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Flexible and stretchable triboelectric nanogenerator (FS-TENG) is an excellent candidate of energy har-
vesters and tactile sensors aswhich can collect and induce electrical signals during daily activities and thus
for self-powering wearable electronics. Here, ultrathin, soft, skin-integrated self-powering sensors based
on FS-TENGs with sets of materials of porous poly(dimethylsiloxane) foam and advanced serpentine silver
nanowires are reported to applicate TENG in high-sensitive humanemachine interfaces. Systematically,
studies of morphology and microstructures in the foam-based FS-TENGs indicate that appropriately
designed thin foam triboelectric layers can effectively facile electrostatic induction and significantly
enhance the electrical output signals. As a result, an open circuit voltage and a power density as high as
78.7 V and 33.75 W/m2 can be achieved, that is 20 times greater than the pure silicone-based FS-TENGs.
Demonstrations of these FS-TENGs with the simple processing routes that associate with 24 sensors in-
tegrated on a glove and a large area 8 � 8 tactile sensor array highlight the capabilities of self-powering
sensing and energy harvesting. These results offer an effective approach for thin, light wearable self-
powering electronics for applications in healthcare monitoring and human-machine interfaces.

© 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Triboelectric nanogenerators (TENGs) can effectively convert
mechanical energy into electrical energy, which have attracted
enormous interest in the fields of wearable electronics owing to
their ubiquity, sustainability, and adaptability and thus can act as
energy harvesters and tactile sensors [1e7]. In the TENGs, electrical
energies are achieved by the coupling effects of contact tribo-
electrification and electrostatic induction, where the tribo-
electrification is typically a physical contact of two materials with
different polarity for inducing electrification, and the electrostatic
induction associates with charges collection in electrodes from
friction layers [8,9]. Since the first report of TENGs as a cost-
effective technology for energy harvesting by Z. Wang et al. [10],
diverse studies including material selection [5,11e14], structural
u@cityu.edu.hk (X. Yu).
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design [6,15e18], and processing methods [19e21] have been re-
ported to realize high-performance TENGs. Previous studies shown
that the functional groups on the main chains of the polymers are
usually used as the friction layer to define the polarity and density
of the triboelectric charges [14]. For example, by tuning the func-
tional groups and chemical structure of the triboelectric polymer
via high-flux ion irradiation technology, the electron-donating
ability and the surface triboelectric charge density of the polymer
are significantly improved, accompanied by the unchanged surface
roughness and mechanical properties [18]. Besides polymers, two-
dimensional materials such as graphene also have excellent per-
formance in TENGs and can be used in the field of biomedical and
wearable devices due to the prominent photoelectric properties
including optical transparency, mechanical flexibility, chemical
inertness, and so on [22e25]. Recent advances of materials and
devices in flexible and stretchable TENGs (FS-TENGs) have also
shown their potential in flexible electronics for self-powering
healthcare monitoring, implantable medical instrumentation and
wearable humanemachine interfaces [26e34].
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Among various materials used for friction layers, poly(-
dimethylsiloxane) (PDMS) is an ideal candidate for FS-TENGs due to
its advantages of flexible, scalable, easy processing, and good
electronegativity [35e38]. To satisfy the needs of energy supply
and tactile sensing in the various kinds of applications, several
effective methods have been adopted to improve the output char-
acteristics of PDMS-based FS-TENGs. Enlarging the triboelectric
contact area is a direct and effective strategy to increase the density
of surface charges and electrical outputs in TENGs, which are
typically realized by increasing the surface roughness of the friction
layers via constructing micro/nanostructures [39e42]. For instance,
N. Vittayakorn et al. reported using cold compression solid salt to
create rough surface of PDMS in macroscopic scale [40]. G. Song
et al. presented the formation of crumpled surface via releasing the
prestretched soft friction layer [42]. J. Yu et al. employed rough
textile as a ‘mask’ to form nanostructured Au particles for
enhancing the friction area in TENGs [43]. To better control the
morphology of the rough surface, photolithography and physical
demolding are the two commonly used methods. The most re-
ported way to create microstructures is pouring PDMS onto a 3D-
printed mold or a photo-defined Si mold and then detaching after
curing [44,45].

On the other hand, the electrostatic induction also determines
the output characteristics in TENGs. The pair of dielectric layer and
the electrode can be regarded as a plate-panel capacitor [3,8]. As it
is well known, the amount of charge in a capacitor is positively
proportional to the area and negatively proportional to the distance
between the top plate and bottom plate. Therefore, reducing the
thickness of the dielectric layer is another way to enhance the
output performance of TENGs. However, ultrathin dielectric layers
would also cause the voltage break down that may fail to collect the
triboelectric induced charges. Therefore, adopting a thickness
tunable dielectric layer, such as a sponge-structure would be a
feasible way for high-performance TENGs, whichmay provide great
possibility for self-powered sensors and energy harvesters [25]. The
intrinsically soft nature of the sponge-structured thin films offers
advantages for wearable electronics, while the existence of porous
in the sponge materials also makes them to be more sensitive to
external pressure. The question arises whether we can utilize these
advantages of sponge-structured materials to realize ultrathin
triboelectric layers for wearable sensors and energy harvesters.

In this article, we present material designs, structural optimi-
zations, and integration schemes for an approach that exploits a
sponge-structured PDMS foam by a facile and scalable fabrication
method to serve as the triboelectric layer in FS-TENGs for thin, skin-
integrated sensors and energy harvesters. Experimental in-
vestigations reveal that the PDMS foam can be easily realized by
blade-coating PDMS and NaCl blend and soaking in hot water. The
spatial distribution of the porous in the PDMS foam allows the
corresponding FS-TENGs exhibiting a high open circuit (OC) voltage
of ~80 V and output power density of 32.5 W/m2, that is 20 times
greater that of the pure PDMS filmebased FS-TENGs. The resulted
FS-TENGs not only offer great capabilities for wearable energy
harvesters that can convert body motion-induced mechanical en-
ergy to electricity but also allow sensitive tactile sensing. These
findings provide a valuable pathway for self-powered wearable
electronics with relevance to a wide range of applications in green
energy and humanemachine interfaces.

2. Experimental section

2.1. Fabrication of PDMS foam

The PDMS foam was fabricated by the following procedures.
Normal sodium chloride (NaCl) purchased from a supermarket was
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grinded by a mortar and then filtered with 100 mesh and 200 mesh
filters to obtain NaCl microparticles in the grain size ranging from
80 to 180 mm. At the same time, 5.0 g PDMS prepolymer (Sylgard
184, Dow Corning Corporation) and 1.0 g curing agent were mixed
together to prepare the PDMS silicone. After removing air bubbles
in the PDMS precursor by using a vacuum pump, controlled mass of
NaCl microparticles were added to the precursor to form the
PDMS@NaCl suspension that would result in different sponge
structures in the foams. Then, the suspension was stirred at
1000 rpm for 30 min to uniformly disperse NaCl particles in the
PDMS precursor. Then, PDMS@NaCl suspension was blade-coated
onto a PI or glass substrate and then cured in an oven at 70 �C for
10 hrs. Next, the cured PDMS@NaCl composite was soaked in 80 �C
hot water to remove NaCl microparticles. As shown in Fig. S1, salt
precipitated on the surface of the PDMS foam during the bathing
process, and washing salt on the surface and changing clean water
were needed every 6 h for four cycles. Finally, drying the PDMS in
an oven at 70 �C for 3 hrs allowed the formation of the PDMS foam
with a thickness of 300 mm.

2.2. Assemble of PDMS foam-based flexible and stretchable
triboelectric nanogenerators

The assembling process started on a PI-coated glass substrate.
First, PDMS (with a cross-link ratio of 30:1) was poured on the PI
and then cured in an oven at 100 �C for 3 h to form a 100 mm thick
stretchable substrate for FS-TENGs. Secondly, sliver nanowires (Ag
NWs) in ethanol solutionwere spray-coated on the PDMS substrate
with the assistance of laser cut steel mask to form electrode pat-
terns and interconnects. To avoid the agglomeration of the Ag NWs,
the PDMS substrate was pretreated by UV-ozone for 10 min before
spray-coating. And more detailed experimental information of the
spray-coating method can be found in our recent published work
[46]. Finally, the Ag NWecoated PDMS substrate was peeled off
from the PI/glass substrate and then attached to the PDMS foam
face by face, following by a post-annealing on a hotplate at 85 �C for
10 min to enhance the adhesion.

2.3. Characterizations of PDMS foam and related triboelectric
nanogenerators

The cross-sectional scanning electron microscopy (SEM) images
and the element analysis of PDMS foams were performed by a field
emission SEM (FEI Quanta 450 FEG SEM). The surface morphologies
and roughness of the PDMS foam were characterized by an optical
surface profiler (OSP, Veeco/Wyko NT9300) with the view field of
3.21 mm � 2.5 mm. The OC voltage of the FS-TENGs was measured
by a data acquisition multimeter (Keithley 6510, sampling rate of
1 kHz) with internal resistance of 1 MU. Short circuit (SC) current of
the FS-TENGs was calculated from the voltageeresistance rela-
tionship. A resistor was connected in series with the testing FS-
TENG, where the voltage was measured by a PowerLab data
acquisition (PL3516/P PowerLab 16/35, AD Instruments, sampling
rate of 10 kHz). The OC voltage of the tactile glove and the large
tactile sensor array were collected by the PowerLab data acquisition
also.

3. Results and discussion

3.1. Structure of PDMS foam

The schematic illustrations of the fabrication process of the
PDMS foam and the corresponding layout of the FS-TENG are
shown in Fig. 1(a). The fabrication can be described in four steps:
mixing PDMS precursor with NaCl microparticles; forming foam



Fig. 1. (a) Schematic illustrations of the fabrication process of the PDMS foam and the flexible and stretchable triboelectric nanogenerator. (b) Optical images of a thin PDMS foam
under different mechanical deformations including (I) bending, (II) folding, (III) stretching, and (IV) twisting. (c) Cross-sectional SEM images of a PDMS foam and two magnified
images. (d) Energy-dispersive spectrum mapping of Si, O, and Na elements for the PDMS foam with a scale bar of 200 mm, where the Si and O reveals the elements in PDMS, while
Na origins from the NaCl microparticles. (e) Top-view SEM images of the Ag nanowires on a PDMS substrate and the corresponding magnified SEM image. (f) 3D optical surface
profile images of (I) Foam-1, (II) Foam-2, and (III) Foam-3. The scanning area is 3.21 mm � 2.50 mm, and the unit of surface roughness is micrometer.
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structured thin film; spray-coating Ag NWs electrodes and in-
terconnects; assembling FS-TENGs. The FS-TENGs adopt single-
electrode working mode, where the top foam (0.3 mm) serves as
the frication layer, Ag NWs (200 nm) serves as the conductive
electrode, and the bottom thin PDMS layer (0.2 mm) serves as the
flexible substrate to support the whole device. During the fabrica-
tion process, appropriate amount of NaCl microparticles adding
into the PDMS precursor allows forming viscous composites that
are used for realizing scalable PDMS foams by blade-coating
technic. Carefully control the blend ratio between PDMS precur-
sor and NaCl particles is the key to realize high-quality thin foams.
Since mixing overdose amount of NaCl could dramatically increase
the viscosity of the PDMS@NaCl suspension and thus causes diffi-
culties for performing the blade-coating procedure. Soaking the
cured composite in hot water for few hours would allow NaCl
partially dissolving and resulting in inducing NaCl precipitations on
3

the surface of the PDMS foam and then completely dissolving
(Fig. S1). The thin and lightweight natures of the PDMS foam and
the final FS-TENG devicewith final thickness of 0.3 mm and 0.5 mm
provide great potential for wearable and portable electronics.
Furthermore, the intrinsically flexible and stretchable natures of
the PDMS foam enable the resulted FS-TENGs exhibiting superior
mechanical properties that can be withstand various mechanical
deformations in practical applications, such as bending, stretching,
and twisting (Fig. 2(b)). Comparing with the solid PDMS thin layer
without any sponge structures, the PDMS foam can inherit much
greater strains due to the three-dimensional interconnected
structures of the foam (Fig. S2).

Fig. 1(c) shows the cross-sectional SEM images of the PDMS,
where the porous structures can be clearly observed. The average
pore size calculated by an imaging processing software Image J
reveals is in well agreement with the size of the added NaCl



Fig. 2. The output electrical performance of various triboelectric nanogenerators (TENGs) in this work. The size is the same of 8 mm� 8 mm � 0.5 mm for all devices. (a) OC voltage,
(b) SC current of TENGs based on pure PDMS film and PDMS@NaCl composite film as friction layers under cycled tapping force of 10 N. (c) Schematic illustrations of the operating
principle of the foam-based TENG in a short circuit condition. (I) Contact state. There is no charge transfer. (II) Pressing state. A forward current is generated at this time to overcome
the voltage potential. (III) Pressed state. It is in electric neutralization state. (IV) Releasing state. A reverse current is generated at this time to overcome the voltage potential. (V)
Released state. End of charge transferring. (d) OC voltage and (e) SC current of the foam-based TENG under cycled taping force of 10 N. (f) OC Voltage and (g) SC current of TENG-F2
(the champion performance device) under different cycled tapping force. The OC voltage of TENG-F2 under various mechanical deformations, including (h) bending, (i) folding, (j)
stretching, and (k) twisting, respectively.

M. Wu, Z. Gao, K. Yao et al. Materials Today Energy 20 (2021) 100657
particles, that indicates well dissolving behaviors of the NaCl and
proves the feasibility of this salt-template-based method for foam
formation. Furthermore, the sectional-view porosity of foams is
estimated by their SEM images, and the results show that porosity
increases with the mixed ratio of NaCl (Table S1). However, some
transparent NaCl particles did not dissolve in Foam-3 that cannot
4

be identified by Image J, so the porosity results cannot completely
equivalent to the foams' compressibility. The energy-dispersive
spectrum (EDS) mapping images of Si and O elements (Fig. 1(d))
reveal the uniform distributions of the PDMS, while the empty
areas correspond to the pores in the foam. The EDS mapping also
shows the existence of a small amount of Na, that indicates there
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are uncombined Naþ ions in the PDMS entity. Besides, SEM images
of PDMS foams with different porosity features were also per-
formed, as shown in Fig. S3. The foams are marked as Foam-1,
Foam-2, and Foam-3 that correspond to various mass ratios of
PDMS to NaCl as 1: 0.3, 1: 0.5 and 1:1, respectively. It is hard to
oversee any NaCl microparticles residuals in Foam-1 and Foam-2,
while a small amount of solid NaCl particles still remain in Foam-
3, which are remarkedwith red circles (Fig. S3(f)). The residual solid
NaCl would cause negative effects on the mechanical and electrical
performance of the related FS-TENGs. Therefore, adding appro-
priate amount of NaCl is very important, and here from the
experimental results we can conclude the ratio of PDMS to NaCl
should be smaller than 1:1. Fig.1(e) shows the top-view SEM and its
enlarged images of Ag NWs deposited on the PDMS substratewith a
scale bar of 10 mm. The uniformity of the pore sizes in the FS-TENGs
is good over a large scale, and the corresponding evidence can be
found in the stable electrical outputs. The Ag NWs exhibit excellent
conductivity with sheet-resistance as great as tens U/sq, which is
comparable with metallic thin electrodes deposited by physical
vapor deposition. In addition, great transparency (more than 75%)
and outstanding flexibility of the Ag NWs allow the resulted FS-
TENGs enabling to implant in wearable electronics. Fig. 1(f) and
Fig. S4 show the micro-topography images in 3D and 2D formats of
Foams-1, -2, and -3. It can be seen that the surface features of Foam-
1 and Foam-2 are homogenous, whereas the surface of Foam-3 is
very rough, which is obviously caused by the excessive NaCl par-
ticles in the suspension composites. Ag NWs serving as electrodes
via simple spray-coating technology offers great compatibility of
large area fabrication and high yields.

3.2. Electrical performance of the PDMS foam-based triboelectric
nanogenerators

To systemically study the electrical performance, FS-TENGs
based on pure PDMS, PDMS@NaCl composites and PDMS foams
with the same device size (8 mm � 8 mm � 0.5 mm) were fabri-
cated and measured. Fig. S5 shows the optical images of Ag NWs/
PDMS substrate adheres on human skin. TENG devices based on
pure PDMS layers, PDMS@NaCl composites (mass ratio of 1: 0.3, 1:
0.5 and 1: 1) and PDMS foams (Foams-1, -2, and -3) acting as
fraction layers are marked as TENG-0, TENG-C1, C2, C3, and TENG-
F1, F2, F3, respectively. Fig. 2(a) and (b) shows the plots of OC
voltage and SC current for TENG-0 and TENG-C1, C2, C3 measured
under a multiple cycled tapping mode with a force of 10 N and a
frequency of 5 Hz. TENG-0 shows the poorest performance with OC
voltage of 8.8 V and SC current of 7.6 mA. The OC voltage and SC
current values of TENG-C1, C2, C3 show obvious improvements,
corresponding to 25.8V@9.5mA, 31.6V@11.6mA and 23.4V@7.4mA,
respectively. The improvement can be attributed to the enlarged
effective friction areas induced by the NaCl particles, where the
rough PDMS surface providing more spaces for charges accumu-
lations [31,45]. TENG-C3 exhibited a lower output performance
than TENG-C2 ismainly due to the reduced compressibility induced
by the excessive NaCl particles.

The working principles of TENGs based on pure PDMS,
PDMS@NaCl composites, and foams are basically the same, while
the only difference is the friction layers [47,48]. The schematic di-
agram of the foam-based TENG in SC condition is shown in Fig. 2(c),
where the PDMS foam (used as triboelectric layer 1) is rubbed by a
rubber glove (used as triboelectric layer 2). In the beginning
(Fig. 2(c)(I)), the PDMS foam and the rubber contact with each
other, and the contact area generates oppositely static tribo-
charges. Since PDMS exhibits a stronger property of triboelectric
negative than rubber, PDMS is negatively charged, and rubber is
positively charged [49,50]. At this time, the contact electrification
5

causes the TENG in electrical equilibrium and therefore no charge
transfers happen. When the PDMS foam is pressed by the rubber,
the amount of tribo-charges generated on the inner surface in-
creases as the increase of effective friction area (Fig. 2(c)(II)). Metal
electrode induces positive charges from the foam layer due to the
electrostatic induction, leading to a potential difference forms be-
tween Ag NWs electrode and the ground electrode. To maintain the
charge balance, electrons transfer from ground to Ag NWs side,
generating a forward OC current. Electron transfer stops until the
potential difference is eliminated (Fig. 2(c)(III)). Similar to state II,
when the rubber starts to separate from the foam, potential dif-
ference would be induced again as shown in Fig. 2(c)(IV). Once the
separation distance is far enough, tribo-charges in the rubber glove
would release to the ground, and TENG realizes the electrical bal-
ance because the tribo-charges in PDMS foam and induction
charges in Ag NWs are neutralized.

Given all that, the improved performance is attributed to two
factors: (1) the increased contact surface and (2) the increase of the
capacitance. As it is well known, elastic modulus of a solid material
decreases in its porous format, indicating the foams are more
flexible or stretchable [25]. Under the same pressing force by a
finger, the PDMS foam film possesses larger contact area (S) and
thinner thickness (d) than the solid state pure PDMS film, that
could also increase the capacitance value as effective value S/d in-
creases. So, comparing to a pure PDMS layer, the foam-based PDMS
not only has a rougher surface but also owns a complicated 3D
interconnected networks inside, which can increase contact area
and capacitance and thus boost the output performance signifi-
cantly. The rough surface enlarges the effective friction area, so that
the amount of tribo-charges increases, resulting in higher electrical
outputs. Experimental results of outputs in TENGs C1-3 and TENG-
0 proved this point. Furthermore, when the same external
compress force is applied, the larger deformation in PDMS foam can
be created than that in dense PDMS film and in PDMS@NaCl
composite film and thus leads to higher concentration of induced
charges. Taking these two factors into account, the electrical per-
formance of the foam-based TENGs can be further boosted.

The experimental results of the foam-based TENGs in Fig. 2(d)
and (e) prove the statement we discussed above. The OC voltage
and SC current are increased to 66.4V@16.6mA, 78.7V@26.5mA and
51.5V@20.5mA for TENG-F1, F2, and F3, respectively. Note, these
values are several times greater than that of the values in the
composite-based TENGs C1, C2, and C3. It is worth to mention that
both positive and negative current are basically the same in TENG-
0 with pure PDMS film, while the positive current is much greater
than the negative current in TENGs with foam structures. This can
be explained as the rate of deformation affects the output electrical
performance. When pressing, foam reaches the maximum defor-
mation and thinnest thickness in a short time. However, it takes
longer time to recover to its original shape due to the inertance and
therefore leads to a smaller induced current that of pressing
induced. In addition, we used rubber to contact with Ag NWs
directly and found that there was also electrical output generated,
which can be explained as the conductor-to-dielectric contact-
mode in single-electrode TENGs. However, the difference in fric-
tional electrical polarity between Ag NWs and the rubber is much
smaller that of PDMS and rubber. Therefore, the former's open-
circuit voltage and short-circuit current are much lower than the
latter. The electrical output performance of TENGs with Ag NWs as
friction layer can be found in Fig. S6.

Among all devices, TENG-F2 shows the best performance among
all foam-based devices, with the power density as high as 32.6 W/
m2, which is much greater that of TENG-F1 of 18.3W/m2 and TENG-
F3 of 15.3 W/m2. The power density for TENG-0 and TENG-C2 is
only 1.0 W/m2 and 5.7W/m2. Based on the champion device TENG-
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F2, we also studied the relationships of the electrical performance
to the applied force and frequencies, as which are important in-
dexes for energy harvesters [25,40,51]. Fig. 2(f), (g) and Fig. S7 show
the output performance of TENG-F2 under various tapping force
(1 N, 3 N, 5 N and 10 N) and tapping frequencies (2 Hz, 3 Hz, and
6 Hz). These results clearly demonstrate that electrical outputs
increase with the increased tapping force. Specifically, 10 N force
can induce an OC voltage of ~80 V and a SC current of ~26 mA, while
1 N force can result an OC voltage of ~30 V and a SC current of
~12 mA. The relationship between electrical output and tapping
frequency can be found in Fig. S8, demonstrating that both OC
voltage and SC current became larger as the frequency increased
from 2 Hz to 6Hz. However, the effect of external force on output
performance show greater influence than the tapping frequency.
These results indicate the application potential of PDMS foam-
based TENGs for ultrasensitive tactile sensing, since even tiny force
can induce obvious voltage outputs. So, it is essential to study the
mechanical properties of the devices and evaluate the flexibility
and stretchability. Fig. 2(h)e(k) show the photographs and output
voltage of the TENG-F2 under various mechanical deformations
including (h) bending, (i) folding, (j) stretching, (k) and twisting,
respectively. It is worth to mention that the device was cyclically
stretched to as great as 60% of the original deformation through
linear servo moto. However, this may damage the integrity and
connectivity of the Ag NWs, leading to a little decrease in con-
ductivity of Ag NWs and electrical output of the TENG as shown in
Fig. 2(j). The corresponding results show the foam-based TENG
devices can withstand various deformations and exhibit stable
electrical outputs. Therefore, the foam-based FS-TENGs can not
only serve as high-performance energy harvester to drive wearable
and portable electronic devices but also can be used as sensitive
tactile sensors. However, environmental parameters including
temperature and humidity exhibit significant influence of TENGs in
actual applications [52]. The thermal energy of the friction material
increases at high temperature so that the tribo-electrons would
Fig. 3. The application of the foam-based TENGs as self-powered shoe-pads for motion moni
The OC voltage of the device wear on (d,g) heel, (e,h) midfoot, and (f,j) forefoot in walking
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escape from the electron-cloud potential-well to air or to the
neighbor materials, resulting in a decrease in electrical output [53].
On the other hand, humidity affects the hydrophilic material (such
as Nylon 6,6 and Kapton)-based TENGs by preventing the tribo-
electric charges transferring as well as encouraging lateral charge
dissipation [54]. These external interferences can be overcome by
materials selection, device encapsulation, and protective layer
design, depending on the specific problems needed to be solved
[52,53,55].

3.3. Applications of the PDMS foam-based triboelectric
nanogenerators

3.3.1. Self-powered shoe-pads for motion monitoring
To date, various types of wearable biosensors have been devel-

oped for continuously monitoring of individual's activities without
interrupting users [56e60]. Given the advantages of TENGs, such as
high energy conversion efficiency and light weight, expanding
TENGs for self-powering wearable healthcare system has attracted
great of attention. The walking speed, pace, and postures of a per-
son in health state and unhealthy state are different, which can be
used to identify the health status. For instance, the gait is unstable
for patients who suffer cerebral infarction or stroke due to the in-
terferences of the central nervous system [61,62]; Joints may turn
out for patients who suffer arthritis, leading to the slow-speed walk
even a zigzag step [63].

In this section, FS-TENG-based self-powered shoe-pads are
assembled for monitoring human body motions. Self-powered
shoe-pads based on the foam used in TENG-F2 with a demission
of 4 cm � 4 cm � 0.5 mm and a structure of PDMS substrate/Ag
NWs/PDMS foamwere firstly demonstrated. Three shoe-pads were
put on the volunteer's forefoot, midfoot, and heel to activities i.e.
walking and jumping. During the test, the volunteer (healthy fe-
male, 45 KG) wear cotton socks to contact with the self-powered
shoe-pads. Fig. 3 and Fig. S9 show the OC voltage and SC current
toring. Illustration schematics of shoe-pads put on (a) heel, (b)midfoot, and (c) forefoot.
mode and jumping mode, respectively.
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outputs of the shoe-pad, where we can observe the outputs were
measured to be 10 V @ 0.9 mA for those devices on heel, 3 V @ 0.2 mA
for midfoot, and 12 V @ 0.8 mA for forefoot when the volunteer was
walking. While jumping resulted in outputs of 18 V @ 1.1 mA for
heel, ~10 V @ 0.4 mA for midfoot, and ~20 V @ 1.0 mA for forefoot.
Since the outputs of the TENG-based shoe-pads were determined
by the contact areas and compression force in three potions, we can
conclude that forefoot provides the greatest force during activities,
then is the heel, and the midfoot contributes smallest force.
Furthermore, jumping inducedmuch greater electrical outputs that
is easy to understand, as jumping typically offers more energy that
of walking.
3.3.2. Tactile sensors for humanemachine interfaces
The tactile perception system in human skin allows us to feel the

materials properties of the target objects, and thus we can apply
adequate force to grab them [59,63,64]. In recent years, the
development of materials and devices to promote the progress of
flexible tactile sensors in human-machine interfaces that can
mimic human skin and build the sensitive robot skin is an impor-
tant area [65e67]. Here, self-powered tactile sensors are realized
based on the foam-based TENGs. Fig. 4(a) shows the schematic
diagram of a TENG-F2-based tactile sensor with a size of
1 cm� 1 cm � 0.5 mm, where the thickness of the PDMS substrate,
Ag NWs and PDMS-F2 are 0.2 mm, 200 nm, and 0.3 mm, respec-
tively. Fig. 4(b) and Fig. S10 present the optical images of the spiral
type Ag NW-based electrode, as which can offer better mechanical
properties and contact behaviors. The maximum diameter and the
Fig. 4. The application of the foam-based TENGs as sensors for a tactile glove. (a) Schematic
(b) Optical image of a spiral-shaped Ag NWs electrode used in tactile sensor, where the dia
diagram of the tactile glove. (d) The optical image of the tactile glove. A representative sire o
(h), (i), and (j) are the related tactile sensing results plotting with 3D histogram. (k), (l), an
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width of the spiral-type electrode are 1 cm and 1 mm, respectively.
To obtain adequate tactile information, we adopted a simple
method to fabricate scalable tactile gloves that associated with
directly mounting 24 sensors on the different locations of a glove.
The distribution of these sensors and the photography of the tactile
glove are shown in Fig. 4(c) and (d). According to the spatial loca-
tion, 24 sensors are divided into fingertip zone (marked with red,
sensors No. 1e6), finger pad zone (marked with blue, sensors No.
7e12), hand edge zone (marked with yellow, sensors No. 13e17),
and palm zone (marked with green, sensors No. 18e24). Three
common objects with different shapes and materials properties
were grabbed by the glove. Fig. 4(e)e(g) show the optical images of
grabbing a knife, a mouse, and a copper coil by the tactile glove, and
the related tactile information is plotted in Fig. 4(h)e(j). It can be
seen that when holding the knife, the output voltage values of
sensors No.1 (V ¼ 74.8 mV), No. 3 (V ¼ 65.9 mV), No. 9
(V ¼ 67.8 mV), No. 12 (V ¼ 58.7 mV), and No. 18 (V ¼ 62.7 mV) are
much higher than others. When grabbing the mouse, the voltage
values in the fingertip zone are higher than other zones. Specially,
voltage reach to 146.3 mV, 100.4 mV, and 108.8 mV for sensors No.
1, 3, and 4, according to the tips of thumb, forefinger, and middle
finger, respectively. When holding the cylindrical copper coil, the
force of the entitle hand is relatively equal with no obvious differ-
ence in the voltage in all four zones. Except the highest voltage
values for sensors No.13 (V ¼ 126.3 mV) and 14 (V ¼ 147.2 mV), the
voltage of most sensors is about 80 mV. To present the tactile in-
formation more intuitively, the voltage distribution on a hand map
is also presented (Fig. 4(k)e(m)).
illustration of the device structure for a single FS-TENG sensor used in the tactile glove.
meter of maximum ring is 1 cm and the width of spiral shape is 1 mm. (c) The design
f examples including optical images of holding (e) a knife, (f) a mouse, and (g) a Cu coil.
d (m) are voltage distributions according to (h), (i), and (j).
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3.3.3. As a large area tactile sensor array of 8 � 8
Next, we demonstrated using the foam-based TENGs for large

area (21 cm � 21 cm) tactile sensor array with area. In the sensor
array, soft PDMS served as substrate with 64 tactile sensor units
arranged at 8 � 8 integrated on it, where the diameter of sensor
was 5 mm and the working area is 19.625 mm2. The schematic
illustration of the device structure is shown in Fig. 5(a). These
TENGs are placed on different locations of the volunteer's body, and
the long-term wearing under various activities (including walking,
running, and jumping) up to hours proved the great adhesion
properties. The flexible, light-weight, and adhesive PDMS substrate
allows the tactile sensor array uniformly attach to human body
without any additional adhesive layers [68]. Fig. 5(b) and Fig. S11
show the optical images of the PDMS foam with size of
23 cm � 26 cm, indicating the advantages of blade-coating tech-
nology for large are fabrication. Fig. 5(c) shows the bending state of
the Ag NWs array, and Fig. 5(d) shows that Ag NWs/PDMS substrate
fits on the human arm seamlessly, indicating the flexibility and high
transparent of Ag NWs/PDMS substrate. Fig. 5(e)e(g) show the
overall view and the enlarged image of the Ag NWs electrode area.
To avoid cross talk and improve detect accuracy, the distance be-
tween two adjacent sensors was set at 1.5 cm, three times that of
the diameter for a unit sensor. Besides, connection pads of sensors
Fig. 5. Application of the triboelectric nanogeneratorebased sensors for a 8� 8 large area tac
21 cm � 21 cm � 0.5 mm. (b) Optical image of the PDMS foam. The foam is on a yellow, curve
nanowire (NW) array under the bending state. (e) Arrangement of Ag NWs used in tactile sen
sensor. Voltage output distributions of the 8 � 8 sensors touched by different objects of (h)
phone (2.37 kPa), respectively.
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are arranged around the array with an area of 9 mm2, and the silver
conductive tapes were used to connect each pixel's connection pad
and the corresponding test channel. The non-toxic, tasteless, and
intrinsically flexible PDMS and the advanced design of serpentine
electrode enable the applicate in wearable electronics. Further-
more, the physiological inertia and great chemical stability of PDMS
enables the sensor array works for a long term.

Fig. 5(h)e(k) summarize the electrical response of the sensor
array to external triggers including sliding by a glass rod (0.12 kPa),
tapping by a plastic block (0.27 kPa), touching by a metal block
(1.92 kPa), and pressing by a smart phone (2.37 kPa). Results
demonstrate that the spatial distribution of feedback voltage is
consistent with the tactile information, not only tactile shape but
also the tactile force as presented in map. In Fig. 5(h), a glass rod
contacts with four sensor units that coordinate to (1, 6), (2, 5), (5, 4),
and (6, 3), reflecting in the distribution map is the area with the
whitest color and the largest amplitude of 8.4 mV, 9.0 mV, 8.9 mV,
and 9.2 mV, respectively. In Fig. 5(i), the square plastic block con-
tacts with four adjacent sensor cells that coordinate to (2, 2), (2, 3),
(3, 2), and (3, 3). As a result, the same coordinate positions in dis-
tribution map show the whitest color and the highest voltage of
10.5 mV, 10.2 mV, 10.7 mV, and 11.0 mV. The same conclusion also
draws in examples of iron block and smart phone which covering 6
tile sensor array. (a) Schematic illustration of the tactile sensor array with device size of
d surface to clear show the detail of the foam structure. (c) and (d) optical images of Ag
sor array and (f)magnified image in bottom-left. (g) Optical image of Ag NWs in single

glass rod (0.12 kPa), (i) plastic block (0.27 kPa), (j) metal block (1.92 kPa), and (k) smart
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sensor units and 21 sensor units, respectively (Fig. 5(j) and (k)).
Benefited from the high-resolution sensing and negligible cross
talk, tactile sensors with same materials, device structure, and
fabrication technologies have huge application prospects in the
fields of wearable electronics and humanemachine interfaces.

4. Conclusion

In conclusion, we demonstrated a facile and easy-processing
route for creating foam-based FS-TENGs and applied these de-
vices to high-sensitivity tactile sensors. The resulted foam-based
FS-TENGs exhibited great self-powering properties with voltage
and current outputs up to 78.7 V and 26.5 mA under 10 N pressing,
that is nine and three times greater that of pure PDMS-based
TENGs. These results reveal that the foam structure filmwith rough
surface and 3D interconnected porous networks is more
compressive than the plat dense film. Therefore, contact area and
the capacitance (S/d) increase under same mechanical force,
resulting in the enhanced triboelectricity and electrostatic induc-
tion accordingly, which is the fundamental cause of electrical per-
formance improvement. We believe this work provides great
application potential in wearable electronics and humanemachine
interfaces.
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