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A Highly Stretchable Transparent Self-Powered Triboelectric
Tactile Sensor with Metallized Nanofibers for Wearable

Electronics

Xiandi Wang, Yufei Zhang, Xiaojia Zhang, Zhihao Huo, Xiaoyi Li, Miaoling Que,

Zhengchun Peng,* Hui Wang,* and Caofeng Pan*

Recently, the quest for new highly stretchable transparent tactile sensors
with large-scale integration and rapid response time continues to be a

great impetus to research efforts to expand the promising applications in
human-machine interactions, artificial electronic skins, and smart wearable
equipment. Here, a self-powered, highly stretchable, and transparent tribo-
electric tactile sensor with patterned Ag-nanofiber electrodes for detecting
and spatially mapping trajectory profiles is reported. The Ag-nanofiber
electrodes demonstrate high transparency (>70%), low sheet resistance
(1.68-11.1 Q 07), excellent stretchability, and stability (>100% strain). Based

Flexible/stretchable electronics, which
can mimic the unique characteristics of
human, electronic skins, and wearable
electronics, have attracted extensive atten-
tion for the alternative next-generation
electronics.!l Recently, various flexible/
stretchable materials and devices have
been continuously developed, such as flex-
ible transistors,?l pressure sensors,? inte-
grated circuits,* stretchable electrodes,!
circuitries,®l and artificial skins.”! Espe-

on the electrode patterning and device design, an 8 x 8 triboelectric sensor
matrix is fabricated, which works well under high strain owing to the effect
of the electrostatic induction. Using cross-locating technology, the device can
execute more rapid tactile mapping, with a response time of 70 ms. In addi-
tion, the object being detected can be made from any commonly used mate-
rials or can even be human hands, indicating that this device has widespread
potential in tactile sensing and touchpad technology applications.
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cially, the flexible tactile sensor with high
performances has been achieved signifi-
cant breakthroughs for various practical
applications, which are based on different
physical  transduction = mechanisms,
including piezoresistivity,® capacitance,?
and piezoelectricity.' However, it still
remains a significant challenge to develop
highly stretchable transparent tactile
sensor with large-scale integration and
rapid response time.

Several excellent studies on the development of stretchable
transparent conductors and electronic components have been
intensively investigated.'!l Geometric designs of the device,!!
intrinsically stretchable conductors,'3! and composites of elas-
tomeric with conductive materials!" were widely employed to
enhance the stretchability of the devices.!'”! Recent rapid devel-
opments of ionic conductors consisted of hydrogels and con-
ductive ions have attracted much attention due to their high
stretchable and transparent.’®! Nevertheless, these ion-gels
have low conductivity and fluidity of liquid, providing a huge
challenge to the electrode pattern and device packaging. In
our previous works,[”] we have developed a large-scale flexible
tactile sensor based on the single-electrode triboelectric nano-
generator,'® which is the application of Maxwell's displace-
ment current and is first presented by Wang and co-workers.[*"]
The device possesses high-pressure sensitivity and can con-
vert random mechanical energy into electrical signals without
applying external power. Thus, future works will focus on the
design and fabrication of patterned stretchable transparent elec-
trodes to provide a powerful platform for wearable electronics.

Here, we introduce a self-powered triboelectric tactile sensor
(TETS) consisted of the high stretchable and transparent pat-
terned Ag nanofibers (Ag NFs) electrodes on the elastomeric
substrate. Large-scale poly(vinyl alcohol) nanofibers (PVA NFs)
as precursors were synthesized by electrospinning, and were
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then coated a thin layer of silver to form Ag NFs. It was found
that the sheet resistance of the electrodes is 1.68-11.1 Q T!
at >70% transmittance when the electrospinning time is from
5 to 15 min. After photolithography technique and wet etching,
patterned Ag NFs electrodes were achieved with the advantages
of simple operation, low cost, and easily large-scale preparation.
It is worthwhile mentioning that the orientation of the Ag NFs
is critical for the outstanding stretchable property. Only 10%
increases in resistance at 100% strain were detected by using
random orientation Ag NFs. Additionally, an 8 x 8 cross-type
triboelectric sensor matrix was demonstrated, which had more
excellent stretchable property owing to the effect of electrostatic
induction. The rapid response time (=70 ms) and optimized
structural design of the device expanded the possibility of real-
time tactile mapping, therefore providing a powerful platform
to the touch sensor for irregular plane.

Figure 1 shows a schematic representation of the fabrication
process of the highly stretchable transparent electrodes with Ag
NFs in an elastomeric poly(dimethylsiloxane) (PDMS) matrix.
One of our main challenges was to fabricate a large-scale pat-
terned electrode. Initially, different kinds of large-scale poly(vinyl
alcohol) nanofibers (PVA NFs) with controlled fiber orientation
were obtained by changing the metal collectors in the process of
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electrospinning, as illustrated in Figure la. In our experiments,
unidirectional, bidirectional, tridirectional, and random PVA NFs
were utilized for the analyses of the electrical and mechanical
properties of the devices, and Figure 1b presents the scanning
electron microscopy (SEM) images of these four typical NFs.
Metallization of PVA NFs proceeded subsequently by depositing
a thin layer of silver on the surface of the PVA NFs by magne-
tron sputtering. Using this process, large-scale PVA/Ag core/
shell nanofibers possess excellent electrical conductivity. Then,
the metallized NFs were transferred to the surface of a PDMS
film at a certain angle, which was spin-coated previously on the
glass. It was noted that the transfer process should take place in
the water, which can not only ensure the NFs layer was flat on
the substrate without wrinkles but also promotes the dissolution
of PVA. Additionally, the adhesion force between NFs and the
substrate becomes stronger due to the Van der Waal's force while
they are being dried. Next, photolithography technique and wet
etching were employed to obtain the patterned electrodes. After
exposure and development, the uncovered Ag NFs were chemi-
cally etched with the dilute nitrate solution immediately, and the
residual photoresist was then dissolved in acetone. Finally, a thin
PDMS layer was used for the encapsulation of the device, and
the resulting PDMS film with patterned Ag NFs electrode was

b

HNOs

Figure 1. Fabrication process of patterned stretchable transparent electrodes with Ag NFs. a) Schematic illustration of the electrospinning with different
collectors to obtain various PVA NFs with controlled fiber orientation. b) SEM images of different oriented PVA NFs. Scale bar: 10 um. c) Technological
flow chart of the patterned electrode, including metallization, NFs transfer, patterning, and packaging. d) Optical photographs of a fabricated stretch-

able transparent Ag NFs electrode.
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Figure 2. Optical transparency and electrical conductivity of the electrodes. a) UV-visible spectra of PVA NFs with and without Ag under different elec-
trospinning duration. Inset: Photographs of the unidirectional Ag NFs electrodes (3 x 3 cm?) with 7.5 and 15 min electrospinning time, demonstrating
high transparency. b) Transparency and sheet resistance of the different nanofibers as a function of the electrospinning time. ¢) SEM images of PVA
NFs with different electrospinning time. d) Change in diameter and density of Ag NFs with the increasing electrospinning duration. Sputtering time:
10 min. Inset: Cross-section SEM of Ag NFs. Scale bar: 2 um. e) Transmittance versus different magnetron sputtering time.

peeled off from the glass. The more detailed information on the
technology process and micromorphology of the samples can be
found in the Experimental Section and Sections SA and SB (Sup-
porting Information). A photograph of the electrode is shown in
Figure 1d, which exhibits high transparency and stretchability.
The optical transparency and electrical conductivity of the
electrodes were first investigated by analyzing the transmit-
tance spectra and sheet resistance. The unidirectional Ag NFs
on the elastic PDMS were prior considered for the clearer
understanding of the relationship between spinning density
and properties. Figure 2a shows the transmittance spectra
of different PVA NFs and metallized Ag NFs by using UV-
visible absorption spectra measurement system. As seen, with
the increase of electrospinning duration, denser NFs could
be obtained, resulting in the decreasing optical transparency.
Averaging the spectrum value from 300 to 800 nm, transparency,
and corresponding sheet resistance as a function of the electro-
spinning time are illustrated in Figure 2b. It is found that the
optical transparency of the electrode declines significantly after
metallization, especially for the samples with more than 20 min
spinning time, while the conductivity dramatically improves.
When the electrospinning time is from 5 to 15 min, the sheet
resistance is 11.1-1.68 Q 07! at >70% transmittance, exhibiting
excellent performance as a transparent conductive electrode. On
the other hand, the corresponding SEM of these unidirectional
PVA NFs under different spinning time are displayed in Figure 2c
(details can be found in Sections SB and SC, Supporting Infor-
mation), demonstrating that the diameter of an individual PVA
nanofiber is about 350-500 nm. The NFs density increases radi-
cally when the spinning duration is more than 15 min, which is
defined here as the number of NFs per micrometer, as shown
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in Figure 2d. And after metallization and transfer, the density
of shell structure Ag NFs basically remains unchanged, while
the diameter of NFs increases to =600 nm. Additionally, the
increasing magnetron sputtering time will also slight decline the
transparency of the samples, as shown in Figure 2e. As discussed
above, we inferred that a low Ag NFs density of the electrode
makes a great contribution to the remarkable optical transpar-
ency and high conductivity, which should be less than 0.5 um™.
Further tests were carried out to demonstrate the stretch-
ability of the Ag NFs electrodes. First, the orientation of Ag NFs
has a major influence on the stretchable property, as shown in
Figure 3a. Upon stretching, the PDMS substrate with low effec-
tive stiffness presents elastic deformation to absorb stress, but
certain microcracks or fractures will be produced in the unidi-
rectional Ag NFs due to its high effective stiffness. Therefore,
many fractures are generated when the angle (6, between the
NFs orientation and the tensile direction) is 0°, while the Ag NFs
keep the same when the 6 is 90°. Figure 3b shows the rela-
tive change in resistance (AR/R,) versus tensile strain € for a
series of transparent conductive electrodes with different ori-
entation and size. Obviously, the Ag NFs electrodes can only
withstand up to =5% strain when the 6 is less than 30°. Beyond
=5% strain, the change in resistance rapidly increases owing to
the increasing number of the fracture. But they exhibit excel-
lent stretchable property when the 6 is more than 60°, which
will not present a sharp rise in resistance even at 50% strain.
Moreover, stretchable property of the samples can be further
enhanced by increasing the Ag NFs density on the elastic sub-
strate, as shown in Figure 3c. In fact, the Ag NFs were not
strictly parallel to each other in our experiments. Hence, the
number of crossing points which can dramatically improve the
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Figure 3. Stretchability, repeatability, and stability of the Ag NFs electrodes. a) Schematic diagram of the evolution of the unidirectional Ag NFs under
different tensile conditions. b) AR/R, versus tensile strain for various electrodes with different orientation and size. Colored lines represent different
angles between the NFs orientation and the tensile direction, and different shapes represent different electrode width. c) AR/Ry versus the Ag NFs
density with a constant angle (6 = 45°). Inset: Optical images of the electrodes with different Ag NFs density. d) SEM image of the bidirectional
Ag NFs under the applied strain (e=20%). Scale bar: Left, 20 um; Right 1 um. e-g) AR/R, versus tensile strain for different electrodes with bidirectional
Ag NFs (e), tridirectional Ag NFs (f), and random Ag NFs (g). Insets: Optical images of multiorientation Ag NFs electrodes. h) Repeatability test. Insets:
Photographs of the device and the circuit at 0, 40, and 60% strain. i) Stability measurement of Ag NFs electrodes. Cycle period is over 2700 cycles for
£=10%. Insets: Partially enlarged view of the curve (left); Cyclic endurance for £ = 30% and &= 60% (right).

chances for conductive paths increased when the NFs density
increased further, resulting in a better tensile test results. It is
clear that the electrodes with Ag NFs density from 0.1 to
0.8 um™ can withstand more tensile strain from 12% up to
50% when the 6 is 45°. Additionally, a series of samples with
different electrode width, including 1, 2, 3, and 4 mm (marked
by different shapes in Figure 3b,c), possessed similar stretch-
able property, allowing the miniaturization of devices.
Multiorientation Ag NFs electrodes were adopted for the
development of the stretchable property, since the increase of
the Ag NFs density would affect optical transparency of the elec-
trodes. Based on the previous discussion, the Ag NFs remained
intact without any fractures when their orientation was per-
pendicular to the tensile direction. Here, for a bidirectional
Ag NFs electrode with mutually perpendicular orientation, the
Ag NFs in one direction could stay complete and undamaged
when the tensile direction paralleled another spinning orienta-
tion, providing an effective conductive path. The corresponding
SEM images are depicted in Figure 3d, demonstrating that all
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the fractures are randomly distributed in the direction of ten-
sile strain (details can be found in Section SB, Supporting
Information). Figure 3e presents the conductivity and stretch-
ability of the bidirectional electrodes under different tensile
strains. We defined 6, as the angle between the tensile direction
and one of spinning orientations (D,, x =1, 2, ...), and 0,,,, as
the max value among 6,. For instance, when the 6, is 22.5°, 6,
is 67.5° for a bidirectional Ag NFs electrode, then 0,,,, is 67.5°.
It can be found that the larger 6, is, the smaller change in
resistance and better stretchable property the electrode pos-
sesses. This view can be further confirmed by using a tridirec-
tional Ag NFs electrode, as illustrated in Figure 3f. When the 6;
is 30° (6, is 30°, 65 is 90°, O, is 90°), the sample exhibits the
best conductivity even at high strain values, with 1% increase in
resistance at 50% strain. And it is noted that 6, for a tridirec-
tional Ag NFs electrode must be greater or equal to 60°, which
is the critical value to obtain outstanding stretchable property
according to previous results. Furthermore, a random Ag NFs
electrode, in which there is always one spinning direction

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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perpendicular to the tensile direction (6., is always 90°), had
more excellent stretchable property, with only 10% increase in
resistance at 100% strain, as shown in Figure 3g. Obviously, the
stretchability of the electrodes can be extremely improved by
utilizing multiorientation Ag NFs for the extra conductive paths.

Aiming at practical applications, the repeatability and stability
of the electrodes were subsequently investigated. A random Ag
NFs electrode was connected to the simple circuit with a power
and light-emitting diode (LED) lights. The change in current was
very small as the electrode was under different tensile strains,
and the light intensity kept unchanged, as shown in Figure 3h
(Video S1, Supporting Information). Moreover, the currents
were similar at the same tensile strain in different cycles, indi-
cating the reducibility of the fractures and fine repeatability of
the electrode. The durability of the sample was carried out by a
repetitive tensile test for more than 1000 cycles under different
applied strains. Figure 3i depicts the relative change in resistance
remains almost unchanged after test for € = 10, 30, and 60%,
exhibiting a very stable cyclic deformation behavior (details can
be found in Section SD, Supporting Information). These results
clearly demonstrated that the highly stretchable transparent elec-
trodes with random Ag NFs possess outstanding mechanical
property, making them reliable for practical applications.

A simple self-powered triboelectric tactile sensor was
designed, with the stretchable transparent electrode and a thin
elastic PDMS film. Figure 4a presents a schematic of the device
structure and the working principle. The TETS is based on
the single-electrode triboelectric nanogenerator, which is the

www.advmat.de

application of Maxwell's displacement current.?’! The tribo-
electric charges create when two dissimilar materials (PDMS
and finger) contact each other for the effect of contact electrifi-
cation. Then, induction current is generated in the metal elec-
trode once two objects are separated to balance the electrostatic
field (details can be found in Section SE, Supporting Informa-
tion). The typical electrical responses of the device, including
output voltage, short-circuit current, and transferred charge,
can be detected by electrical measurement system under peri-
odic contact process, as shown in Figure 4b and Figure S12
(Supporting Information). Actually, the contact area and mate-
rials have a great influence on the transferred charge quantity,
resulting in the change in output signals. For instance, the
output voltage enhanced observably with the increasing width
of electrodes due to the additional contact area, and various out-
puts were detected by using different contact objects owing to
their different electronegativity, as shown in Figure 4c.

The stretchability, durability, and response time of the TETS
were measured for practical applications in stretchable tactile
sensor. Figure 4d illustrates the change in the output voltage of
the TETS with the unidirectional Ag NFs electrode under dif-
ferent tensile strain. As discussed before, numbers of fractures
are created in the electrode when the 6 is less than 30°, leading
to a sharp rise in resistance. However, the output voltage of the
TETS can still be obtained when 6 is 0°, with an 80% reduc-
tion even at 100% strain. The detailed variation tendency of the
outputs versus tensile strain is shown in Figure 4e. The output
signals declined when 0 is less than 30° for the unidirectional
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Figure 4. Electrical and mechanical performance of a triboelectric tactile sensor. a) Schematic of the device structure and the working principle in touch
process, resulting from the coupling effect between contact electrification and electrostatic induction. The induced charges could also be generated in
the electrode with many fractures under the applied strain. b) Output voltage and current signal of the sensor under cyclic touch process. c) Output
voltage as a function of the increasing width of electrodes. Inset: Output signals of the TETS in response to various contact materials. d) Change in
voltage under different tensile strains for the TETS with unidirectional Ag NFs. Insets: Photographs of the TETS at 0, 50, and 100% strain. e) Tensile
properties of the devices with different oriented Ag NFs. Different shapes represent different angles between the NFs orientation and the tensile direc-
tion. f) Durability test of the TETS at 100% strain by using random orientation Ag NFs electrodes with a continuous loading/unloading force. Insets:
A close-up view of the curve (left); Repeatable pressure responses to various input signals (right).
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electrode, and kept stability essentially in other cases. We
assume that this is because the broken electrode is also able
to generate the induced charges due to the effect of electro-
static induction, as shown in the inset of Figure 4a. Hence, the
TETS possess more excellent stretchable property whatever the
electrode is used, with distinguishable voltage signal at 100%
strain. The durability of the TETS was detected by a repetitive
contact test for more than 12 000 cycles, exhibiting a stable
voltage output, as shown in Figure 4f. Moreover, the device is
extremely sensitive in low-pressure regimes (4.4 Pa), and has a
rapid response time of 70 ms (details can be found in Section
SF, Supporting Information).

Finally, a highly stretchable transparent self-powered tribo-
electric sensor matrix was fabricated by using the random Ag
NFs electrodes for tactile mapping. A cross-bar type electrode
configuration was employed to enhance the mapping rate, com-
posed of column and row electrodes, electrification layer, insu-
lator layer and substrate, as shown in Figure 5a (Section SA,
Supporting Information). Figure 5b illustrates a photograph of
an 8 x 8 transparent TETS with an active area of 3.4 x 3.4 cm?.
Self-designed multichannel data acquisition systems based on
the cross-locating technology was utilized to realize the rapid

www.advmat.de

tactile imaging (Section SG, Supporting Information).l'7>< By
using multi-electrometer scanning mode, the output voltage
could be obtained from both the corresponding row and
column electrodes when the object touched the intersections
of row 4 and column 2 (X4Y2), row 4 and column 7 (X7Y5),
and row 7 and column 4 (X7Y4) in turn (Figure 5c). Moreover,
a multiswitch scanning method was employed for the simpli-
fication of the test system and the improvement of scanning
efficiency. When a pixel on the device was selected, the cor-
responding coordinates had the maximum voltage values in a
scanning cycle (Figure 5d). Then a real-time tactile mapping
was detected after data acquisition and software analysis by
using customized LabView programs, as shown in Figure Se.
Various applications can easily be implemented with the pre-
sented TETS. Here, we present a demo of Pac-Man. The pixels
of the TETS divided into four regions, and different move
orders would be executed when they got in touch, including
moving up, down, left, and right (Section SG and Video S2,
Supporting Information).

To conclude, we demonstrated a highly stretchable trans-
parent triboelectric tactile sensor based on the single-electrode
triboelectric nanogenerator for the tactile mapping. Large-scale
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Figure 5. Design of cross-type triboelectric sensor matrix for tactile imaging. a) Schematic structure of the TETS matrix. b) Optical image of the
8 x 8 cross-type TETS (3.4 x 3.4 cm?). Voltage signals measured by using: c) the synchronous data acquisition card system and d) the scanning matrix
switch system when the finger sequentially touched the device. e) The corresponding tactile mapping was observed by using customized LabView
program. f) Demo of Pac-Man. The pixels of the TETS divided into four regions that are capable of detecting motions and correspond to different
operation instructions.
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patterned Ag NFs electrodes as the key part of the device
were fabricated by using electrospinning, photolithography
technique, and wet etching. The influences of the Ag NFs
density on the transparency and conductivity of the electrodes
were explored, indicating that the optimal density should be
less than 0.5 um™ (1.68-11.1 Q 0! at >70% transmittance).
It was found that the orientation of the NFs makes great con-
tribution to the stretchable property due to the introduction of
many fractures. By using multiorientation Ag NFs, the stretch-
ability of the electrodes can be extremely enhanced for the extra
conductive paths, with only 10% increase in resistance at 100%
strain. Additionally, the TETS possess more excellent stretch-
able property due to the effect of electrostatic induction which
makes the broken electrode to generate the induced charges.
An 8 x 8 cross-type triboelectric sensor matrix was developed to
realize real-time trajectory detection with rapid response time
and fine durability. We predict that the presented device has
widespread potential in tactile sensing for touch pad, robotics,
and wearable electronics applications.

Experimental Section

Fabrication of Highly Stretchable Transparent Ag NFs Electrodes:
Different kinds of large-scale PVA NFs were prepared by using
electrospinning (Shenzhen Tong Li Tech Co. Ltd.). PVA water solution
(10 wt% concentration) was poured into a plastic syringe with a blunted
G10 needle. A syringe pump was employed to control the flow rate of
the solution (0.4 mL h™"), and a constant potential (13 kV) was adopted
between the needle and the grounded metal collectors. The desired
PVA NFs (400-500 nm) were obtained on these different frames with
aluminum foil. Then, a thin layer of silver was coated on the PVA NFs
by magnetron sputtering (PVD75 Kurt J. Lesker), forming a uniform
conformal coating with the core—shell structure. The metallic PVA/Ag
core/shell nanofibers were placed on the surface of the water, which
was then transferred to a PDMS (Sylgard184 Dow Corning) substrate
(5 X 5 cm?) at a certain angle. After drying, a negative photoresist
(SUN-9i SUNTIFIC) was spin-coated on the surface of the Ag NFs,
and the designed mask layer was subsequently acquired by using
UV photolithography technique (MA6 SUSS). Next, the uncovered
Ag NFs were etched with 5 m HNOj3 in 30 s. Finally, another PDMS layer
was spin-coated on the device to prevent the damage after removing of
photoresist.

Characterization and Measurements: The morphologies of the samples
were measured by the field-emission scanning electron microscopy
(SU8020 Hitachi). UV-visible spectra (UV-3600 Shimadzu) and four-
probe method were employed to characterize the optical transparency
and sheet resistance of the Ag NFs electrodes. In this work, a stepping
motor (XPS-2000 Newport) was carried out to realize periodical
contact/separation motion, providing various tensile strain. As for the
electrical characteristic, including output voltage, short-circuit current,
and transferred charge, a high-impedance electrometer (6514 Keithley)
was used. To realize tactile mapping of the TETS, multichannel
data acquisition systems were adopted, including a synchronous
data acquisition card system (PXle-4300 National Instruments) and
a scanning matrix switch system (PXI-2530, PXI-2630B National
Instruments). Customized LabView programs were used to record the
data and provide a real-time tactile mapping.
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