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ALTERNATIVE ENERGY
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Rapid advancements in stretchable and multifunctional electronics impose the challenge on corresponding
power devices that they should have comparable stretchability and functionality. We report a soft skin-like
triboelectric nanogenerator (STENG) that enables both biomechanical energy harvesting and tactile sensing
by hybridizing elastomer and ionic hydrogel as the electrification layer and electrode, respectively. For the first
time, ultrahigh stretchability (uniaxial strain, 1160%) and transparency (average transmittance, 96.2% for visible
light) are achieved simultaneously for an energy-harvesting device. The soft TENG is capable of outputting
alternative electricity with an instantaneous peak power density of 35 mW m™2 and driving wearable electronics
(for example, an electronic watch) with energy converted from human motions, whereas the STENG is pressure-
sensitive, enabling its application as artificial electronic skin for touch/pressure perception. Our work provides
new opportunities for multifunctional power sources and potential applications in soft/wearable electronics.

INTRODUCTION

The past decade has witnessed the rapid growth of flexible/stretchable
electronics, with the advent of various revolutionary multifunctional de-
vices ranging from flexible transistors (1, 2) and integrated circuits (3, 4),
stretchable luminescence devices (5, 6), and roll-up displays (7) to smart
sensor-integrated electronic skins (8-10). These advancements impose
the challenge on corresponding power devices that they should have
comparable flexibility/stretchability. For example, stretchable and trans-
parent actuator (11) and touch panel (12) have been recently demonstrated,
but no reported energy device can simultaneously achieve the high trans-
parence and stretchability. Meanwhile, the growing wearable consumer
electronics, either integrated in clothes/wears or attached on or implanted
in curved human body, rely on power devices that are stretchable, shape-
adaptive, and biocompatible.

Because of the intrinsic energy conversion mechanism, it is hard for
some energy harvesters to achieve high stretchability, for example, the
strong magnetic field required for conventional electromagnetic gen-
erator; on the contrary, the recently developed triboelectric nanogenera-
tor (TENG) is naturally flexible and has potential for high stretchability
(13-16). The TENG, converting mechanical energy into electricity based
on the coupling effect of contact electrification and electrostatic induction,
has been demonstrated to be versatile in harvesting different types of
energies and has the advantages of simple structure, vast material choice,
and low cost (17-22). Several stretchable TENGs have been recently re-
ported (23-28) with similar strategy as most reported stretchable devices,
which are enabled by anchoring percolated networks of conductive
materials (carbon nanotubes, graphene, carbon paste, silver nanowires,
etc.) on prestrained elastomer substrates. However, the stretchability or
ultimate strain (g,,) for this strategy is limited, typically below the ultimate
strain of the elastomer (for example, 400 to 700% for silicones), due to the
markedly increased sheet resistance when being stretched and the loss of
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percolation at large strain. Another recently reported stretchable TENG
achieved ~300% tensile strain by using water or ionic liquid as the elec-
trode, but its application is limited by the use of liquid materials (29).

Hydrogels, composed of hydrophilic polymer networks swollen with
water or ionic aqueous solution, are in solid form, soft, stretchable
(€u1 ~2000%), and biocompatible (30). Some hydrogels are transparent
in full visible spectrum (11). Meanwhile, the increments of their resis-
tivity with strain are orders of magnitude lower than those of percolated
conductive networks (1I). Many stretchable functional devices have
been demonstrated with ionic hydrogels as the electrode conductors,
such as strain sensors (31), loudspeakers (11), and electroluminescent
devices (32).

Here, we report a soft skin-like TENG (STENG) that enables both
biomechanical energy harvesting and touch sensing by using elastomer
and ionic hydrogel as the electrification layer and electrode, respectively.
Different from previously reported TENGs using electrical conductors
as the electrode, this soft STENG uses ionic conductors as the electrode.
Polyacrylamide (PAAm) hydrogel containing lithium chloride (LiCl) is
used as the ionic hydrogel (PAAm-LiCl hydrogel), and two commonly
used elastomers, that is, polydimethylsiloxane (PDMS) Sylgard 184 and
3M VHB 9469, are adopted. For the first time, ultrahigh stretchability
(ultimate stretch A of up to 12.6 or strain € of 1160%) and high trans-
parency (up to 96.2%) are achieved simultaneously for an energy device
because all engaged materials are stretchable and transparent. These soft
skin-like generators are capable of outputting an open-circuit voltage of
up to 145 V and an instantaneous areal power density of 35 mW m 2.
Meanwhile, the STENG-based electronic skin can sense pressure of as
low as 1.3 kPa. The current study presents an energy harvester that is
superstretchable, biocompatible, and transparent for the first time,
allowing energy generation and touch sensing without interference of
optical information’s delivering and could thus have potential in smart
artificial skins, soft robots, functional displays, wearable electronics, etc.

RESULTS
A sandwich-like architecture was adopted for the design of the
STENG, as illustrated in Fig. 1A. The PAAm-LiCl hydrogel was sealed
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Fig. 1. The design of transparent and superstretchable STENG. (A) Scheme of the STENG with sandwich structure. (B) A circular STENG that is transparent to full
visible colors. (C) VHB-STENG (indicated by arrows) at initial state (stretch A = 1) and stretched state (A = 11 or strain € = 1000%). (D) Transmittance in the visible range
and (E) uniaxial tensile test of the PAAmM-LICl hydrogel, PDMS-STENG, and VHB-STENG. Scale bars, 5 cm (B) and 15 mm (C).

between two elastomer films, and an Al belt or a Cu wire was attached
to the hydrogel for electrical connection. Commercial PDMS or VHB
was used as the elastomer film, denoted as PDMS-STENG and VHB-
STENG, respectively. For the convenience of handling, the thickness
of the hydrogel film is controlled to be about 2 mm; the thickness of
PDMS and VHB is about 90 and 130 um, respectively. The final de-
vices can be of arbitrary two-dimensional shapes. Figure 1B shows an
image of a circular PDMS-STENG that is highly transparent to all vis-
ible colors. Because all engaged elastomers and PAAm-LiCl hydrogel
are stretchable, the final device is ultrastretchable as well, as confirmed
by the image (Fig. 1C) of a VHB-STENG at initial state (stretch A = L/
L, = 1) and after being uniaxially stretched for 11 times (stretch A = 11
or strain € = 1000%). The images of a PDMS-STENG with uniaxial
stretch A = 4 and a PAAm-LiCl hydrogel with stretch A = 15 are also
shown in fig. S1.

The 2-mm-thick PAAm-LiCl hydrogel achieves an average trans-
mittance of 98.2% (Fig. 1D) in the visible range (wavelength, 400 to
800 nm), which is less transparent than that of the previously reported
11-mm-thick PAAm-NaCl hydrogel (98.9%) due to the higher salt
concentration in the current study (8 M) (11). The PDMS-STENG and
VHB-STENG show average transmittances of 96.2 and 91.9%, respec-
tively, both much higher than those of previously reported transparent
TENG using graphene or indium tin oxide (ITO) (33-36). Uniaxial
tensile tests are performed to evaluate the mechanical properties of the
hydrogels and STENGs (Fig. 1E). The PAAm-LiCl hydrogel shows an
ultimate stress of 75.8 kPa at a stretch of A = 16.2; whereas the VHB-
STENG ruptures at a stress of 152.4 kPa and a stretch of 12.6, the
PDMS-STENG ruptures at a stress of 446.2 kPa and a stretch of 4.5.
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It therefore can be suggested that the stretchability and strength of
the STENGsS are tunable by selecting appropriate elastomer/hydrogel
combinations for specific requirements and that ultrahigh stretchability
and transparency have been achieved simultaneously.

There are generally four types of working modes for a TENG, that is,
contact-separation mode, sliding mode, freestanding mode, and single-
electrode mode (37). If the PAAm-LiCl hydrogel is connected to the
ground by a metal wire through the external load, the STENG will work
in the single-electrode mode (Fig. 2A). Once an object (typically di-
electric materials different from the elastomer) contacts with the
elastomer film of the STENG, electrification occurs at the interface
and generates the same amount of charges with opposite polarities at
the surface of the dielectric film and the elastomer, respectively (Fig. 24, i).
Because the two opposite charges coincide at almost the same
plane, there is practically no electrical potential difference between
the two surfaces. When the two surfaces are separating and moving
away, the static charges on the surface of the insulating elastomer will
induce the movement of the ions in the ionic hydrogel to balance the
static charges, forming a layer of excessive ions (positive in the example
in Fig. 24, ii) at the interface. Meanwhile, the electrical double layer
formed at the metal/electrolyte (that is, ionic hydrogel) interface will
be polarized, forming the same amount of excessive negative ions at
the interface and positive charges in the metal wire (Fig. 24, v). To
achieve this double layer, electrons flow from the metal wires to the
ground through the external circuits until all the static charges in the
elastomer film are screened (Fig. 2A, iii). If the moving dielectric film
is approaching back to the elastomer film, the whole process will be
reversed and an electron flux with the opposite direction will transfer
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Fig. 2. The working principles and output characteristics of the STENG at single-electrode mode. (A) Scheme of the working mechanism of the STENG. (B) Open-
circuit voltage Voc (B), (C) short-circuit charge quantity Qsc, and (D) short-circuit current /sc of a PDMS-STENG. (E) Variation of the output current density and power

density with the external loading resistance.

from the ground to the metal/hydrogel interface through the external
load (Fig. 2A, iv). By repeating the contact-separation movement be-
tween the dielectric object and the STENG, an alternative current will
be generated.

The electrical double layer formed at the metal/hydrogel interface
has a thickness typically in the nanometer range, which leads to a high
capacitance (cgpy. is in the order of 0.1 F m™2) (11, 38). The contacting
area (Agpy) of the metal wire and the hydrogel is in the order of ~10 mm?,
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and the quantity of transferred charges (Q) is in the order of ~10 nC (the
data will be presented in later discussions). Then, the voltage across the
electrical double layer (Vgpr = Q/Acgpy) is in the order of ~1072 V.
Therefore, the metal/hydrogel interface is stable, and no electrochemical
reaction will happen because the voltage is well below 1 V (11).
STENG fundamentally has inherent capacitive behavior because it is
an electrostatic system, and it can be equivalent to a circuit consisting
of a series of capacitors, as shown in fig. S2. The output voltage under
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open-circuit condition (Vo) and the transferred charges under short-
circuit condition (Qsc) have a relationship of (37, 39)

Qsc = VocCo (1)
where C, is the capacitance of the STENG. When the moving di-
electric film is in contact with the elastomer, V¢ and Qg are both
0. When the dielectric film is moving far away, Vo and Qgc can be
derived as (see detailed explanations in fig. S2) (37, 39)

VOC = —GA / ZCO

(2)
(3)

where 6 is the density of electrostatic charges generated at the surface
of the elastomer film and A is the contacting area between the di-
electric film and the elastomer film.

To measure the output of the STENG, we used a commercial Nylon
film to have contact-separation movement relative to a PDMS-STENG
(area, 3 x 4 cm). Other than mentioned, the frequency (1.5 Hz) and
speed (0.2 m s™') of the contact-separation motion and the pressure
(~100 kPa) between the two contacting films are all controlled to be
the same by a stepping motor for all following tests. The peak V¢
and the peak Qgc are about 145 V (Fig. 2B) and 47 nC (Fig. 2C), respec-
tively. Under short-circuit conditions, an alternative current was mea-
sured with a peak value of ~1.5 pA (Fig. 2D). By varying the external
resistance, the maximum output areal power density was measured to

Qsc = —0A/2

be ~35 mW m ™ at a matched resistance of ~70 megohm (Fig. 2E). Similar
output characteristics were obtained for the VHB-STENG (fig. S5).

The STENG can also work at a two-electrode contact-separation
mode, as shown in fig. S6. Different from the single-electrode mode,
the moving dielectric film is replaced with a second metal electrode that
is connected to the PAAm-LIiCl hydrogel through the external circuit
(fig. S6A). When Al foil was used as the second electrode, the generated
peak Vo and peak Qs are about 182 V (fig. S6B) and 130 nC (fig. S6C),
respectively. The instantaneous peak value of the ac current is around
~20 uA (fig. S6D), and a maximum areal power density of ~328 mW m >
can be reached at a loading resistance of ~7 megohm (fig. S6E).

Because of the universality of contact electrification between any two
different materials, the STENG can generate voltage/current outputs
from the relative motion between the STENG and many other materials.
A series of materials were used to have contact-separation motion rela-
tive to the STENG in single-electrode mode, and corresponding open-
circuit voltages were recorded (Fig. 3A and fig. S7). The amplitude and
polarization of Vo depend on the relative ability of a material to lose or
gain electrons when contacting with the elastomer. Compared with
VHB (typically acrylate polymers), all of Nylon (polyamide), latex, silk,
paper, Al, cotton, and polyester (PET) are tending to lose electrons and
therefore are more tribo-positive, whereas Kapton (polyimide) and PDMS
are more tribo-negative and the polarization of the Vg is reversed (Fig.
3, A and B), coincident with the well-established tribo-series table (18, 40).
The larger the difference in the ability of losing/gaining electrons be-
tween the two contacting materials, the more electrostatic charges gen-
erated at the interface and thus the higher output Voc. Nylon and
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Fig. 3. The material choices and durability of the STENG. (A) Summarized peak amplitude (A) of Voc and (B) three representative Voc profiles (B) of a VHB-STENG with
relative contact-separation motion to different materials. (C) Output Voc and Qsc of a PDMS-STENG using PAAM-LICl hydrogel with different LiCl concentrations. (D) Normal-
ized weight retention of the PAAm-LiCl hydrogel, VHB-STENG, and PDMS-STENG kept at a dry environment with an RH of 30% at 30°C. (E) Comparison of the Vo of the PDMS-
STENG before and after storing in the dry environment for 30 days. (F) /sc of a PDMS-STENG that lasted for ~5000 cycles of contact-separation motions (1 hour).
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PDMS are the most tribo-positive and tribo-negative among tested
materials, respectively. Consistent results are also obtained when using
PDMS as the elastomer film for the PDMS-STENG (fig. S7), where all
tested materials are more tribo-positive than PDMS. Because PDMS is
more tribo-negative than VHB, the PDMS-STENG has relatively larger
output than that of VHB-STENG when the same materials were used
for the contact-separation motion. Human skin can also be used to have
contact separation with the STENG. As shown in fig. S8, current can be
generated when using a hand to tap a PDMS-STENG with or without a
latex glove. The viability of the STENG in relative motion to different
materials can make it suitable and applicable for energy harvesting in
various applications.

The concentration of the LiCl in the PAAm-LiCl hydrogel was also
varied to see its effect on the output performances, but the Voc and Qsc
were found to have little dependence on the LiCl concentration (Fig. 3C
of a PDMS-STENG). This is easy to understand as far as Eqs. 2 and 3 are
considered because the Vo and Qgc are majorly dependent on the gen-
erated electrostatic charges, and the concentration of the ionic hydrogel
(or electrolyte) will not significantly vary the capacitance of the STENG.

One major concern about hydrogel is the dehydration along with
time, which can deteriorate its ionic conductivity and mechanical elas-
ticity. When kept in an environment of an average relative humidity
(RH) of ~30% at 30°C, the PAAm-LiCl hydrogel loses water content
quickly in the first 3 days (7.1% loss) but stabilizes in the following
27 days, yielding weight retention of 89.8% over a month (Fig. 3D).
Whereas the dehydration is greatly alleviated when the PAAm-LiCl hy-
drogel is sandwiched or sealed with the elastomer films of PDMS and
VHB, which have the weight retention of 95.0 and 94.6% after a month
in the same environment, respectively, the improved antidehydration
capability is mainly because the thin elastomer films can prevent the wa-
ter evaporation. Despite the slight loss of water content of the PDMS-
TENG over a month, the output performances show no noticeable
degradation, as confirmed by the comparison between the V¢ of the
as-made PDMS-STENG in relative motion to a Nylon film and that
after storage at an RH of ~30% at 30°C for a month (Fig. 3E). This dem-
onstrated antidehydration performance of the STENG ensures its appli-
cability in many harsh environments.

Because the hydrogel contains large amount of LiCl solution, the
STENG can only be applicable in the temperature range between the
freezing and boiling point of LiCl solution. Beyond this temperature
range, the STENG may be damaged. We tested the performances of the
STENG at temperatures ranging from 0° to 80°C. On the basis of our

w

Voc V)

measurements, the Vo and Q¢ are stable, other than the small decrease
at high temperature at around 60° to 80°C (fig. S9). This is accordant
with the previous study that the variation of output is small in the tem-
perature range of 270 to 380 K (41). To confirm the thermal durability
of the STENG, we further stored the PDMS-STENG, VHB-STENG,
and bare hydrogel at different temperatures (0°, 20°, 40°, 60°, and 80°C)
for 30 min consecutively. The weight of bare hydrogel decreases signif-
icantly when the temperature is more than 40°C, and the shrinkage of
the sample can be observed after storing at 60° and 80°C (fig. S10). The
weight retention of the hydrogel is only about 68.6% after the test due to
the severe water loss at high temperature. However, the hydrogels inside
the PDMS-STENG and VHB-STENG can maintain weight retentions
of 95.6 and 98.5%, respectively, even after storing at 80°C (fig. S10A),
whereas water vapor bubbles inside the PDMS-STENG and VHB-
STENG can be observed when the temperature is 80°C. Hence, although
the PDMS and VHB films are believed to alleviate the water evaporation
of hydrogels, the STENG is believed to be better when used in the tem-
perature range of 0° to 60°C.

Humidity has large effect on the output performances of the STENG
(fig. S11). By increasing the humidity, the Voc of both the PDMS-
STENG and VHB-STENG decreases significantly. When the RH is
about 70%, the Vocs of the PDMS-STENG and VHB-STENG are 20
and 43 V, respectively. In a humid environment, the adsorption of the
water molecules will neutralize the surface electrostatic charges so that
the output performances of the STENG will be degraded (17).

The durability of the STENG was also tested over long-term motion
cycles. After ~5000 cycles (for 1 hour) of repeated contact-separation
motion of a PDMS-STENG relative to a Nylon film, the short-circuit
current shows no obvious degradation (Fig. 3F and fig. S12). An elon-
gated test over ~20000 cycles (for 4 hours) was also conducted to con-
firm the durability (fig. S12).

One major advantage of hybridizing the elastomer and hydrogel is
the high stretchability, as shown in above discussions. The viability of
the energy harvesting of the STENG at stretched states was further eval-
uated. A VHB-STENG (3 cm x 3 cm) was uniaxially stretched for dif-
ferent stretches or strains (Fig. 4A), and corresponding electrical outputs
(Fig. 4B) were recorded when having contact-separation motion relative
to a dielectric film (that is, a latex film). During the test, the latex film was
always maintained to have the similar shape and size as the VHB-STENG.
Compared with the initial state without strain (A = 1), the open-circuit
voltage of the STENG (Fig. 4B) is greatly improved from ~110 to ~180
and ~210 V after being stretched for A = 3 and 8, respectively. Similar

240
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Fig. 4. The stretchability of the STENG. (A) Images of a VHB-STENG at initial state and different stretched states and (B) its corresponding output Voc (B) when having

contact-separation motion to a latex film.
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increases in the electrical outputs at stretched states were also observed
previously (23, 29). This increment in V¢ is attributed to the increase
of the surface area of the elastomer film and thus the contacting area for
the electrification at stretched states. On the basis of our rough estima-
tion, the area of the STENG is almost doubled after being stretched to
A = 3. According to Egs. 2 and 3, both the V¢ and Qs increase when
the contacting area A increases. This can also be confirmed by the larger
Qsc at stretched states (fig. S13). After recovering from the stretched
states, the electrical output is comparable with that at initial state, sug-
gesting no degradation of the device.

For most stretchable devices using percolated networks of carbona-
ceous materials or metal nanowires, degradation in performances at
stretched states is almost inevitable due to the significantly elongated elec-
tron transfer paths or even the loss of percolation at large strain. In con-
trast, the increment in resistance of hydrogel is several orders lower (11).
Our devices show no degradation but even improvement in the perform-
ances at stretched states. Ideally, our devices will work until the me-
chanical break or fracture of the hydrogel/elastomer; in contrast, the loss
of percolation of conductive networks usually happens before the me-
chanical failure of the substrates. Furthermore, another drawback of the
percolated networks is the possible fatigue failure after elongated stretching
cycles due to the loss of electrical connection at the network joints.
Nevertheless, the STENG with ionic hydrogel as the conductor shows
no mechanical fatigue or degradation in electrical output after being
stretched for strain € =200% (A = 3) for 1000 cycles (fig. S14). However,
note that interface bonding between the PAAm-LiCl hydrogel and the
elastomer films is weak because hydrogel is hydrophilic and elastomers
are typically hydrophobic. This could be a disadvantage comparing with

Capacitor

—

Electronics
1
e

conductive additive-filled nanocomposites (42). For our STENG, the
hydrogel is wrapped or sealed inside the elastomer filmy; it still works
after cycles of stretching, but the enhancement in the bonding force can
further improve the mechanical durability of the devices. Several recent
progresses showed potential approaches to addressing this issue (43, 44).

The STENG can be used for scavenging mechanical energy, especial-
ly the energy of human motions. When tapping a transparent VHB-
STENG with a hand (with thes human body as the reference electrode
or grounding) both at initial and stretched states, 20 green light-emitting
diodes (LEDs) connected in series can be easily lighted up (Fig. 5, A and
B, and movies S1 and S2). Because the STENG is highly transparent, a
VHB-STENG is attached onto a liquid crystal display (LCD) screen,
which converts the energy of finger pressing into electricity and powers
the screen (Fig. 5C and movie S3). Furthermore, the output of a STENG
can be regulated to charge energy storage devices (capacitors or batteries)
for powering different portable electronics, as shown by the equivalent
circuit in Fig. 5E. For demonstration, a PDMS-STENG was attached on
the human skin of the left hand and tapped by the right hand to charge a
2.2-uF capacitor and to power an electronic watch (Fig. 5D). The tap-
ping frequency is about 1 to 2 Hz. In ~160 s, the voltage of the capacitor
reaches 4.5 V and can later power the watch for about 15 s (Fig. 5F and
movie S$4). Subsequently, the capacitor can be charged back to 4.5 V in
about 110 to 140 s and can power the watch repeatedly (Fig. 5F). Mean-
while, the STENG, working in two-electrode mode, can charge a Li-ion
battery (LiCoO, as cathode and Li metal as anode) to 3.83 V in 4 hours,
which later can be discharged at a constant current of 1 uA for 45 min
(fig. S15). Note that the transparent TENG is soft, biocompatible, capable
of adapting to the curvy surface of supporting objects in any irregular

Transparent STENG

Voltage (V)
w

T

Charge the capacitor

0 1 1 1 1 1 1 1 L 1
0 50 100 150 200 250 300 350 400 450 500
Time (s)

Fig. 5. Biomechanical energy harvesting by the STENG. An image of 20 green LEDs lightened by the VHB-STENG (A) at initial state and (B) stretched state when being
tapped slightly by a hand. (C) An image of an LCD screen powered by a transparent VHB-STENG, which covers the screen and converts the energy of finger pressing into electricity.
(D) Animage and (E) the equivalent circuit of a self-charging system that uses the energy harvested from the STENG to power electronics (for example, an electronic watch).
(F) Voltage profile of a 2.2-uF capacitor being charged by the STENG and used to power the electronic watch.
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shape and has no interference of the communication of optical infor-
mation and therefore has high potential in soft robots, foldable touch
screens, artificial skins, wearable electronics, etc.

The output of the STENG is also found to be pressure-sensitive in
this study and in several previous reports (45, 46). Because the surfaces
of the materials always have a certain degree of roughness, the effective
contacting area will increase at high pressure because the elastomer and
hydrogel are very soft and elastic. The microscale elastic deformation leads
to the more intimate contact and more generated electrostatic charges
at the interfaces. According to Egs. 2 and 3, the increase in the electro-
static charge density o will then raise the output current and voltage. A
20-megohm resistor was connected to a PDMS-STENG (3 x 4 cm),
and the voltage drop across the resistor was recorded when pressing a
Nylon film onto the PDMS-STENG at different pressures (Fig. 6A).
Two reverse voltage peaks were observed, corresponding to the event of
touch or separation, respectively (fig. S16). Different from typical pres-
sure sensor, no voltage signal was observed during the time intervals of
the touching and separation, although the pressure was still applied on
the STENG. However, by increasing the resistance R of the resistor, the
measured voltage signals will change to sidestep shape and, finally, to a
rectangular shape under open-circuit condition (45). The amplitude of
the bimodal voltage increases linearly with the pressure when the touch
pressure is low and saturates after the pressure is higher than ~70 kPa.
The sensitivity (S) is typically defined as S = (dAV/Vs)/dP, where AV is
the relative change of the output voltage, Vs is the saturated voltage, and
P is the touch pressure. The calculated sensitivity is 0.013 kPa™", com-
parable with that of previously reported TENG-based pressure sensors
(45) but smaller than many other sensors (47). The lowest pressure de-

>
(9]

tection limit is about 1.3 kPa, and the recorded voltages at five different
touch pressures are shown in Fig. 6B. The ambient temperature varia-
tion has little effect on the sensing properties in the temperature range
where the STENG is applicable. As shown in fig. S17, no obvious var-
iation of the voltage was observed in the temperature range of 0° to 80°C.
Because the STENG is mainly an electrostatic charge-based capacitive
sensor, the temperature-introduced resistance change of the hydrogel
will not vary the voltage signal (48).

Considering the demonstrated sensing capability of touch and touch
pressure, the soft and transparent STENG can be applied as artificial
electronic skin. A STENG-based artificial skin with 3 pixel x 3 pixel
(each is 1 cm x 1 cm) was fabricated and can be conformally attached
onto a curvy hand (Fig. 6C). This artificial skin can perceive the touch by
alien objects and the touch pressure. When pressing 1 pixel with a fingertip,
the output voltage varies accordingly with the pressure (Fig. 6D). When
pressing the sensor arrays with a z-shaped acrylic plate (Fig. 6E), the
output voltages can literally represent the touching area of the STENG
(Fig. 6F and fig. S18).

DISCUSSION
We reported here a soft STENG composed of a sandwich structure of
ionic hydrogels and elastomer films for energy conversion and tactile
sensing. These material combinations and structural designs allow the
following advantages:

(1) High stretchablity (up to A = 12.6 or strain € = 1160%) and trans-
parency (up to 96.2% average transmittance to full spectrum of visible
light) are achieved, which are both much higher than those of previously
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Fig. 6. Tactile sensing by the STENG. (A) Summarized variation of peak amplitudes of the voltage across the resistor (20 megohm) with the contact pressure. Inset:
Scheme of the STENG-based tactile sensor. (B) Representative voltage profiles of the STENG as tactile sensor at five different pressures. (C) An image of a STENG-based
tactile sensor with 3 pixel x 3 pixel attached on a curvy hand. (D) Voltage signals of the tactile sensor by pressing 1 pixel with a finger at increasing pressures. (E) An
image of the tactile sensor pressed with a z-shaped acrylic plate and (F) corresponding voltage signals of the 9 pixels.
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reported stretchable and/or energy conversion devices using percolated
conductive networks or ITO as the electrode materials (24, 29, 33, 34, 36).
No performance degradation is observed at stretched states as well.

(2) The mechanism of STENG is slightly different from that of pre-
viously reported TENGs using electrical conductors as the electrode.
Ionic conductors (that is, ionic hydrogels) are used, which is demon-
strated to be stable and will not be electrolyzed at the interface.

(3) The unique capability of energy harvesting and tactile perception
of the STENG may lead to the soft/stretchable self-powered sensors or
self-charging power systems in the future (49, 50). For example, self-
powered soft robot or electronic skin might be possible in the future
by the combination of soft energy-harvesting and energy storage devices
and soft sensors and actuators.

(4) Both elastomers and hydrogels are low cost, lightweight, and bio-
compatible. It is also possible to design the STENG into arbitrary, com-
plicated shapes as long as a thin elastomer film wraps or seals the hydrogels.
Meanwhile, the fabrication is facile for scale-up synthesis. Considering the
biocompatibility, the STENG has potential for power devices attached on
the skin or implanted inside the human body (51). Furthermore, both the
elastomer and hydrogel have large categories of different materials with var-
ious unique properties. The combination of the hydrogel and elastomer
has recently led to many multifunctional devices, as mentioned in the
Introduction. The STENG with the hydrogel/elastomer combination re-
ported here opens up opportunities for energy generation devices with
new functional properties (stretchability, transparency, biocompatibility,
etc.) and many potential applications ranging from soft robots, foldable
touch screens, and artificial skins, to wearable electronics.

In summary, our approach of soft/stretchable energy harvesting al-
lows the energy conversion from human motions to electricity. The
capability of scavenging biomechanical energies of the STENG was dem-
onstrated when applying it as an artificial skin. Capacitors or batteries
can be charged by the artificial skin to power wearable electronics. Fi-
nally, the sensitivity of the STENG to the input pressure was investigated,
which enabled it as an electronic skin for pressure or tactile perception.
The applicable temperature of the STENG is optimal at 0° to 60°C;
otherwise, the freezing or boiling of the ionic solution in the hydrogel
may cause the malfunction of the device. For future research, more mul-
tifunctional devices can be explored by developing STENGs with other
functional hydrogels/elastomers; the interface bonding between the hy-
drogel and elastomer should be enhanced to further improve the me-
chanical performances of the STENG; output performances should be
improved by maximizing the surface electrostatic charge density
through surface treatments/modifications or materials optimization.

MATERIALS AND METHODS

Materials

Acrylamide, N,N,N’,N’-tetramethylethylenediamine, N,N’-
methylenebisacrylamide, ammonium persulfate, and LiCl were from
Sigma-Aldrich. Sylgard 184 and VHB film (3M VHB 9469) were used
as the elastomer. Lithium foil and LiCoO, powder were from MTI
Corporation.

Fabrication of the PAAm-LiCl hydrogel

The PAAm-LICl hydrogel was prepared according to the method re-
ported previously. Briefly, acrylamide powder (14 weight % relative to
deionized water) was added into 8 M LiCl aqueous solution. Subsequently,
N,N'-methylenebisacrylamide, ammonium persulfate, and N,N,N',N'-
tetramethylethylenediamine were dissolved in the solution consecutively.
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The solution was then transferred into a glass mold and treated in an
oven at 50°C for 2 hours to form the PAAm-LiCl hydrogel. The thick-
ness of the final hydrogel was controlled by the volume of the solution.
Other than mentioned, all the samples used 8 M LiCL.

Fabrication of the soft TENG

The elastomer VHB film (130 um thick; 3M VHB 9469) was used as
received. The PDMS film was prepared by spin-coating the mixture of
Sylgard 184 base and curing agents (10:1 by weight) followed with a 90°C
treatment for 1 hour. The PAAm-LiCl hydrogel, VHB, and PDMS were
cut into the desired shape with a laser cutter. The final device was fab-
ricated by wrapping and sealing the PAAm-LiCl hydrogel with the elas-
tomer films. An Al belt or a Cu wire was attached to the hydrogel for
electrical connection.

Characterization and measurements

A step motor (LinMot E1100) was used to provide the input of me-
chanical motions. For all the tests of energy generation of the STENG,
the pressure (100 kPa), speed (0.2 m/s), and frequency (~1.5 Hz) of the
step motor were fixed. The voltage and charge quantity were recorded by
a Keithley electrometer 6514, and the current was recorded with a Stanford
low-noise preamplifier SR570. The force applied by the motor was de-
tected by a Mark-10 force gauge. The mechanical tensile test and stretch
cycling test of the STENGs were conducted by an ESM301/Mark-10
system. For the tensile test, the strain rate was fixed at 40 mm/min.
For the antidehydration test, the dry environment was created by storing
dehydrated desiccants in an oven at 30°C. The RH was monitored with
a hygrometer, and the weights of the samples were recorded everyday.
For the measurement of the output performances of the STENG at dif-
ferent temperatures, the STENG was kept inside a thermostat oven
(GDW-50L, Wuxi Zhongtian Company), and the contact-separation
motion was controlled by the linear motor outside through a feed-
through hole. For the measurement of the STENG at different RH, dry
air gas carrying water vapor though a water bubbler was introduced into
the oven at different flowing rates or a commercial humidifier was used
to provide a humid environment. The optical transmittance was mea-
sured by a Shimadzu UV-3600 spectrophotometer. A Li-ion battery was
assembled with commercial LiCoO, (MTI Corporation) as the cathode
and Li metal as the anode. Before the battery charging by the STENG,
the LiCoO,-Li battery was discharged to 3.5 V at a current of 1 uA re-
peatedly for three times to deplete the residual capacity. The discharge
of the battery was conducted by a battery cycler (LAND CT2001A).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/5/e1700015/DC1

fig. S1. The images of the stretchable PDMS-STENG and hydrogel.

fig. S2. The explanation of the working mechanism of the STENG.

fig. S3. The scanning electron microscopy image of the surface of PDMS and VHB.

fig. S4. The images of the PDMS-STENG and VHB-STENG folded completely.

fig. S5. The output characteristics of a VHB-STENG at single-electrode mode.

fig. S6. The working mechanism and output characteristics of the STENG at two-electrode mode.
fig. S7. Material choices of the PDMS-STENG.

fig. S8. Rectified current output of the STENG by hand tapping.

fig. S9. Temperature effect on the performances of the STENG.

fig. $10. Thermal durability of the STENG.

fig. S11. Humidity effect on the performances of the STENG.

fig. S12. The durability of the STENG.

fig. $13. The Qsc of a VHB-STENG at initial state and different stretched states.

fig. S14. Stretching cycling test of the STENG.

fig. S15. Battery charging by the STENG.
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fig. S16. The difference between the V¢ and the voltage across the resistor.

fig. S17. Temperature effect on the sensing properties of the STENG.

fig. S18. Voltages of the 9 pixels when pressing the sensor matrix with a z-shaped acrylic plate.
movie S1. Hand-tapping energy harvesting of a VHB-STENG at initial state.

movie S2. Hand-tapping energy harvesting of a VHB-STENG at stretched state.

movie S3. Powering an LCD screen by a transparent VHB-STENG.

movie S4. Powering an electronic watch with the energy converted from hand tapping by a
PDMS-STENG.
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