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In recent years, soft robots have been evolved at a rapid pace. Soft robots possess infinite degrees of freedom
because of the stretchability, which also poses a great challenge for sensing and controlling. Triboelectric
nanogenerator (TENG) holds a promising potential as a self-powered sensor for soft robots due to its high
sensitivity, flexibility and simplicity. In this work, a sensorized pneumatic soft actuator (PSA) is designed by
integrating TENG based self-powered sensors inside the chambers. The sensors give feedback on the dynamic and
static configurations of the PSA. The output voltage of a TENG has a good linear relationship with the local
bending angle. In addition, the voltage output of all TENGs connected in parallel is linearly related to the total
bending angle of the PSA. Applications of the sensorized PSA in a universal soft gripper and humanoid fingers are
demonstrated. The self-powered sensors can give corresponding feedback when the soft gripper catches cups
with different sizes/weights or when the humanoid fingers make different gestures. The sensorized PSA pave the

way for precise control and safely interaction.

1. Introduction

Inspired by worms and elephant trunks, soft robots have aroused
great interest and been developing at a rapid pace [1-3]. A soft robot
that usually made of silicone rubber has advantages of soft, lightweight,
multi-degree of freedom, etc. [4,5] Soft robots are adaptable to a broad
range of tasks by passively changing its shape and locomotion. There-
fore, soft robots have a great potential to revolutionize the humanoid
robots and the human-machine interaction [6,7].

Compared to their rigid-body counterparts, the emerging soft robots
possess infinitely passive degrees of freedom as a result of continuously
deformable silicone bodies. These emphasize the needs for completely
different sensing approaches, as well as modeling and controlling
[8-12]. Several sensing schemes have been developed for soft robots
perceiving, such as resistance strain sensor [13,14], Hall effect bending
sensor [15] and optical fiber strain sensor [16]. However, there are still
many challenges in the aspects of cost, energy consumption, space res-
olution and sensitivity, materials and process compatibility.

Triboelectric nanogenerator, based on the coupling effect of contact
electrification and electrostatic induction, can actively respond to
different types of mechanical triggers and show advantages of light
weight, low cost, vast materials choice (rigid and soft) and high response
[17-22]. TENG has been widely used as self-powered sensors for pres-
sure, touch, movement and gesture [23-26], which are also suitable for
soft robots [27-29]. Although several literatures have applied TENGs
into soft robots, they mainly focus on exteroceptive functions such as
touch and pressure sensing for human interaction [30-35].

Here, TENGs are integrated into a PSA as proprioception sensors of
configuration. A piece of conductive sponge sheet is placed in each
chamber of the PSA to form a single electrode TENG. The expansion/
contraction of a chamber causes the PSA bending at nearby, as well as
the contact/separation of the TENG. The voltage of the TENG is linearly
related to the expansion degrees of the chamber and the local bending
angle. Connected in parallel, the self-generated output voltage of all
TENGs is linearly related to the total bending angle of the PSA. As
demonstrations, the sensorized PSA could be assembled into a universal
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soft gripper and humanoid fingers. When the gripper picks up cups, the
voltage of the TENG is related to their sizes and weights. The humanoid
fingers could make gestures and give signal feedback. The self-powered
TENG sensors endow the PSA with proprioception function, which make
it more controllable and safer when it interacts with environments or
humankind.

2. Results and discussion

Fig. la illustrates the fabrication process of the sensorized PSA,
which is mainly composed of a series of molding and demolding pro-
cesses. Compared to the ordinary PSA, the sensorized PSA needs only
one extra step, placing electrodes inside the chambers, as labeled 3 in
Fig. 1a. One end of the electrode is fixed on the bottom layer during
curing process to keep erecting in the chamber’s center. Based on pre-
vious research, the conductive sponge is selected because it can be fixed
well to silicone rubber by nest with each other. And the porous structure
of the sponge does not influence the pneumatic process because it is air
permeable [36]. The sponge electrode is very light and the weight of all
10 electrodes was only 0.2 g, which did not add burden to the PSA.
Fig. 1b shows the sensorized PSAs under original flat state and pressured
bending state. The PSA are assembled into a universal gripper that able
to manipulate objects with different sizes or weights (Fig. 1c), where
gesture sensing is very importance for controlling. Furthermore, the
sensorized PSA can be wear on hands for assisting (Fig. 1d).

Since traditional rigid sensors is not suitable for a soft and stretchable
PSA body, it is urgent to develop new sensing technology. The most
common sensing scheme is by embedding strain sensors inside the
inextensible bottom layer, like optical fiber and resistance wire. The
bending radius of the PSA can be derived from the strain signal based on
the rough approximate that the curvature of the fiber/wire is a constant.
Here, a new solution is provided. TENGs are placed inside the chambers
instead of the bottom layer to detect the expansion of the chamber and
the bending angle of the PSA, as shown in Fig. 2a. The working principle
of the TENG is illustrated in Fig. 2b. The inner wall of the chamber and
the sponge electrode together form a single-electrode TENG. According
to the triboelectric series, the silicone chamber is more electro-negative
than the sponge electrode (Nickle). In the contacted state, the silicone
rubber will get electrons from the electrode while the electrode contains
equal positive charge. At the inflation state, the PSA is driven to bend by
pressured air. The negatively charged silicone chamber expands and
generally separates from the electrode. The positive charge flows out of
the electrode to balance the potential rising. At the deflation state, the
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chamber slowly contracts back to its original shape. And the charged
silicone contacts with the electrode again. The positive charge flow into
the electrode due to the electrostatic induction. The electrostatic po-
tential distribution was simulated by a Finite Element Software and is
shown in Fig. 2c. The total charges on the silicone rubber surface was set
to —2 nC, based on the measured transferred charges. The potential
distribution of the contacted state is shown in the left of Fig. 2¢c, with the
maximum potential of about —41 V. In the separated state, the potential
distribution of the chamber is shown in the right with the maximum
potential of about —35 V. Therefore, the potential difference of a
chamber between contacted and separated state is approximately 6 V.
A test system was established to investigate the performance of the
sensorized PSA, as illustrated in Fig. 2d. A syringe (60 mL, 90 mm)
driven by a linear motor was utilized to provide the pneumatic source of
the PSA, which is very convenient to control the parameters such as the
gas volume and flow rate. Electrical outputs such as open circuit voltage,
short circuit current, and transferred charges were measured by a
electrometer (Keithley 6514). The pressure inside the chamber was
recorded by the air gauge and the shape of the PSA was recorded by a
digital camera simultaneously. The open circuit voltage of a single TENG
is shown in Fig. 2e. The peak voltage was about 5.7 V, which is
approximate to the simulation result. The amount of transferred charges
was about 2.5 nC (Fig. 2f). To test the stability of the sensorized PSA, the
linear motor was set at reciprocation motion to provide periodic pneu-
matic pressure for the PSA. After continuously working for 3 h (~7500
cycles), the output voltage of the TENG was stable at about 5.5 V
without obvious attenuation (Fig. 2g). It indicates that both the PSA and
TENG have good stability. Furthermore, the influence of the humidity or
water was investigated. At first, the dry PSA was suspended in the air for
testing. The open circuit voltage of the TENG was about 3 V. Then the
PSA was completely submerged into water. The voltage increased to
approximately 15 V, which is nearly 5 times higher than that in air.
Then, the PSA was pulled out of water and hanged in the air. The
external surface of the PSA was still wet, but the output voltage dropped
to about 3 V immediately, as same as the completely dry state (Fig. 2h).
The corresponding transferred charges is shown in Fig. 2i. The trans-
ferred charges of both the dry state and wet state were about 1 nC. While
under water, the transferred charges increased to 4.5 nC. The TENG
output had no different between dry and wet PSA, indicating that hu-
midity does not affect the TENG performance. This is because the PSA
was well sealed, which protects the TENG from the influence of envi-
ronment. As for the reason of output enhancement under water, it is
inferred that the water can act as back electrode of the silicone rubber.
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Fig. 1. Scheme illustration of the sensorized pneumatic soft robot (PSA). (a) Fabrication processes of the sensorized PSA. (b) Photographs of the fabricated sensorized

PSA. Applications of the sensorized PSAs in (c) soft gripper and (d) assisting glove.
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(a) (b) 4 2 3 Fig. 2. Principle and basic outputs of the
TENG. (a) Comparison of the traditional
strain sensor and TENG-based self-powered
sensor. (b) Working mechanism of the TENG
under short-circuit condition. (c¢) Simulation
of the electric potential distribution of the
TENG under open-circuit condition. (d) Di-
agram of the experimental system including
the apparatus of the gas pump, pressure
meter and PSA. (e) Open-circuit voltage and

== strain sensor = = cd

(c) Potential  (d) (f) transferred charges of the TENG. (g)
ov ' Open-circuit voltage of a TENG tested for 3
10 h. (h) Open-circuit voltage and (i) trans-
AR ferred charges of a TENG under dry and wet
-20 REC®| conditions.
-30
L
L
(e) (9)
& 5 w uu wu T ‘ T
‘ TR ‘i
< 44 s
g 2.
32 s
1 .
- ~ 0—
g T R e e 3 hours
0 10 20 30 40 Titna {s)
Time (s) (h)
()
3 15 under water
22‘ in air in air
o 31
<
EER g
[8)
1
0-
ol under water
10 15 20 25 30 0 50 100 150 0 50 100 150
Time (s) Time (s) Time (s)

The TENG was not single-electrode but contact-separation mode.

The sensor performance regarding to the pose of PSA’s tip was
investigated as well. In order to minimize the influence of gravity force
and friction force, the PSA was placed sideway and floated on the water.
When inflating, the PSA freely bend into a perfect arc with a constant
curvature. The bending angle of the PSA was measured from the pictures
recorded by a digital camera. Besides, the pressure inside the chambers
and the electrical outputs were measured in real time. Controlled by a
linear motor, the gas was pumped into the PSA. The gas volume
increased step by step from 2/3 mL to 26/3 mL by 2/3 mL each time. As
a result, the pressure inside the chambers increased from 0.25 kPa to 13
kPa with the slop of 1.59 kPa/mL (The red line in Fig. 3a). The angles
between the tangents at both ends of the PSA are displayed in Fig. 3a
with blue color, which could be fitted by a straight line, showing the
pneumatic process of the PSA has good linearity. The voltage of TENG
versus gas volume are plotted in Fig. 3b. As the gas volume increased
from 2/3 mL to 26/3 mL, the voltage of TENG increased from 3 V to 44
V. The linear fitting slop between voltage and volume is 5.05 V/mL.
Moreover, the transferred charges also increased from 1 nC to 16.5 nC.
The relation between bending angle and voltage was derived and plotted
in Fig. 3c. As the bending angle increased from 29° to 290°, the voltage
linearly increased from 3 V to 44 V with a fitted slop of 0.17 V/°. The
voltage of TENG sensor has good linearity and sensitivity regard to the
bending angle of PSA. Based on the constant curvature model, the po-
sition and orientation of the PSA’s tip can be derived from the bending

angle and the length of the PSA. Therefore, the sensorized PSA has
possessed the proprioception to feel its own shape.

However, the PSA is so soft that prone to be affected by external
forces. Experiments were carried out to investigate the sensor perfor-
mance when the PSA was hung up under gravity. The gas was pumped
into the PSA with the gas volume increment of 10/3 mL each time. The
corresponding voltage output is plotted in Fig. 3d. The voltage increased
step by step as the PSA bending stepwisely. The voltage at the static state
was very stable and the dynamic response was very quick. After 5 steps,
the PSA bended at an angle of 300° and the voltage reached 24 V. At a
reversed process, the gas was pumped out and the PSA unbend step by
step. The voltage backtracked to original value with high repeatability.
The poses of the PSA were recorded by a camera to measure the angle
between the tangents at both ends. Fig. 3e shows two pictures when the
PSA was bended after 4 and 5 steps respectively. The corresponding
angles were 200° and 300°. The voltage and bending angle can be well
fitted by a straight line with a slop of 0.076 V/° (Fig. 3f). Because of the
influence of gravity, the shape of the PSA was not a perfect arc as in
water but more like a helix.

The sensorized PSA was demonstrated as a universal gripper to catch
objects with different sizes or weights and give feedback information. As
illustrated in Fig. 4a, two sensorized PSA were fixed at an acrylic frame
face to face with 150 mm gap. The bending of the PSA fingers narrowed
the gap and gripped the objects. When the sizes of the objects are
different, the bending angles and the voltage outputs are different.
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Fig. 3. Investigation of the sensor performance when TENGs were connected in parallel. (a) The pneumatic performance of the PSA. The pressure and bending angle
were linearly related to the gas volume. (b) The open-circuit voltage and transferred charge of the TENGs under different gas volumes. (c) The open-circuit voltage
and gas pressure versus bending angle. (d) The open-circuit voltage when the PSA under stepwise bending. (e) The photographs of the PSA under different bending
angle. (f) The linear fitting of the voltage versus the bend angle.
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Fig. 4. Demonstration of the sensorized PSA in a soft gripper. (a) Schematic illustration of the soft gripper that assembled from two sensorized PSA. (b) Photograph of
the gripper catched a small cup. The open-circuit voltage when catching (c) a small cup and (d) a middle size cup. The open-circuit voltage when catching (e) a large
cup and (f) a 36g copper block added into.

Fig. 4b shows the picture of a sensorized universal gripper when it reached 14 V when firmly caught the cup. When the cup was dropped,
caught a small cup (30 mm in diameter). The bending angle of the PSA the voltage decreased every quickly to about 2 V and then generally to
was about 65° and the corresponding voltage output is shown in Fig. 4c. the original value with oscillatory attenuation. The decay process of the
At the grasping process, the voltage increased simultaneously, and voltage was well accorded to the attenuation motion of the PSA,
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showing a high sensitivity. When it caught a middle cup (85 mm in
diameter), the output voltage was only 12 V (Fig. 4d). And the voltage
dropped to 5 V when it caught a large cup (135 mm in diameter), as
illustrated in Fig. 4e. The voltage decreased because that smaller
bending angle was needed for catching a larger one. Moreover, when the
gripper caught the large cup that contained a 36 g metal block, the
voltage increased to about 11 V (Fig. 4f). This is because catching a
heaver object needs larger pressure. These experimental results showed
that the sensorized PSA-based gripper can catch different objects and
evaluate the size or weight in real-time.

However, in most situations, the PSA usually do not bend into a
perfect arc because the influence of external forces. Fig. 3f shows a PSA
curled up into helical because of the gravity, which complicates the
configuration sensing. It needs a serial of sensors to detect the curvatures
at different parts of the PSA, and help rebuild the shape based on the
piecewise constant curvature model (Fig. 5a) [37,38]. The challenge lies
in how the segments and sensors are arranged. If the segments are too
small, it is inaccuracy. If too large, it needs a lot of sensors and will
consume too much energy. The optimal scheme is that segments are
divided according to the chambers, whose expansion cause the bending.
The sensorized PSA here is conformed to the optimal scheme that every
chamber contains a TENG to serve as the local bending angle sensor
independently. In this way, the PSA was divided into 10 segments by the
chambers. And the bending angle of each segment was reflected by the
TENG inside the chamber.

Nano Energy 77 (2020) 105171

The relation between the bending angle of a chamber and the voltage
of the corresponding TENG was tested. Only the middle one chamber of
the PSA was left to bend freely, while the others were wrapped with the
tape to limit its bending. The PSA was also placed sideways and floated
on water to eliminate the influence of the external forces. The gas vol-
ume, gas pressure, voltage output and bending angle of that chamber
were recorded and shown in Fig. 5b. As the gas volume increased from
4/3 mL to 6 mL, the pressure raised from 2 kPa to 12 kPa. The pressured
gas caused the expanding of the chamber, which folded the PSA in the
middle with the angle ranged from 8° to 60°. The output voltage
increased from 4 V to 10.8 V, and had a good linear relation to the gas
volume with the fitting slope of 1.43 V/mL. The relation between the
voltage and bending angle was derived and plotted in Fig. 5¢, which
could be fitted by a straight line with the slope of 0.1147°/V. These
experiments were repeated for multiple times and the data were highly
overlapped. It indicated that the TENG sensor performance is stable and
repeatable, showing the potential of self-powered sensor for local
bending angle of the PSA.

To verify the distributed sensing performance, the voltage outputs of
the TENGs were recorded independently to monitor the shape of the PSA
under different conditions. Firstly, the whole PSA was floated on the
water sideways so that every chamber was able to bend freely by pres-
sured gas. The voltage of all 10 TENGs were exhibited one by one in
Fig. 5d. The average voltage was about 9 V with small fluctuation of
about 1 V, which reflected the bending angle of each chamber was very
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Fig. 5. Investigation of the distributed sensors for piecewise PSA. (a) Comparison of the constant curvature model and multi-segment piecewise constant curvature
model. (b) The gas pressure, local bending angle and open-circuit voltage of a chamber versus the gas volume. (c) The relation between the open-circuit voltage of a
chamber and the local bending angle. (d) The open-circuit voltage of each TENG when the PSA bended freely on water. (e) The open-circuit voltage of each TENG
when the PSA was placed flatwise on a table. (f) The average voltage of the joint and links of the PSA when it was mechanically programmed into thumb shape. (h)
The average voltage of the joints and links of the PSA when it was programmed into index finger shape.
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close. As shown in the inserted picture of Fig. 5d, the whole PSA body
bended into an arc with an approximate constant curvature, which
agreed with the voltage. Then, the PSA was placed flatwise on the table.
Under pressure, the PSA bended upward and arched on the table. The
two ends of the PSA stood on the table to support the weight, which
restricted the expanding and bending of the nearby chambers. Near the
middle position, the force is smaller, and the bending angle is larger. The
picture of the arched PSA is inserted in Fig. 5e, and the voltage of each
chamber is also displayed. The voltage outputs near the two ends were
smaller than that near the middle segments, which is in line with the
shape of the PSA. These results indicated that the distributed self-
powered TENG sensors are able to perceive the piecewise curvature of
the PSA, which is significant for the modeling and controlling of the
compliant PSA.

Furthermore, the PSAs were mechanical programmed into different
segments to intimate fingers, whose gestures were detected by the TENG
sensors. The PSA was divided into three segments to imitating the
thumb. Part 1 and 3 contained five chambers respectively and were
wrapped by tape to prevent it bending, while part 2 contained only one
chamber and was free to bend. The photographs of a thumb and the
programmed 3 segmented PSA are shown in Fig. 5f. The voltages of the
three parts were recorded when the PSA bending. The average voltage
output of each TENG in part 1 and 3 were merely about 0.5 V, because
the bending was limited. The voltage of part 2 was about 8 V, corre-
sponding to the bending angle of 44° at the joint. In addition, the PSA
was reprogrammed into 5 segments to imitate an index finger. Part 1, 3
and 5 contained three chambers respectively and were wrapped by tape
to prevent their bending. Part 2 and 4 had one chamber each and were
free to bend like the finger joints, as illustrated in the inserted photo-
graphs of Fig. 5g. The average voltage of each chamber in part 1, 3 and 5
were 0.5V, 1 Vand 0.5 V respectively, while part 2 and 4 were 7 V and 9
V. The output voltage of different parts could reflect the gesture of SPA
finger very well, indicating the potential application in wearable devices
and robotic hands.

Nano Energy 77 (2020) 105171

The segmented finger-like PSA shows potential applications in hu-
manoid fingers and assisting glove, as depicted in Fig. 6a. The demon-
stration was performed on a wooden humanoid-hand. The 3 segmented
PSA was fixed on the thumb and the 5 segmented one was fixed on the
index finger. The PSA guided the fingers to bend while the sensors gave
feedback on the gesture. As shown in Fig. 6b, the voltage output at the
thumb joint was about 9 V when it bended to 51°. But the voltage
dropped to about 5 V when the bending angle was smaller, about 39°
(Fig. 6¢). The two joints of the index finger were driven by the 5
segmented PSA to bend simultaneously. The voltage at the first joint was
above 10 V (Fig. 6d), which is slightly larger than the voltage of the
second joint shown in Fig. 6e. It is expected that the sensorized PSA can
be used as assisting glove to help disabled person make gesture and
handle different objects.

3. Conclusion

In conclusion, a sensorized PSA was developed by integrating TENGs
into the chambers to serve as the proprioception sensors of configura-
tion. Connected in parallel, the total voltage output of the TENGs was
linearly related to the total bending angle of the PSA. Independently, the
10 TENGs served as distributed sensors to detect the bending angle of
every segments of the piecewise PSA. Hence, the sensorized PSA could
perceive its own shape, which was tested under different conditions. As
a demonstration, the sensorized PSA were assembled into a universal
soft gripper and humanoid fingers respectively. With the propriocep-
tion, they are smarter and safer when interacting with environments or
humankind.
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