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ABSTRACT: Tactile/touch sensing is essential in developing human-machine interfacing
and electronic skins for areas such as automation, security, and medical care. Here, we
report a self-powered triboelectric sensor based on ﬂexible thin-ﬁlm materials. It relies on
contact electriﬁcation to generate a voltage signal in response to a physical contact without
using an external power supply. Enabled by the unique sensing mechanism and surface
modiﬁcation by polymer-nanowires, the triboelectric sensor shows an exceptional pressure
sensitivity of 44 mV/Pa (0.09% Pa−1) and a maximum touch sensitivity of 1.1 V/Pa (2.3%
Pa−1) in the extremely low-pressure region (<0.15 KPa). Through integration of the
sensor with a signal-processing circuit, a complete tactile sensing system is further
developed. Diverse applications of the system are demonstrated, explicitly indicating a
variety of immediate uses in human-electronics interface, automatic control, surveillance,
remote operation, and security systems.
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actile (or touch) sensing is a ﬁeld that is rapidly advancing
as driven by vast applications including human-machine
interfacing, skin-like electronics, industrial automation, medical
procedures, and security systems.1−8 Tactile sensors, according
to transducing mechanisms, can be divided into the following
major categories: capacitive,9,10 piezoelectric,11−13 resistive,14−16 and optical.17 All of these mechanisms rely on
deformation of the sensing unit in response to interaction with
an object. Such a deformation-dependence poses a challenge in
touch detection when very weak interaction is involved.
Another major limitation of aforementioned sensors is that
they all require an external power supply to generate an
electrical parameter for characterizing the output of the sensor;
otherwise none of them can normally operate. This causes
problems such as power consumption and structural complexity.18 Besides, fragility, stiﬀness, and high cost are also common
concerns that impair widespread adoption of tactile sensors.18−20 Here we report a new class of self-powered
triboelectric sensor (TES). The thin-ﬁlm-based TES utilizes
contact electriﬁcation to generate a voltage signal in response to
a physical contact without reliance on an external power supply,
completely resolving the issue of power consumption for the
sensing unit. Enabled by the novel sensing mechanism and
surface modiﬁcation/functionalization based on polymer-nanowires, the TES showed an exceptional pressure sensitivity of 44
mV/Pa (0.09% Pa−1) and a maximum touch sensitivity of 1.1
V/Pa (2.3% Pa−1) in extremely low-pressure region (<0.15
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KPa). Since contact electriﬁcation is universally applicable to
any material, the TES can eﬀectively respond to either
insulating or conductive materials of all kinds. Having a ﬂexible
structure, it can be tailored to any size, shape, and color/
colorless, making it adaptive to even curved surfaces. More
importantly, through integration of the TES with a signalprocessing circuit, a complete tactile sensing system was
developed. Diverse applications of the system were demonstrated, explicitly indicating a variety of immediate uses in
human-electronics interface, automatic control, surveillance,
remote operation, and security systems. Considering that the
TES features other major advantages in scalability, durability,
cost, and implementation, it therefore opens up a new paradigm
for widespread adoption of tactile sensing.
A TES is composed of thin-ﬁlm materials that are vertically
laminated (Figure 1a). A layer of polyethylene terephthalate
(PET) forms the structural backbone of the TES, which is
sandwiched by transparent ITO layers as electrodes on both
sides. On the top side, a layer of ﬂuorinated ethylene propylene
(FEP) is applied as an electriﬁcation layer that generates
triboelectric charges upon contact with a foreign object. Surface
modiﬁcation on the FEP could be adopted to create vertically
aligned polymer nanowires (PNWs) (Figure 1b). They have an
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bottom electrodes are connected to the positive and the
negative terminals of a measurement system, the open-circuit
voltage across the electrodes at the separation state can be
analytically expressed by eq 1 below.
V = Utop − Ubottom =

− σt
2ε0εr

(1)

where Utop is the electric potential of the top electrode, Ubottom
is the electric potential of the bottom electrode, −σ is the
negative triboelectric charge density on the FEP, t is the
distance between the two electrodes that is equivalent to the
PET substrate thickness, ε0 is the dielectric constant of vacuum,
and εr is the relative permittivity of PET. On the basis of this
equation, the separation and the contact states correspond to
the minimum and the maximum values of the open-circuit
voltage, respectively. The independence of an external power
supply for electric signal generation is an unparalleled feature
compared to any other tactile sensing technique.
To characterize the response of the TES to a contact event,
we used the output voltage deﬁned as the diﬀerence of the
open-circuit voltage with respect to that at the separation state.
Consequently, the output voltage always has a positive value,
which has a zero-baseline corresponding to the separation state.
Here, a square-shaped TES having an edge length of 5 cm was
utilized to detect a metal object with a planar dimension of 2.5
cm by 2.5 cm. Repetitive contact and separation were realized
through a linear motor that provided a precisely controlled
reciprocating motion. Details on measurement setup as well as
sample preparation are presented in Methods. As shown in
Figure 3a, at a contact force of 20 mN (applied pressure of 0.03
KPa) the TES produces a uniform square-wave output voltage
with the maximum amplitude of 35 V.
As the contact force/pressure increases, the output voltage
rises and ﬁnally saturates at 50 V when the contact pressure
approaches 10 KPa (Figure 3b). This increasing behavior can
be attributed to the increase of contact area. High pressure
results in more contact area, which imparts higher density of
surface charges to the TES.24 As a result, higher output voltage
is obtained. It is noticed that the curve in Figure 3b exhibits two
distinct regions. In the extremely low-pressure region (<0.15
KPa), an exceptional pressure sensitivity25 of 44 mV/Pa is
achieved with excellent linearity (R2 = 0.991), corresponding to
a sensitivity factor of 0.09% Pa−1. In the region beyond 2 KPa,
the pressure sensitivity drops to 0.5 mV/Pa but still has good
linearity (R2 = 0.974). It is suggested that the two-region
behavior is likely due to the enhancement eﬀect resulting from
the PNWs on the TES surface. The sensed object has surface

Figure 1. Structural design of the TES. (a) Schematic illustration of
the TES. Inset: enlarged schematic of polymer nanowires on the top
surface. (b) SEM image of polymer nanowires created by plasma dry
etching. (c) Photograph of an as-fabricated TES.

average diameter and length of 150 nm and 1.5 μm,
respectively, which play an important role in achieving high
sensitivity for low pressure detection, as will be discussed in
later sections. On the bottom side, a nylon ﬁlm serves as a
protection layer due to its outstanding mechanical and thermal
properties. A photograph of an as-fabricated TES is shown in
Figure 1c. Made of conventional thin-ﬁlm materials, the TES
has an extremely low cost, which is advantageous for its
practicability. The structural design, as well as the fabrication
process, is compatible to possible large-scale manufacturing.
The self-powered operating principle of the TES can be
explained by the coupling eﬀect between contact electriﬁcation
and electrostatic induction. Because of the large composition
percentage of ﬂuorine that has the highest electronegativity
among all elements, the FEP is one of the most triboelectricnegative materials.21 It always tends to gain negative charges
when in contact with almost any other materials. At the
“contact state” in which a foreign object is in touch with the
TES (Figure 2a), triboelectric charges are generated at the
contact surfaces, with negative ones on the TES side and
positive ones on the object side.22 They are balanced by their
opposite counterparts, which does not induce an open-circuit
voltage across the two electrodes. At the “separation state”
when the object is absent (Figure 2b), the negative triboelectric
charges do not annihilate but remain on the surface of the TES
for an extended period of time.23 These charges introduce a net
electric ﬁeld between the two electrodes. Since the top
electrode is closer to the negative charges than the bottom
electrode (Figure 2c), it possesses a lower electric potential
compared to the bottom one. Considering that the top and the

Figure 2. Operating principle of the TES. (a) Three-dimensional potential distribution at the contact state with a contact object in touch with the
TES. (b) Three-dimensional potential distribution at the separation state without the object. (c) Two-dimensional cross-sectional view of the TES at
the separation sate.
B
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strates unprecedented sensitivity in an extremely low-pressure
region (<0.15 KPa) where interaction is at least 2 orders of
magnitude weaker than a gentle ﬁnger touch.5
The size is a major factor that determines the output voltage
as well as the sensitivity of the TES. For a TES with a ﬁxed size
(5 cm in side length), a quadratic increase in output voltage is
obtained with respect to side length of the sensed object that
varies from 1 to 5 cm (Figure 3d). Alternatively, the output
voltage linearly scales with the object area. The reason is that a
larger object imparts more triboelectric charges to the TES,
which induces a higher potential in magnitude on the upper
electrode given that the electrode has a ﬁxed area. The
proposed explanation is further supported by results in Figure
S4a, Supporting Information, in which the output voltage is
reversely proportional to the device area, while the sensed
object has a ﬁxed size. If both the TES and the object scale
altogether, the output voltage keeps stable (Figure S5,
Supporting Information). Therefore, an important guidance
in achieving high sensitivity is that the TES needs to have a
lateral dimension smaller than an object that is to be detected.
The TES can still be fully functional when the lateral
dimension is scaled down to microscale. Equation 1 is based on
the assumptions that the FEP surface is inﬁnitely large and
uniformly charged. These assumptions can hold true only on
the condition that the lateral dimension is far larger than the
PET thickness. If the TES is substantially scaled down, the edge
eﬀect can become dominant. Then the electric ﬁeld between
the two electrodes is not uniform anymore. As a result, the
magnitude of the open-circuit voltage will drop, as shown in
Figure 4a based on the COMSOL simulation data. At macro-

Figure 3. Characterization results of the TES. (a) Output voltage at a
contact pressure of 0.03 KPa from a TES (5 cm in side length) when
sensing a metal object (2.5 cm in side length). (b) Output voltage with
increasing pressure. Inset: enlarged view in small-pressure region. (c)
Touch sensitivity with increasing pressure. Inset: enlarged view in
small-pressure region. (d) Output voltage with increasing the size of
the metal object at a uniform pressure of 0.03 KPa. The TES has a
ﬁxed side length of 5 cm.

asperities at micro- and nanoscale, as revealed in Figure S1,
Supporting Information. Without the PNWs, the contact
between two nominal ﬂat surfaces is conﬁned at certain points
due to the surface asperities. In comparison, the high-aspectratio PNWs are likely to be readily bent and become adaptive
to the morphology of the sensed object in a weak contact. Such
a conformable interaction can result in a largely enhanced
increment of the real contact area in response to an increase of
the pressure because it requires much less pressure to deform
the PNWs than the bulk FEP ﬁlm. As a result, the device with
the PNWs exhibits a much more sensitive response in the lowpressure region (<0.15 KPa). As shown in Figure S2,
Supporting Information, the nanowire-based modiﬁcation
leads to a 7-fold enhancement in the pressure sensitivity for
ultralow pressure detection. It needs to be noted that a proper
length of the PNWs is important for the sensitivity enhancement. On one hand, the enhancement was not observed for
short PNWs (∼600 nm in Figure S3a, Supporting Information)
due to possibly ineﬀective interaction with the contact object.
On the other hand, excessively long PNWs (>3 μm) tend to fall
down after a number of contacts (Figure S3b, Supporting
Information), which reveals poor mechanical robustness.
To further characterize the ability of the TES in responding
to a contact event, touch sensitivity26 is calculated and plotted
in Figure 3c. The touch sensitivity reaches an ultrahigh value of
1.1 V/Pa, corresponding to a factor of 2.3% Pa−1. It indicates
the superior applicability of the TES in detecting a touch event
especially when the interaction is week. It is found that the
PNW-based modiﬁcation can also largely promote the touch
sensitivity by as much as 150% compared to the device without
the modiﬁcation (Figure S4, Supporting Information). As
discussed above, the PNWs can possibly increase the number of
contact points by accommodating the surface asperities by the
comfortable interaction. Compared to recent reports on plastic
thin-ﬁlm pressure sensors,10,12,15,16,27−31 our device demon-

Figure 4. Electric measurement results that demonstrate the
advantages of the TES. (a) Normalized output voltage as a functional
of the lateral dimension of the TES. The results are obtained by
COMOSL simulation. (b) Distribution of output voltage when a metal
object (1 cm in side length) contacts at diﬀerent positions on the TES
(5 cm in side length) at a contact pressure of 0.03 KPa. Inset: a topview schematic that illustrates the ﬁve contact locations on the TES.
(c) Results of durability test on the TES (5 cm in side length) for
sensing a metal object (2.5 cm in length) at a contact pressure of 20
KPa. (d) Output voltage of the TES (5 cm in side length) in response
to diﬀerent contact materials (2.5 cm in side length) at a uniform
contact pressure of 0.03 KPa.
C
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scale, the output voltage is independent of the lateral
dimension, which is consistent with eq 1. However, as the
lateral dimension is scaled down to below 10 times the PET
thickness (<500 μm), the output voltage starts to substantially
drop. The normalized voltage decreases to 0.5 and 0.1 when the
lateral dimension shrinks to 100 and 10 μm, respectively. The
output voltage can still reach about 3.5 V for a pixel size as
small as 10 μm, which can be easily measured.
In addition to ultrahigh sensitivity and self-generated output,
the TES features a number of other merits. An important aspect
in evaluating a tactile sensor is the output dependence on
locations where a touch event takes place. Figure 4b presents
values of output voltage at 5 diﬀerent locations where the TES
(5 cm in side length) interacts with a metal object having a side
length of 1 cm. The ﬁve locations are depicted in the inset of
Figure 4b. The output proves to be independent of the
location, which is indicative of uniform sensing when
addressing small-sized objects. Moreover, the TES has a robust
structure and is made from durable materials. As a result, it
owns excellent durability. After repetitive contacts for 105 cycles
at a frequency of 1 Hz with a pressure of 20 KPa, the output
voltage shows only a slight ﬂuctuation within 1% (Figure 4c).
The output voltage is independent of the contact frequency
considering that the surface triboelectric charges dissipate very
slowly and that they can be replenished in each contact even
though the dissipation is signiﬁcant. Additionally, the TES is
generally applicable to objects that are made of various
materials. Figure 4d presents a survey of outputs in response
to materials that are commonly found for daily usage, which
reveals the widespread applicability of the TES in a variety of
circumstances.
The large voltage signal induced by a contact event can be
easily picked up by external readout circuits. For practical
applications, a complete wireless sensing system was developed
through integrating the TES with a signal-processing circuit. As
diagramed in Figure S6, Supporting Information, the system
relies on the output voltage from the TES to trigger an IC timer
that controls a wireless transmitter for remotely switching a
siren between a panic state and a silence state. In the ﬁrst
demonstration shown in Figure 5a, a TES was customized to a
dimension of 1 cm by 1 cm. Once a human ﬁnger gently
contacted the TES, the output voltage (Figure 5b) touched oﬀ
the siren that produced a sharp alarm with ﬂashing light (Figure
5b and Supplementary Movie 1, Supporting Information). In
the second demonstration, a square-shaped TES with side
length of 10 cm was laid on the ground and imbedded
underneath a piece of carpet (Figure 5c). When a person
stepped on top of the TES as walking by, an output voltage of
15 V shown in Figure 5d was generated even though the shoe
did not have an intimate contact with the TES. This was
because the TES was loosely covered by the carpet, leaving a
spatial gap between them. When the carpet was pressed down
by the human foot, it fully touched the TES. Such a variance in
contact area would give an output voltage from the TES, which
then triggered the siren (Figure 5c and Supplementary Movie 2,
Supporting Information). Moreover, the sensing system could
be applied to other circumstances, such as a door handle
(Figure 5e). For this particular scenario, the TES was tailored
to a long strip (5 cm by 3 mm) and ﬁxed on the curved surface
of the handle, exhibiting its ability in adapting to diﬀerent
shapes for ﬂexible implementation. As demonstrated in Figure
5e and Supplementary Movie 3, Supporting Information, the
sensing system immediately started operation once a human

Figure 5. Complete sensing system based on the TES for practical
applications. (a) Triggering a wireless alarm system by gentle ﬁnger
tapping on a TES (1 cm in side length). Inset: enlarged view of the
TES on a piece of paper. (b) Output voltage of the TES generated by
ﬁnger tapping. (c) Triggering a wireless alarm system by stepping on
top of a TES (10 cm in side length) that is embedded underneath a
carpet. Inset: enlarged view of the TES on the ﬂoor. (d) Output
voltage generated by stepping on the TES covered by the carpet. (e)
Triggering a wireless alarm system by grabbing the TES (5 cm by 3
mm) that is applied on a door handle. Inset: enlarged view of the TES
on the door handle. (f) Switching a panel light by ﬁnger tapping on the
TES (1 cm in side length) that is applied on the surface of the light.

hand grabbed the door handle. Through a minor revision that
substitutes other functional electronics for the wireless
transmitter in the electric diagram (Figure S7, Supporting
Information), the sensing system could be adopted for more
purposes. For example, it was demonstrated as a touch-enabled
switch for a panel light, which is shown in Figure 5f and
Supplementary Movie 4, Supporting Information. Therefore,
the TES along with the sensing system developed here has
immediate applications in a variety of areas, including human−
machine interface, automatic control, surveillance, remote
operation, and security systems.
In summary, we developed a novel thin-ﬁlm-based triboelectric sensor (TES) for ultrasensitive tactile sensing without
an external power source. From a fundamental innovation point
of view, the TES relies on triboelectriﬁcation resulting from a
contact event to generate an output voltage and does not
consume any electric energy from an external power source.
Thus, the self-powered TES represents a breakthrough concept
for tactile sensing/imaging. From a device performance point of
view, because of the novel sensing mechanism as well as diverse
surface chemical and physical modiﬁcations on PNWs, the TES
has achieved an ultrahigh level of pressure sensitivity as well as
touch sensitivity in an extremely low-pressure region. Besides,
high levels of uniformity, stability, and applicability have also
been achieved. Finally, from a practical application point of
view, a complete sensing system was built through integrating a
D
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TES with a signal-processing circuit. A variety of applications
were demonstrated, in which the TES could sensitively trigger
functional electronics in response to common external
excitations, such as ﬁnger touching, hand grabbing, and foot
pressing. Considering that the TES features other major
advantages in scalability, cost, and implementation, it has a
promising prospect for robotics, human−machine interfacing,
and security.
Methods. Fabrication of a TES. 1. Prepare a PET substrate
of 50 μm thickness with a desired dimension using laser cutting.
2. Deposit 150 nm of ITO on both sides of the PET as
electrodes using a RF sputterer. 3. Connect a lead wire to each
of the electrodes. 4. Adhere a nylon thin ﬁlm (50 μm) on one
side of the device as a protection layer. 5. Adhere a FEP thin
ﬁlm (50 μm) on the other side of the device as an electriﬁcation
layer. 6. Create vertically aligned polymer nanowires on the
FEP surface using plasma dry etching.32
Fabrication of Contact Objects. 1. Prepare an acrylic sheet
of 1.5 mm in thickness as a substrate with a desired dimension
using laser cutting. 2. For the contact object made of metal,
adhere a layer of Kapton ﬁlm (125 μm) on the substrate and
then deposit 200 nm of copper on top of the polymer surface
using a DC sputterer. 3. For other contact objects, adhere a
layer of target materials that are commercially available on one
side of the substrate.
Measurement Setup. 1. Mount the TES vertically on a
three-dimensional positioner that also has control on rotation
and tilt. 2. Align and connect the contact object with a force
sensor. 3. Vertically mount the force sensor along with the
contact object to one end of a linear motor for reciprocating
motion. 4. Adjust the three-dimensional positioner so that the
TES surface and the object surface are parallel to each other. 5.
Simultaneously monitor the TES output using an electrometer
and the interaction force between TES and the object. 6.
Change the interaction force through incrementally changing
stroke distance of the linear motor to investigate the
dependence of voltage on contact pressure.
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