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ABSTRACT: Large-scale tactile sensor arrays are of great
importance in flexible electronics, human—robot interac-
tion, and medical monitoring. In this paper, a flexible 10 X
10 tribotronic transistor array (TTA) is developed as an
active tactile sensing system by incorporating field-effect
transistor units and triboelectric nanogenerators into a
polyimide substrate. The drain—source current of each
tribotronic transistor can be individually modulated by the

corresponding external contact, which has induced a local electrostatic potential to act as the conventional gate voltage. By
scaling down the pixel size from 5 X 5 to 0.5 X 0.5 mm?, the sensitivities of single pixels are systematically investigated. The
pixels of the TTA show excellent durability, independence, and synchronicity, which are suitable for applications in real-
time tactile sensing, motion monitoring, and spatial mapping. The integrated tribotronics provides an unconventional
route to realize an active tactile sensing system, with prospective applications in wearable electronics, human—machine

interfaces, fingerprint identification, and so on.
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s a key technique in the intelligent sensing field, tactile

sensors have been extensively used to detect external

stimuli and imitate tactile perception.' ™ Inspired by
the huge potentials in smart wearable devices, human—machine
interfaces, and real-time healthcare monitoring, considerable
attention has been continuously focused on the tactile sensor,
and tremendous progress has been achieved in recent years." "’
Different physical transduction mechanisms including con-
ductance,9 resistance,1 113 capacitance,14 waveguide,20 magnet-
ism,”"** piezoelectricity,'”>> and piezoresistivity’* have been
utilized to fabricate these tactile sensors. Meanwhile, active
interaction between mechanical stimuli and electronics remains
challenging for most tactile sensing systems, possibly due to
cost and complexity of integration.”””'”**7*" Therefore,
developing a large-scale, low-cost, commercialized, and active
tactile sensor is highly desired.

The newly arising technology of triboelectric nanogenerators
(TENGs) developed by Wang et al. could be a promising
candidate to address the issues mentioned above.” " The
TENG can harvest ambient mechanical energy and convert it
into electricity, which has been directly used as self-powered
active sensors.”’ >/ Meanwhile, the electrostatic potential
created by the TENG can serve as a gate voltage to modulate
electronic devices, which has opened up a new research field of
tribotronics.*® Such tribo-controlled devices have demonstrated
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applications including tribotronic transistors,””*’ microelec-
trochemical systems,41 logic circuits,** memory devices,*
organic light-emitting diodes,** phototransistors,%’46 and tactile
switches."” Tribotronics has offered a prospective strategy to
design a novel active tactile sensing system with advantages of
low cost, simple mechanism, and easy process.

In this work, a large-scale, active, and high-sensitivity
tribotronic transistor array (TTA) as an active tactile sensing
system is presented by a facile and inexpensive approach. Other
than traditional gate voltage, the transistor unit of the TTA is
gated by external stimuli, which acts as a sensing element by
virtue of the change of the drain—source current (Ipg). The
flexible substrate-based high-performance TTA has been
successfully utilized to realize multipoint tactile sensing,
dynamic motion monitoring, real-time trajectory recording,
and external stimuli spatial mapping while keeping excellent
sensitivity and long-term stability. The TTA coupled by
traditional integrated circuits with triboelectrification has
illustrated its potential in active tactile sensing systems and
next-generation wearable device applications.
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Figure 1. Structure of the TTA. (a) Schematic of a 10 X 10 TTA. Insets: Partial enlarged tilted views of the TTA configuration and pixel
structure, respectively. (b) Optical photograph of a fully integrated TTA with each sensing pixel of § X 5 mm®.
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Figure 2. Schematic representations of the working principle for a single pixel and the equivalent circuit schematic of TTA. (a) Sketch of a
single pixel. (b—e) Change of the conduction channel width and resulting drain—source current (Is) when the PTFE layer contacts with and
separates from the Cu pad. (f) Equivalent circuit schematic of the active tactile sensing system.

RESULTS AND DISCUSSION

Structure of the TTA. A schematic structure of the 10 X 10
TTA is depicted in Figure la. Each pixel with a size of 5 X §
mm?, composed of a square Cu pad and a transistor unit, is
integrated on the top and bottom layer of a flexible polyimide
substrate (the fabrication processes of TTA are described in

detail in the Methods). The gate electrode of the transistor is
electrically connected to the Cu pad by the via hole. The drain
electrodes of the 10 transistors in every column are commonly
connected to an electrical wire, so are the source electrodes of
those in every row. By selecting a column electrical wire, the
corresponding 10 pixels between this wire and the row
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Figure 3. Electrical characterization of single sensing pixel in TTA. (a) Sensitivity of the pixel, represented by an output current as a function
of separation distance. An ultrahigh sensitivity of 1.029 mm™" is obtained below 3 mm and sharply declines to 0.0778 mm™" in the range of 3—
9 mm. Inset: Schematic illustration of the sensitivity test of the pixel. (b) Durability test for more than 700 contact—separation cycles,
demonstrating the excellent performance of the sensing device with negligible current degradation. Inset: Comparison of current
characteristics of two enlarged areas. (c) Output current characteristics of two pixels in individual and simultaneous contact—separation
process to demonstrate their independence and synchronicity characteristics. (d) Partial enlarged view of the current characteristic, showing
the gradual change trend of the Ijg of a single pixel in the temporal domain and its color display.

electrical wires can be individually addressable. A photograph of
a well-designed TTA with good electrical contact is shown in
Figure 1b with a resolution of $ dpi.

Principle of the TTA. Based on the coupling effects of the
transistor and contact electrification, the working principle of
the TTA is demonstrated with cross-sectional and equivalent
circuit schematics in Figure 2. The transistor unit consists of an
n-type transistor and a diode, in which the source electrode of
the transistor is interconnected with the anode of the diode.
This configuration ensures the current flows through the
transistor in only one direction. In the original state (Figure
2a), a polytetrafluoroethylene (PTFE) film is prepared to serve
as the mobile friction layer for contact electrification, which can
approach and separate from the Cu pad by an external force.
Since the PTFE is triboelectrically more negative than Cu,
when the PTFE film is forced to fully contact with the Cu pad,
equal negative and positive charges can be induced on the
surfaces of the PTFE film and the Cu pad, respectively (Figure
2b). At this moment, there is no conduction channel between
the source and drain electrode, hence generating little Ipy.
When the PTFE film is gradually separated from the Cu pad
(Figure 2c), an electric field and a potential drop are created
due to the electrostatic induction and the edge electric field
leakage from the finite size Cu pad and PTFE film, resulting in
a built-in voltage at the gate electrode and generating an
inversion conduction channel that enables electrons to flow
freely between the drain and source electrodes. Under this
circumstance, the Ipg can be produced with an applied drain—

source voltage (Vpg). Further increase of the separation
distance is equivalent to enhancing the gate voltage (Vgg),
which can lead to the increase of the conduction channel width
and thus an evidently increased Ipg Predictably, once the
separation distance increases to a threshold (Figure 2d), the
triboelectric-charge-induced gate voltage and resulting current
will remain stable at a maximum value if the PTFE film
continues to be moved vertically away from the Cu pad. When
the mobile PTFE film is pressed to approach the Cu pad again
(Figure 2e), recovery of the Ing can be observed. In the whole
process, the Ipg of the transistor is able to be tuned by the
externally physical access/contact, in place of the electrically
applied gate voltage.

As can be seen from the equivalent circuit diagram of the
TTA in Figure 2f, each pixel is addressed individually by a
corresponding single-electrode TENG (SE-TENG). Compared
to sensor arrays with every pixel grounded or addressed
individually,”>"***** a distinct advantage of a p X q TTA is
that the addressing lines have been greatly reduced from p X g
to p + g. This reduction is also attributed to the addition of a
diode in each pixel, which enables the unidirectional flow of Ig
in the pixel without any interference of other pixels. In this case,
the complex electrical connection of the TTA has been
significantly simplified to 20 addressing lines, thus obviously
enhancing the addressing speed and facilitating future develop-
ment of a large-area TTA with simplified but effective electrical
connection.
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Characteristics of the Single Sensing Pixel in TTA. To
evaluate the sensing characteristics of the TTA, the distance-
dependent performance of a single pixel was precisely
determined by manual translation stages. The sensitivity of
the TTA is defined as

S = (Al/I,)/Ad (1)

where Al is the relative change in the Iy, I, is the initial current
of the pixel without external stimuli, and Ad is the distance
change between the PTFE film and the Cu pad. To quantify the
parameter distance, the fully physical contact state between the
PTEE film and the Cu pad was selected as the initial position.
When the PTFE film was moved outward by an external force,
the distance increased. Figure 3a shows the current response of
the pixel to the distance, and the schematic illustration of the
sensitivity test is shown in the inset. Initially, the pixel displayed
a high sensitivity of 1.029 mm™' even with a slight distance
increase. However, once the PTFE film surpassed a “critical
distance” of 3 mm, a remarkable sensitivity decrease of more
than an order of magnitude could be observed. As the distance
continued to increase, the output current finally saturated and
the pixel would no longer be sensitive to the distance change.
Once the PTFE film was forced to approach and ultimately
contact with the Cu pad again, an inverse process would be
seen. The whole process could be ascribed to the triboelectric
charge redistribution in the gate electrode of the pixel, which
has been elaborated in its working mechanism presented in
Figure 2.

In order to comprehensively analyze the influence of the
separation distance on the triboelectric-charge-induced Vg5 and
the modulated Iy, a finite-element simulation was performed
using COMSOL to illustrate the potential distribution at the
gate electrode of the tribotronic transistor (Figures S1 and S2).
Besides this simulation, output and transfer characteristic curves
of a representative transistor were measured and depicted
(Figure S3a shows the output characteristic of the transistor,
and transfer curves in linear, log and root square scale are
provided in Figure S3b—d, respectively). Based on the
established model that a PTFE film separated from and
approached a Cu pad, which was electrically connected to the
gate electrode of a transistor, the exact same geometry
parameters were utilized to obtain an accurate result. The
PTFE film (25 um thick) had a size of 5 X 5 mm? so did the
Cu pad (10 ym in thickness). The charge density was assumed
to be —10 #C m™ on the contacting surface of the PTFE film
and +10 4C m™ on the surface of the Cu pad. The distance
between the PTFE film and the Cu pad ranged from 0 to 12
mm. One point that should be emphasized was that changes in
these assumed parameters aforementioned would only affect
the magnitude of the result and not the changing trend. After
making these assumptions, electric potential distribution (d =
02, 1, 2, 4, 6, 10, and 12 mm) at the gate electrode was
simulated and is presented in Figure SI1. It indicated an
increasing trend of the Vg with the increase of the separation
distance. When d increased from 0 to 12 mm, the
corresponding Vg increased from 0 to 4.74 V. Besides this
result, the relationship between the triboelectric-charge-induced
Vs and separation distance was also calculated and graphed in
Figure S2. As the distance grew continually, the Vg exhibited a
slower growth over 3 mm. This phenomenon could be very
persuasive because a similar trend was found in Figure 3a and
Figures S2 and S3a. When the separation distance kept growing
(or the V), a relative slow growth of the Ijg could be clearly

observed. Convincingly, these results proved the relationship
between the separation distance and the Ijg of the transistor.
To sum up, the simulated analysis in Figures S1 and S2, along
with the transfer and output curves in Figure S3, which was in
good agreement with the measured results in Figure 3a, further
confirmed the validity of employing the external force to
substitute the electrical gate voltage and realize the modulation
of Ipg via the change of electrostatic potential.

According to previous studies,***** the induced electro-
static potential has a close relation with the amount of
transferred charges. To better understand the influence of Cu
pad size in the sensitivity and acquire a possibly high resolution
of the TTA, the sensitivities of single pixel with different sizes
were systematically investigated. As shown in Figure S4, the
Ips—distance curves of four pixels with corresponding Cu pad
area varying from 4 X 4 to 0.5 X 0.5 mm* were obtained, and
they provided a clear view of the pixel sensitivity changes.
Three typical regions of sensitivity could be found in each
figure, which was in good agreement with the result in Figure
3a. The experimental results indicated that, as the pixel size
diminished, the corresponding sensitivity also declined both in
high- and low-sensitivity regions. It was noteworthy that, in
Figure S4d, the pixel with its size of 0.5 X 0.5 mm’* displayed
distinguishable sensitivities of 0.116 and 0.0085 mm™'
(according to the defined sensitivity in eq 1) in two different
regions even if the Ipg was unable to decrease to zero when the
PTFE film moved to fully contact the Cu pad. This result could
be attributable to the diminished area of the contact Cu pad
and proportionately decreased electrostatic charges, as previous
research has demonstrated. Due to the shrunken area of the Cu
pad, the edge electric leakage would be more distinct, which
leads to a higher proportion of triboelectric charges on the Cu
pad transferred to the gate electrode. Nevertheless, since the
area of the Cu pad was reduced more rapidly, in fact, the
amount of the total charges transferred diminished. Meanwhile,
the transistors used in all experiments were maintained the
same and had the same characteristics to be gated.
Consequently, as the area of the Cu pad shrank, a poorer
sensing performance was observed in Figure S4a—d. In Figure
S4d, the Cu pad size was 100 times smaller than that in Figure
3a, causing the created electrostatic potential to be insufficient
to shut down the conduction channel. Hence, the Ing could
remain above zero when the distance returned to the “fully
physical contact state”. Due to this result, a square pixel with
0.5 mm length size and good sensitivity was used as the smallest
pixel in our research, realizing a resolution of about 50 dpi.

Response time of the pixel is another essential sensing
feature of the TTA. In Figure SSa, the pixel exhibited a rapid
response to the external stimuli during a quick contact—
separation process. The measured response and recovery times,
as illustrated in Figure S5b, were ~78 and ~86 ms, respectively,
which should be sufficiently fast for practical applications.
Moreover, a durability test was conducted at a constant Vg of
2 V for more than 700 contact—separation cycles, as
demonstrated in Figure 3b. The output current showed no
apparent signal shift or degradation during the test, proving the
TTA can provide reproducible and reliable external tactile
perception.

Furthermore, to investigate whether pixels in the TTA can
function well individually and simultaneously, two pixels were
selected and electrical characteristics were determined, as
plotted in Figure 3c. In the beginning, no PTFE film touched
the two pixels, and they exhibited relatively stable, though
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Figure 4. TTA for multipoint tactile sensing and motion monitoring. (a) Schematic illustration of two-point contact. (b) Output currents of
pixels in the first column measured by multichannel measurement system. (c) Corresponding current signals plotted as two-dimensional
intensity map. (d) Schematic of a ball moving along different pixels. (e) Output currents of pixels in the moving trajectory of the ball. (f) Two-
dimensional intensity map reconstructed from (e) with the measured current signals during the ball moving.

slightly different, Ips. At nearly 3 s, a PTFE film slowly
approached pixel 1, and the corresponding I of pixel 1
showed a slow rate of decrease. From S.5 s, decreasing the
distance to fully contact the Cu pad dramatically reduced the
current by more than 4 orders of magnitude to almost zero in
less than 0.5 s, which could be supported in Figure 3a. In the
meantime, pixel 2 presented a nearly unvaried I, proving that
it was not influenced and each pixel could work independently.
Then, as the PTFE film touched both pixels, similar decreasing
trends of the Ig were obtained, which strongly supported that
pixels could work synchronously. It should also be mentioned
in this experiment that, though there were variations in Ipg
among different pixels, only the magnitude of Ing was affected,
not the decreasing or increasing trend. Another factor that
should be taken into account is that the output current signal
initially experienced a gradual change and then a fast trend of
decrease, as depicted in the color display in Figure 3d. This
phenomenon is of great importance because it exhibits that the
Ins has a different responsive extent according to varying
distance between the PTFE film and the Cu pad, signifying that
the TTA can be constructed to resolve gradual changes in
responding to external access. Owing to the excellent sensing
capabilities, these sensing pixels are suitable for large-scale
integration into a flexible substrate and have a widespread range

of applications, such as tactile sensing, e-skins, and healthcare
monitoring.

Application of the TTA for Active Tactile Sensing. In
order to fulfill TTA’s potential in active tactile sensing
applications, these sensor pixels are integrated into a sensing
device system, which provides a touch—user interface, enabling
the tactile profile, dynamic motion, and trajectory to be spatially
mapped. As an illustration, a flexible 7 X 7 TTA was fabricated.
All output current signals were acquired via the multichannel
data acquisition system. Figure 4a is a schematic illustration of
two-point contact, and Figure 4b shows the measured I in the
first column pixels of the TTA. An evident current fall of pixel
R4-C1 and pixel R5-C1 could be seen, while other pixels
maintained their Ipg unchanged. According to the measured
current signals, a reconstructed intensity map of all pixels, with
colors representing the output current signal for each pixel, is
demonstrated in Figure 4c and the two contact pixels were
precisely identified (a short video demonstrating the multipoint
sensing process is provided in Video S1, Supporting
Information). Besides multipoint identification, monitoring
the motion and recording the trajectory of moving objects
also demonstrated the intriguing features of the TTA. As a
PTEE film (5 X S mm? area) moved along the last row and
then the diagonal of the TTA, the trajectory profile could be
clearly recorded in real-time and plotted as a two-dimensional
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Figure S. TTA as a fully integrated system for tactile sensing and map reconstruction. (a) Photograph of a 10 X 10 TTA with three as-
fabricated letter-shaped acrylic slabs placed on the surface of its sensing area. (b) Corresponding three-dimensional and two-dimensional
normalized Ipg intensity map of the A-shaped letter. (c,d) Normalized two-dimensional intensity profile of current signal for the shape of “C”

and “S” reconstructed by the tactile sensing system.

intensity graph, shown in Figure 4f (a ball was used to
substitute the PTFE film for demonstration in Figure 4d).
Apparently, a motion path, first moving from pixel R7-C1 to
pixel R7-C7 and then from pixel R7-C7 to pixel R1-Cl
diagonally, was distinguished in the graph, which was in good
accord with the current signal change of pixels depicted in
Figure 4e (videos of the motion monitoring and trajectory
recording experiment are provided in Video S2 and Video S3 in
the Supporting Information). Notably, two current falls were
observed in the Ipg response of pixel R7-C6 in Figure 4e, and
the second one could be explained by the turning of the moving
ball to the diagonal direction, which placed the ball close to
pixel R7-C6 again. Therefore, these experiments validate that
TTA has good practicability for multipoint sensing, dynamic
movement monitoring, and trajectory tracking because of its
relatively high measurement precision and real-time tracing
ability.

Additionally, the sensing ability of the active tactile sensing
system has been further accessed by placing letter-shaped slabs
onto the sensing pixels of a flexible 10 X 10 TTA. Here, as
presented in Figure Sa, the PTFE films clinging to C-, A-, and
S-shaped acrylic slabs were prepared. A layer of elastic sponge
was sandwiched between the PTFE film and the acrylic slab to
ensure the uniform distribution of pressure over an area
corresponding to the predesigned PTFE slabs. Before placing
these “letters” on the sensing area, a background mapping had
been accomplished in advance to serve as a reference, shown in
Figure S6a (Vps = 2 V). The Ipg distribution map showed good
uniformity in electrical characteristics among all 100 pixels, with
94% of the output current values in the narrow range of 0.105
+ 0.009 A. Obvious current variations found in pixels like pixel
R10-C3 and pixel R10-C4 could mainly be the result of
different amounts of induced charges on the Cu pad after the
initial contact with the PTFE film. For the purpose of
minimizing the interference of current variations among pixels,
the ratio of Al to I, was used to reconstruct the intensity image

(a two-dimensional intensity map of measured I in the shape
of letter “A” is provided in Figure S6b, Supporting
Information), and Figure Sb—d displays the reconstructions
of the “letter” image and clearly shows that pixels contacting the
slabs experienced the greatest relative current changes, except
for some pixels such as pixel R3-C3 and pixel R7-C2 in Figure
Sc. This phenomenon could be caused by the uneven surface of
the PTFE film, which resulted in pixels that failed to touch the
film and hence was unable to induce enough electrostatic
charges to tune the Ipg. To eliminate such defective pixels, the
performance of the TTA could be further improved by
constructing a micro/nanostructure on the surface of the
PTFE film and optimizing the experimental process, such as
ensuring the smoothness of the PTFE film to realize physically
full contact with the Cu pad. Apart from pixels covered by the
letter, some pixels next to the covered area were also affected to
a different degree, which could be reasonably interpreted as the
influence of potential distribution between the PTFE film and
the Cu pad on these adjoining pixels, like pixel R3-C7 in Figure
S3b. Nevertheless, C-, A-, and S-shaped images could be
distinctly recognized, manifesting its bright prospects in real-
time tactile sensing and image reconstruction. Moreover, the
sensing array can be packaged by integrating the PTFE film
into the system. With this design (detailed integration process
is introduced in Methods and Figure S7), the tactile sensors are
able to produce stable output signals whatever the touching
objects are, therefore enlarging its application range.

CONCLUSIONS

In summary, this work presents a flexible substrate-based TTA
as a large-scale and active tactile sensing system. Utilizing the
electrostatic potential created by the triboelectrification, the I
of each transistor unit can be modulated for sensing the
external mechanical stimuli. Unlike the proposed sensor arrays
before, with complicated and high-cost fabrication procedures,
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the flexible TTA combines traditional electronic devices with
cheap but practical polymer films for contact electrification to
achieve real-time high sensing and dynamic mapping. By
investigating in detail the electrical characteristics of pixels, we
demonstrated the TTA’s durability, independence, and
synchronicity. Moreover, the pixel can even be scaled down
to the size of 0.5 X 0.5 mm” while maintaining good sensitivity
and thus realizing a high resolution of the TTA. Single- and
multiple-point touch map reconstruction, motion monitoring,
and trajectory recording have been successfully accomplished,
all of which verifies the outstanding performances of the TTA.
Relying on the core concepts of tribotronics, in the future,
more electronics and modules could be included to construct a
multifunctional system that not only allows tactile sensing but
also enables many other intelligent and significant function-
alities. It is anticipated that the TTA can unlock a door to a
broad range of applications in wearable electronics, human—
machine interfaces, and personalized health monitoring,

METHODS

Fabrication of the Flexible TTA. A polyimide (PI) substrate (100
um in thickness) was first cleaned with deionized water, ethanol, and
acetone and was then blown dry. The PI substrate was treated at 120
°C for 30 min. Localized via holes were drilled on the PI substrate, and
subsequently, 10 gm thick Cu was deposited onto the selective area of
both sides of the PI substrate to serve as electrical wires. Accordingly,
10 Cu electrodes in rows and 10 Cu electrodes in columns with a
width of 250 ym were patterned on the top and bottom layer of the PI
substrate, respectively. Later, a layer of Ni (3 ym) was electroplated on
the top layer of the substrate according to the designed circuit
configuration to form pads with the size of § X $ mm?, followed by the
deposition of Cu (0.25 ym) to the corresponding area of electrically
plated nickel. As a final step, chips of microfabricated n-type transistors
and diodes based on a standard silicon process were integrated onto
the as-fabricated PI substrate. All the gate electrodes of the transistors
were bonded to the defined Cu pad area through the via hole, while
the 100 drain electrodes and source electrodes were bonded to the
patterned Cu wire electrodes. With such a design, each pixel is
independent of any other pixels. To integrate the mobile electrification
layer into the as-fabricated device, the freestanding PTFE film was first
adhered to another flexible PI substrate, and then the Cu pad and the
PTFE film were separated by spacers (3M 4-4100 adhesive). After
these spacers were placed, the whole device was sealed by adhesive
tape.

Electrical Characterization of the TTA. Drain—source currents
and sensing characteristics of single pixels were determined using a
digital multimeter (Agilent 34411A), a DC power supply (Rek
RPS6003D-2), and manual translation stages (NFP-3462) under
ambient condition at room temperature. A source meter (2612B,
Keithley) was used to characterize the transfer and output character-
istics of the transistor. To test the durability of the TTA, a stepping
motor (XRV76) was used to supply a periodical reciprocating motion
at speed of 20 mm/s. All of the 100 pixels in the TTA were addressed
individually by iteratively switching a 128 channel multiplexer matrix
(PXI-2530, PXI-2630B, National Instrument). The output current
signals from each pixel in the TTA were measured and averaged using
a 6'/,-digit digital multimeter (PXI-4072, National Instrument), and a
constant bias (Vpg) was provided by a programmable DC power
supply (PXI-4110, National Instrument). A homemade data
acquisition system was utilized to record and process the output
current signals of the fabricated TTA in real time and then to
reconstruct the two-dimensional intensity map of the TTA under
different external stimuli.
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