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ABSTRACT Flexible wearable sensors with excellent electric
response and self-powered capability have become an ap-
pealing hotspot for personal healthcare and human-machine
interfaces. Here, based on triboelectric nanogenerator
(TENG), a flexible self-powered tactile sensor composed of
micro-frustum-arrays-structured polydimethylsiloxane
(PDMS) film/copper (Cu) electrodes, and poly(vinylidene-
fluoride-trifluoroethylene) (P(VDF-TrFE)) nanofibers has
been demonstrated. The TENG-based self-powered tactile
sensor can generate electrical signals through the contact-se-
paration process of two triboelectric layers under external
mechanical stimuli. Due to the uniform and controllable mi-
cro-frustum-arrays structure fabricated by micro-electro-me-
chanical system (MEMS) process and the P(VDF-TrFE)
nanofibers fabricated by electrostatic spinning, the flexible
PDMS-based sensor presents high sensitivity of 2.97 V kPa ™,
stability of 40,000 cycles (no significant decay), response time
of 60 ms at 1 Hz, low detection pressure of a water drop
(~4 Pa, 35 mg) and good linearity of 0.99231 in low pressure
region. Since the PDMS film presents ultra-flexibility and
excellent-biocompatibility, the sensor can be comfortably at-
tached on human body. Furthermore, the tactile sensor can
recognize various types of human body movements by the
corresponding electrical signals. Therefore, the as-prepared
TENGs are potential on the prospects of gesture detection,
health assessment, human-machine interfaces and so on.

Keywords: self-powered, triboelectric nanogenerator, wearable
sensor, MEMS process, personal healthcare

INTRODUCTION

Monitoring various human body motions has been con-
sidered as an effective way for gesture detection and
health assessment. Recently, flexible tactile sensors are
drawing significant attention due to the unique capability
to mimic human skin perception of sensing subtle pres-
sure changes, which are potential in biomimetic pros-
theses [1], mobile medical diagnostics [2,3], non-invasive
health care [4-6] and human-machine interactions [7-9].
Conventional healthcare sensing devices including high-
speed camera, photo-electric devices [10] and silicon-
based sensors [11] have been employed for monitoring
body motion; however the applications are still limited
because of their poor flexibility and wearability. To avoid
discomfort for the user, the flexible and stretchable sub-
strates are crucial factors to be considered. Accordingly,
polydimethylsiloxane (PDMS), which can be dis-
cretionarily stretched, twisted, compressed and deformed,
has become a common substrate material in chemistry,
physics, materials science, mechanical engineering and
microelectronics [12-14]. Benefiting from ultra-flexibility
and excellent biocompatibility, PDMS films are the most
popular flexible substrate to integrate various sensitive
materials which have promoted the rapid development of
flexible tactile sensor to monitor human body movement
[15,16]. Various micro-structured PDMS films (leave-
patterned [17], silk-patterned [18], micro pyramid [19]
and so on) are fabricated through all kinds of molds as
the key element of the flexible sensor, which could store
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and release the external energy with huge elastical de-
formation due to low elastic modulus and micro-struc-
ture [18]. Furthermore, the PDMS film with high-density
micro-structure can effectively solve the trouble of visco-
elastic behaviour. Hence, the preparation of well-con-
trollable and regular micro-patterned PDMS film has
been extensively studied [12,20].

Recently, a series of new flexible tactile sensors based
on piezoelectric nanogenerators (PENG) [21,22] and tri-
boelectric nanogenerators (TENG) [20,23,24] have been
widely studied due to their exciting potential as mimic
human skin with no need for traditional power supplies.
PENG-based self-powered tactile sensors demonstrate
ultrafast response, high sensitivity and great potential
applications in flexible tactile device. Nevertheless, the
necessary polarization process of piezoelectric materials
severely limits their application [25]. By contrast, TENGs
transform mechanical energy to electricity by coupling
triboelectrification and electrostatic induction, which can
directly generate electrical signals without any pre-treat-
ment and present potential in low-frequency mechanical
stimuli harvesting and self-powered sensing [26,27]. The
TENG is usually composed of two friction layers with
corresponding electrodes, and has been widely studied
due to the simple fabrication, low cost and environmental
friendliness [28]. When an external force is applied, the
two friction layers can simultaneously contact and rub
each other with suitable structure design. In order to
increase the sensitivity of TENG-based flexible tactile
sensor, the relatively rigid film materials were currently
chosen as active layers to transfer external mechanical
energy [29]. And it is also necessary to increase the spe-
cific surface area of the friction layers and select the
materials with high capacity to donate/gain electrons as
triboelectric pair, such as polyethylene terephthalate
(PET), Kapton and metal film with micro/nano-structure
[29]. However, most of the selected materials cannot fully
contact with irregular skin and cause uncomfortableness
for people. PDMS not only presents excellent flexibility,
but also shows strong ability to gain electrons as a ne-
gative friction material in the friction series. Hence, the
integration of flexible micro-structured PDMS into
TENG for self-powered sensor with high sensitivity
brings new vitality and more possibilities for next-gen-
eration tactile sensor.

In this study, through micro-electro-mechanical system
(MEMS) process, we fabricated a flexible self-powered
triboelectric tactile sensor for sensing instantaneous force
and monitoring human joint movement, which is com-
posed of a spacer layer, poly(vinylidenefluoride—tri-
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fluoroethylene) (P(VDE-TrFE)) nanofibers and Cu/
PDMS films with uniform and controllable micro-frus-
tum-arrays structure (60 pmx60 pumx39 um at intervals of
60 um) (mf-Cu/PDMS). Benefiting from the enhanced
sensitivity caused by the triboelectric pair of mf-Cu/
PDMS, the flexible TENG shows good sensitivity
(297 V kPa ') and thus detects instantaneous and tiny
force applied by a water drop (~4 Pa, 35 mg). P(VDEF-
TrFE) nanofibers are deposited on the mf-PDMS by
electrospinning, which can effectively reduce the adhe-
sion of the two friction layers and then increase the
sensor linearity. Importantly, through the loading/un-
loading test, the sensors present well durability (more
than 40,000 pressure cycles without significant decay) and
fast response time (60 ms at 1 Hz). For human body
motion detection, sensors were easily and fully attached
on irregular skin to distinguish the types of gesture by the
differences of generated electric signals. Therefore, the as-
prepared flexible tactile sensors are able to sense in-
stantaneous force and detect human joint motion
movement, which may be applied in personal healthcare
and human-machine interfaces.

EXPERIMENTAL SECTION

Materials

Tetramethylammonium hydroxide (TMAH, the mass
ratio of TMAH to H,O is 10%), buffered oxide etch (BOE,
NH,F:H,0=5:1), hydrochloric acid solution (50 wt% in
H,0), acetone (AR, 99.5%), N,N-dimethylformamide
(DMF, AR, 99.9%), PDMS and curing agent (Sylgard 184
purchases from Dow Corning), P(VDF-TrFE) (80/20 wt%
of PVDF/TrFE), the Si wafer (100, 4-inch with 300 nm
SiO, layer) and RZJ304 photoresist were provided by
RDMICRO.

Fabrication of the silicon template

The micropattern on the pre-engineered mask (60 pmx
60 um) was transferred to the Si wafer by photo-
lithography technology. Then the exposed SiO, layer was
etched by immersing the Si wafer in the BOE solution at
80°C for 5 min, followed by immersing in TMAH solu-
tion at 80°C for 30 min to obtain the concave micro-
frustum-arrays structure (60 pmx60 pumx39 pum with
interval of 60 um).

Fabrication of micro-frustum-arrays structure PDMS (mf-
PDMS) films

The mixture of PDMS and curing agent (10:1) was stirred
for 20 min and degassed in vacuum for 20 min to remove
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the bubbles. The 100 nm Al film was sputtered on the Si
mold, and then the PDMS mixture was spin-coated onto
the Si template and solidified at 80°C for 30 min. The Si
template (with PDMS film) was immersed in hydro-
chloric acid solution and ultrasonicated for 30 min to get
an mf-PDMS film.

Fabrication of P(VDF-TrFE) nanofibers

The P(VDEF-TrFE) polymer (1.8 g), DMF (4 mL) and
acetone (6 mL) were added into a beaker, and stirred at
room temperature for 6 h. The P(VDE-TrFE) nanofibers
were fabricated by electrostatic spinning process with an
applied voltage of 10 kV and —1.5kV, collector-nozzle
distance of 20 cm, and feeding speed of 0.15 mm min '
under the ambient environment.

Fabrication of TENG self-powered tactile sensor

The P(VDEF-TrFE) nanofibers were directly deposited on
the mf-PDMS film (as the top friction layer, 15 mmx
15 mmx0.13 mm) by electrostatic spinning process. The
200 nm Cu was sputtered onto the back of the top friction
layer as the top electrode. Then 200 nm Cu was sputtered
onto another mf-PDMS (20 mmx18 mmx0.13 mm) film
surface to obtain mf-Cu as bottom triboelectric layer and

simultaneously bottom electrode. To keep the flexibility
of the sensor, the conductive fabric was connected with
two Cu electrode layers, respectively. A spacer layer (50
pum) with hollow structure was placed between the two
mf-PDMS films to form a cavity structure. The top mf-
PDMS film, spacer layer and bottom mf-PDMS film were
stacked in order and then covered by the pure PDMS
film.

Characterization

The sample surface morphology was characterized by
scanning electron microscopy (SEM, ZEISS EVO18, Carl
Zeiss Jena, Germany). X-ray diffraction (XRD) analysis
was carried out using the X-ray diffractometer DX-2700X
(Dandong fangyuan instrument co. LTD, China). The
output voltage and current were measured with 2611B
Source Meter test system (KEITHLET).

RESULTS AND DISCUSSION

Fig. 1a shows the fabrication process of the TENG-based
flexible sensor. The Si template with uniform micro-
frustum-arrays structure was prepared by MEMS manu-
facturing technology. Al was deposited on the Si template
by magnetron sputtering and then PDMS was spin-coated

MEMS

Si template with micro-

Si wafer with SiO.
2 frustum-arrays structure

Spacer (15 mmx15 mmx0.13 mm)

Cu

Stack together
with spacer

, P(VDF-TIFE)
m-PDMS

Spin coating

a
technology PDMS
—) —)

\ Magnetron sputteringl

20 mmx=18 mmx0.13 mm

Peel off
—)

PDMS film with micro-

Solidification frustum-arrays structure

Magnetron sputtering
and electrospinning

AAAAA
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Figure 1 (a) Schematic illustration of the fabrication process for the flexible mf-PDMS based TENG sensor; (b) SEM image of the mf-PDMS film;

(c, d) SEM images of the mf-PDMS film with P(VDF-TrFE) nanofibers.
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onto the Si mold and solidified at 80°C for 30 min. The Si
mold with PDMS was immersed in hydrochloric acid
solution and ultrasonicated for 30 min to easily peel off
the entire mf-PDMS film (60 pmx60 umx39 um at in-
tervals of 60 um) without any adhesion to the Si mold.
Fig. 1b shows the SEM image of mf-PDMS film. Cu film
was deposited on the back of mf-PDMS (15 mmx15 mm
x0.13 mm) as electrode and the P(VDE-TrFE) nanofibers
were directly deposited on the front of its surface for
5 min, which aim to reduce the adhesion between two
triboelectric layers and increase the linearity of sensor.
The mf-PDMS thin film (15 mmx15 mmx0.13 mm)
served as one triboelectric layer. Fig. 1c, d show the SEM
images of mf-PDMS film with P(VDF-TrFE) nanofibers.
Cu film (200 nm) was deposited on another mf-PDMS
(20 mmx18 mmx0.13 mm) film surface to obtain mf-Cu
as another triboelectric layer and simultaneously elec-
trode. The spacer layer (50 um) with hollow structure was
placed between the two mf-PDMS films to form a cavity
structure, leading to the perfect implementation of con-
tact-separation process.

Here, PDMS was chosen due to its outstanding ability
of gaining electrons and excellent flexibility. Employing
PDMS as the main body and MEMS technology as the

preparation process, the sensor presents the character-
istics of ultra-thin (0.56 mm), small size (the same size as
50 cents coin), excellent flexibility (bent nearly 180°) and
super-light (0.155 g) (Fig. 2a-c and Fig. Sla). These
characteristics make it possible for the TENG-based
sensor to be easily attached onto human skin or soft
fabrics for gesture detection, health assessment and so on.

Fig. 2d illustrates the operating principle of TENG-
based sensor. At the original state, two triboelectric layers
separate from each other and the sensor shows electrically
neutral state without charges. When mf-PDMS and mf-
Cu come into contact and rub with each other by external
force, the opposite surface charges with equal amounts
are distributed on the contact surface of two triboelectric
layers due to the triboelectric effect. According to the
triboelectric series, electrons transfer from mf-Cu to mf-
PDMS, which causes the negative charges to accumulate
on mf-PDMS surface and the positive charges to accu-
mulate on mf-Cu surface. When the external force is
released, the electrons will flow from the Cu electrode to
the mf-Cu electrode through external load to keep the
electrostatic neutral state. Finally, the upper PDMS film is
completely restored to the initial state and the sensor
shows the electrostatic neutral state. When the external

Pressing
Released Pressed
me o m
- PDMS - Cu - Spacer layer

Figure 2 (a-c) Photographs of TENG show the thickness of 0.56 mm, small size and excellent flexibility; (d) the electrical signals generation

mechanism of TENG.
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force is applied to the TENG sensor again, the electro-
static equilibrium is disrupted and electrons will flow
from mf-Cu electrode to Cu electrode through the ex-
ternal load. Hence, under continuous compressing and
releasing, the sensor can generate alternating electrical
signals, which match with the external force. In the open-
circuit condition, the open-circuit voltage Vyc can be
expressed as [30]

Voc = 0x(t) / &4, ey
where ¢, is the relative dielectric constant of the cavity, o
is the triboelectric charge density and x(t) is the distance
of the two triboelectric layers. According to the Hooker’s
Law, the deformation of PDMS film is proportional to the
applied external force [20]. Thus, the V¢ can also be
denoted as

(Voco™ Vo) / Voc = [x(0) =x()]/ x(0) = SP/ [kx(0)], (2)

where S is the effective contact area of the two friction
layers, P is the applied pressure and k is the elastic
property of the material of the flexible TENG pressure
Ssensor.
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The Vi is related to the charge density, and the charge
density depends on the choice of friction materials and
the specific surface area of friction layer. Cu and PDMS
are located at opposite ends of triboelectric series,
showing excellent capacity of losing and gaining elec-
trons. In terms of surface morphology, the previous study
about TENG has investigated the output performance
with different micro-structured films, and the output
follows the following relationship: film < line < cube <
pyramid [31]. However, they did not study the output
performance under the micro-frustum-arrays structure.
Here, the home-made test system (Fig. S2a) was designed
to investigate the output performance of TENG-based
sensor with micro-pyramid-arrays PDMS (mp-PDMS,
the SEM image was shown in Fig. S1b), mf-PDMS
without P(VDF-TrFE) nanofibers and mf-PDMS with
P(VDF-TrFE) nanofibers.

As shown in Fig. 3a, b, the results present the output
under different surface patterns: mp-PDMS with P(VDF-
TrFE) nanofibers < mf-PDMS with P(VDF-TrFE) nano-
fibers ~ mf-PDMS without P(VDF-TrFE) nanofibers, and
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Figure 3 (a, b) The open-circuit voltage and short-circuit current output of the TENG with different micro structures of the triboelectric layer under
applied pressure of 10 kPa. (¢, d) The open-circuit voltage and short-circuit current output of the TENG with different spacer thicknesses under

applied pressure of 20 kPa.
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the outputs reach up to 1.2 V, 7.6 nA; 2.6 V, 18.4 nA and
2.7V, 18.2 nA, respectively. The micro-frustum-arrays
structure facilitates the process of triboelectrification than
micro-pyramid-arrays structure. The P(VDEF-TrFE)
nanofibers have no obvious effect on the output perfor-
mance. In other words, the micro-frustum-arrays struc-
ture helps improve the sensitivity of TENG-based sensor.
In addition, it is also necessary to investigate the influence
of spacer thickness on the output performance. As shown
in Fig. 3¢, d and Fig. S2b, ¢, as the spacer thickness in-
creases, the output voltage/current shows a trend of in-
creasing first and then decreasing. And the voltage/
current output reaches the maximum when the spacer
thickness is 50 um. However, the Equation (1) presents
the Vi is positively correlated with the spacer thickness.
The reason for the difference is that the TENG sensor is
no longer equivalent to a plane-parallel capacitor with the
spacer thickness increasing [30]. Therefore, the optimal
spacer thickness was selected as 50 pm.

Sensitivity and linearity are two important factors for
sensor performance. Fig. 4a, ¢ show the open-circuit
voltage and short-circuit current of TENG with P(VDEF-
TrFE) nanofibers at different forces from 0 Pa to 900 kPa.
Fig. 4b, d show the peak-to-peak voltage/current variation
with different input forces and the sensor sensitivity
reaches up 2.97V kPa ' in the low-pressure region
(S=AV/AP). Moreover, the R is 0.99231 and 0.93721 in

25

the region 1 and region 2 of voltage, respectively, and
0.98665 and 0.89776 in the region 1 and region 2 of
current, respectively. As shown in Fig. 3a, P(VDF-TrFE)
has no significant improvement on the output of TENG.
To confirm the influence of the P(VDF-TrFE), we further
operated the linear test of TENG without P(VDF-TrFE)
nanofibers at different forces from 0Pa to 550 kPa
(Fig. S3a, c). As shown in Fig. S3b, d, compared with the
sensor with P(VDF-TrFE) nanofibers, the sensor without
P(VDE-TrFE) nanofibers has smaller linearity
(R°=0.85188 of voltage and R’=0.94626 of current).
Therefore, the P(VDF-TrFE) nanofibers can effectively
improve the linearity of TENG sensor due to the reduced
viscosity between the two friction layers. Since the
P(VDE-TrFE) nanofibers were directly deposited on the
mf-PDMS surface and the thickness was much smaller
than the PDMS thickness, the surface morphology would
not change significantly and thus the spinning time
would not affect the sensor output performance. The
voltage and current output variation of the sensor with
P(VDE-TrFE) nanofibers show two linear regions. The
amount of charges generated by the triboelectrification
has been determined by the friction materials and the
surface morphology. If we define the L as the increase of
effective contact area under per unit force. Then, in the
low region (region 1), the L shows great changes; in the
high region (region 2), the changes of L are very small as
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Figure 4 The output of the TENG under different pressures. (a) The open-circuit voltage; (b) the linear fitting analysis of peak-to-peak open-circuit
voltage; (c) the short-circuit current; (d) the linear fitting analysis of peak-to-peak short-circuit current.
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the distance of two friction layers tends to be zero. Hence,
there is no more effective friction to generate new charges
and the Vyc/Is tends to saturate in the region 2. More-
over, the PDMS film also has two linear regions in the
stress-strain responses (easier to deform under low force
region).

The TENG device as self-powered tactile sensor can
directly generate voltage or current output through de-
formation of two triboelectric layers [32,33]. With such
high sensitivity, our flexible TENG can detect the external
pressure as small as the weight of a drop of water (~4 Pa

and 35 mg, Fig. 5a, b and Movie S1). As shown in the
enlarged graph of Fig. 5b, the obtained curves have si-
milar shapes and characteristics. In Fig. 5¢, the sensor was
applied with force by the empty capsule (96 mg) for the
loading and unloading process and the response voltage
signal curves are shown in Fig. 5d. These results prove
that the as-prepared sensor presents high sensitivity and
great repeatability. The signal of the sensor represents a
sharp peak instead of a smooth state curve and demon-
strates fast response and no hysteresis during fast loading
and unloading process. Fig. S4 presents the response time
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Figure 5 Electronic performance of the TENG tactile sensor induced by (a, b) drops of water (~4 Pa in pressure, 35 mg) and (c, d) empty capsule (96
mg) as the loading and unloading process. (e) Measurement of the frequency characteristics of the TENG tactile sensor using a linear motor to apply
stable force with different frequencies (1 and 3 HZ, respectively). (f) The stability test for pressure sensing of the TENG pressure sensor continuously
loads and unloads for 40,000 cycles. The open-circuit voltage was measured after every 10,000 cycles. The insets are the enlarged graph at the
beginning and 40,000 cycles data. (g, h) The SEM images of mf-Cu film before and after cyclic test, respectively.
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Figure 6 Application of the flexible TENG pressure sensor as an active sensor on the human body. (a) TENG placed on the finger and the open-
circuit output voltage measured at different bending angles 45°/90°/180°. (b) TENG integrated with a wrist and the open-circuit output voltage
measured at different bending angles 45°/90°. (c) TENG integrated with an elbow and the open-circuit output voltage measured at different bending

angles 45°/90°.

of TENG is 60 ms at 1 Hz. By virtue of the fast response
time, the frequency response test was measured showing
no obviously decrease from 1 to 3 Hz (Fig. 5e).

As a flexible wearable sensor, the TENG self-powered
sensor needs to release stable signals under a variety of
prolonged and repeated tactile stimuli. The stability of the
developed sensor was tested under repeated load/unload
of a constant force, and the data was recorded after every
10,000 cycles. Fig. 5f shows that the sensor has excellent
stability even after 40,000 cycles, and the inset shows the
enlarged graphs of the initial state and after 40,000 cycles.
Fig. 5g, h present the SEM images of mf-Cu film before
and after the cycle test, indicating that the surface mi-
crostructure has no significant change. These results re-
veal that the flexible TENG tactile sensor exhibits great
repeatability, stability, durability and fast response. In
summary, the high sensitivity and stability of the tactile
sensor can be attributed to the PDMS films with uniform
micro-frustum-arrays structure, electrospun P(VDEF-
TrFE) nanofibers and a spacer layer with suitable thick-
ness between the two friction layers.

Considering the excellent electrical and mechanical
features of the TENG-based sensor, it can be attached to
the joints of human body to monitor human body
movements for gesture detection [34]. When the joint is
bent, the motion causes the relative pressure between the
two triboelectric layers and generates the electrical signal
output. As shown in Fig. 6a, the flexible TENG was at-
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tached to latex gloves and bent at different holding angles.
With 45°/90°/180° of finger bending angle, the output
voltage is about 0.2/0.5/0.9 V (Movie S2 of 180°). The
possibility of the TENG to detect and distinguish between
different movements of the wrist and elbow was also
investigated. As shown in Fig. 6b, the flexible TENG
sensor was attached to the latex glove on the wrist to
measure the output voltage at various wrist bending an-
gles. With 45°/90° bending angles of wrist, the voltage is
approximately 0.2/0.5V (Movies S3 of 90°). Likewise,
Fig. 6¢ shows the output performance of the elbow flexion
angles measured by the TENG incorporated in the elbow
brackets. With an elbow bending angle of 45°/90°, the
output voltage is approximately 1.7/3.4 V (Movies S4 of
90°). The TENG can clearly distinguish the different
bending angles of different joints and shows great po-
tential in body posture detection. Consequently, our
flexible TENG tactile sensor can be used as real-time self-
powered sensor in the field of gesture detection, patient
rehabilitation and human-machine interfaces.

CONCLUSIONS

In this study, a TENG-based flexible tactile sensor com-
posed of mf-PDMS/Cu films, P(VDF-TrFE) nanofibers
and a spacer has been successfully fabricated with ex-
cellent flexibility, high-sensitivity and high stability. The
50 um spacer layer was placed on the middle of two
friction layers to ensure the sensor working in contact-
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separation mode. These unique physical structure prop-
erties lead to an excellent electrical performance of high
sensitivity (2.97 V kPa '), good stability (over 40,000 cy-
cles), fast response (60 ms at 1 Hz), low detection pres-
sure (a water drop ~4 Pa, 35 mg) and good linearity
(0.99231 in low pressure region). The high sensitivity and
good linearity are due to the micro-frustum-structure and
P(VDE-TrFE) nanofibers, respectively. Furthermore, the
self-powered flexible tactile sensor could be easily at-
tached on various wearable clothes or human skin due to
the PDMS as main body and detect different types of the
body motion, promising the huge applications in personal
healthcare and human-machine interfaces.
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