, retaining the consistency of the unbent film. Taken
together, the results of these three tests show that the touch
screen device reported here can remain in stable working
condition under strenuous testing environments.

Handwritten Chinese character feature extraction

Figure 5a displays raw data collected for writing of the Chi-
nese character “ah.” Here, the different colored dots represent
different strokes, and each stroke refers to the set of coordi-
nates captured by the system from the time a finger touches
the touch screen to the time it leaves the touch screen. Here,
we needed to preprocess handwritten Chinese characters to
reduce variations in shape that are caused by variations in
user handwriting. We therefore used nonlinear normaliza-
tion to adjust the size of the characters by constraining their
dimensions to a range of 32x32 (i.e., in which the range of
X and Y coordinates was fixed to 32, as shown in Fig. 5b).
Next, to reduce interpretation issues created by discrepan-
cies in the number of coordinates collected due to writing
speed, we performed a linear interpolation of Chinese char-
acter coordinates, as shown in Fig. 5c. Previous studies have
shown significant improvement in the classification accu-
racy of handwritten Chinese characters following nonlinear
normalization [48]. The most commonly used method for
extracting the directional features of handwritten characters
is the eight-directional vector method [49], which divides a
360° range into eight equally-spaced directional vectors. A
diagram of an eight-directional vector is shown in Fig. 5d,
while the eight-directional vector data collected here are
shown in Fig. Se. The red circles of the Chinese characters

shown in the figure contain the two coordinates (xo, yo), (x1,
¥1). The projection to D1 is assumed to be aj, the projection
to D8 is assumed to be ag, and the projection of the direc-
tional line onto all other directional vectors is assumed to be
0. The eight-directional feature values of a line segment in
that direction can be written as f = (aj, 0, 0, 0, 0, 0, 0, ag).
We were then able to obtain eight-directional feature values
for each of the coordinates of the Chinese characters analyzed
here. In addition, Figs. 5f—5h show the eight-directional fea-
ture maps obtained for the Chinese character “ah” in the three
directions. Other feature maps can be seen in Fig. S8 (Sup-
plementary Information).

The design of a flexible touch-sensitive screen
interaction system

Using the eight-directional vector method, we were then able
to extract the feature maps of handwritten Chinese characters
in eight directions. These eight feature maps (all 32x32 in
size) could then be used as an input source for a convolutional
neural network. The closer the value of a point in an eight-
directional feature map is to 1, the better the overlap between
the directional line segment and the directional vector at that
point. The structure of the convolutional neural network con-
figured in this work is shown in Fig. 6a. Here, we used a
transfer learning strategy that involved a pre-trained few-shot
learning model to obtain the initialization parameters for a
convolutional neural network. The aim of transfer learning
is to take the knowledge learned in one environment to assist
in learning tasks in a new environment [50]. To implement
this strategy, we first reduced the classification categories of
Chinese characters and classified the first 20 characters of
GB2312. Since all 3755 characters were extracted as eight-
directional features, the convolutional neural network trained
by this few-shot classification task was able to perform other
kinds of feature extraction using the eight-directional feature
map. Therefore, the convolutional neural network trained by
this few-shot classification task was able to provide suitable
initialization parameters for a convolutional neural network
that could recognize 3755 Chinese characters. We note that
the convolutional neural network model used for the few-shot
classification task has the same structure and configuration
as the convolutional neural network in Fig. 6a, except that the
final layer had only 20 outputs. Next, we used the convolu-
tional neural network parameters of the small classification
task to initialize the convolutional neural network to recog-
nize all handwritten Chinese characters.

We used the CASIA-OLHWDB 1.1 and ICDAR-2013
handwriting databases as whole samples and divided each
into a training set (898,573 samples), a validation set
(898,573 samples), and a test set (224,419 samples, ICDAR-
2013). The loss values and accuracy of the validation set

@ Springer



424 Bio-Design and Manufacturing (2024) 7:413-427
Fig.5 a Original coordinate map (a) (b) 0 R — () O —
of Chinese characters. For . . - e unDD
handwritten Chinese characters 8400 1 . - : - .. “ a E%
captured online, what the system vt e 10+ . o 101 B
generally captures is only its > [ N L L BN i
sparse set of coordinates. It is & " HE v 1
. . 8480 1 . 20 = 201 H
therefore difficult to determine " . 0 - 0 B
which Chinese character these . _.” "
coordin.a\tes correspond to based 8560 1 ' . 30 " " I 309 8% Cusmsses_ u:[:
on looking at raw data. b, 4160 4240 4320 0 10 20 30 30
¢ Images of the Chinese < X
character “ah” following
. o (d) D1 (e)
nonlinear normalization and D2 D8 D1
linear interpolation, respectively.
d An eight-directional vector.
Each is divided at an angle of 45° D3 b7
in two directions. e Schematic
diagram of the eight-directional
decomposition of a line segment B4 6
used in a Chinese character. D5 B (%o ¥o) o7
f-h Three directions of the
eight-directional feature maps 0 .
used to characterize the Chinese [] 58 () - ...-_. 88 M - —— ag
character “ah” | 0.8 . - Nl LE
101 ' . 0.7 10 8.? 10 0.7
0.6 0.6 0.6
> '|T i 05 > Y/ 05 — 05
201 I i 0.4 20 ) 0.4 20 0.4
H 0.3 0.3 0.3
: 0 o - o
301 ' oo 0 -l Ao 3 . 0.0
10 20 30 10 20 30 10 20 30
X X X
(b) 20— ~(©) 100 100
8x32x32 direction feature maps m| OSSemeAPCUTACY 1 100 =
- 1) spug"ugununte 90 g < <
‘ ©1.51 - 1 c 2 2
= a 3 B e
Layer 1: Conv-100 3x3 g 180 8 3 5
4 | |
= @ o ©
5 leo £ & 3
Sos . %5 %2 o
Layer 2: Conv-200 3x3 > Y "sann an,,, . 150 8 § =
, - s T
0.0 - - . T : 40 > 90
0 4 8 12 16 20 24 top_1 top_3 top_5 top_10
Epoch

7T M

EBTRIL

arensE

Layer 3: Conv-300 3x3 d)
Layer 4: Conv-400 3x3

accuracy of the convolutional neural network model on the test set and
on the hardware of the flexible touch screen interaction system. d Usage
of the flexible touch-sensitive screen interaction system. e The result of
recognition. This Chinese character means “carbon”

Fig.6 a Convolutional neural network structure for handwritten Chi-
nese character recognition. b Loss and accuracy of the validation set
during 22 epochs of convolutional neural network following initializa-
tion to the parameters of the few-shot classification task. ¢ The top-K
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during 22 epochs are shown in Fig. 6b. Moreover, the accu-
racy of this neural network reached 94.57%. Importantly,
the loss value of the convolutional neural network did not
experience further decreases in subsequent epochs, and the
model converged. The top-K recognition accuracy of the test
set (i.e., ICDAR-2013) is shown in Fig. 6¢c. Moreover, the
hardware accuracy of the flexible touch interaction system
in writing 600 given Chinese characters is shown in Fig. 6c.
The high top-K accuracy means that the likelihood of recog-
nizing which Chinese character is written by a user is greatly
increased, which ensures that the flexible touch screen inter-
action system can work consistently.

The flexible touch-sensitive screen interaction system was
then connected to a host computer as shown in Fig. 6d. As can
be seen, the flexible touch-sensitive screen adhered well to the
garment and bent with it. Next, when Chinese characters were
handwritten on the screen, the host computer can display the
touch coordinates in real time and connect the coordinates
within the same stroke (Video S1 in Supplementary Infor-
mation). Figure 6e shows the overall recognition results as
implemented using this system: the Chinese character shown
means “carbon.” This matches the Chinese character written
by the user and shows that the system can work accurately.

Conclusions

In this work, we propose a one-step method for the direct
fabrication of induced charge-based mutual capacitive sen-
sors. To do so, we implement an ECR system to deposit
GMNFs on flexible substrates. By sputtering the material
directly onto the substrate in the form of atoms, this method
can effectively avoid problems caused by poor adhesion of
the sensing material to the substrate. Moreover, it can reduce
the fabrication and material costs involved in creating flexi-
ble touch sensors. The high precision of the sensor reported
here is enabled by electron trapping and polarization effects
of the mixed-coordinated bonding between copper nanopar-
ticles and vertically grown graphene nanosheets. Next, we
tested the performance of the touch-sensitive screen com-
posed of GMNFs and found that the screen maintained high
stability under a variety of test conditions. Furthermore, the
screen interaction system was found to have an SNR of
41.16 dB and a resolution of up to 650 dpi. We then used
it to test handwritten Chinese character recognition, where
it achieved 94.82% accuracy. Overall, this work provides a
new method for the direct fabrication of flexible sensors and
illustrates the potential of GMNFs for wearable device appli-
cations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-024-00293-3.
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