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Triboelectric nanogenerators and sensors can be applied as human— [ E——

machine interfaces to the next generation of intelligent and interactive products,
where flexible tactile sensors exhibit great advantages for diversified applications such
as robotic control. In this paper, we present a self-powered, flexible, triboelectric
sensor (SFTS) patch for finger trajectory sensing and further apply the collected
information for robotic control. This innovative sensor consists of flexible and
environmentally friendly materials, i.e., starch-based hydrogel, polydimethylsiloxane
(PDMS), and silicone rubber. The sensor patch can be divided into a two-dimensional
(2D) SFTS for in-plane robotic movement control and a one-dimensional (1D) SFTS
for out-of-plane robotic movement control. The 2D-SFTS is designed with a grid
structure on top of the sensing surface to track the continuous sliding information on
the fingertip, e.g., trajectory, velocity, and acceleration, with four circumjacent starch-
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based hydrogel PDMS elastomer electrodes. Combining the 2D-SFTS with the 1D-SFTS, three-dimensional (3D) spatial
information can be generated and applied to control the 3D motion of a robotic manipulator, and the real-time
demonstration is successfully realized. With the facile design and very low-cost materials, the proposed SFTS shows great

potential for applications in robotics control, touch screens, and electronic skins.

triboelectric effect, self-powered, wearable, flexible, robot

earable sensors have been an attractive research

topic and have received tremendous research effort

in the past few years.'~* For example, W. Gao et al.
carried out a prominent study on wearable and effective sweat
sensors in the development of personalized healthcare
devices." B. C. K. Tee et al. reported a wearable skin-inspired
mechanoreceptor that can transduce pressure information into
frequency signals, marking one step forward to the realization
of electronic skin with neural-integrated feedback.” Among
various wearable applications, tactile sensing and pressure
sensing in wearable sensors are important research areas.”® To
date, most of the reported tactile sensors are aiming at
healthcare and gaming control.”~"> With respect to the
Internet of Things (IoT) and factory automation, the
applications of tactile sensors remain to be further studied
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and expanded. With the development of modern technology
and the increasing needs of the IoT, the next-generation robots
are designed to work autonomously in a smart factory and
operate in a harsh environment, where they can feel and
interpret the environment with the help of all kinds of
sensors.°~ ' In terms of the applications of tactile sensors,
they are mainly used for pressure sensing and collision
detection in the process of robot manipulation based on a
capacitive mechanism or a piezoresistive mechanism.'” %!
More importantly, a common limitation is that most of these
sensors require an external power source. In recent years, a
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Figure 1. Conceptual illustration and working principle of the wearable flexible patches. (a) 2D-SFTS attached on the arm as a 2D sensing
and testing patch. The two ends of the 1D-SFTS are fixed on the wrist and fingers, respectively, and 1D displacement and movement
detection is carried out by the stretching action of the fingers. The combination of the two patches can realize 3D motion control of the
robot, such as handling, welding, and other operations. (b) Schematic diagram of the 2D-SFTS patch. (c) Schematic diagram of the 1D-SFTS
patch. (d) Ilustration of the working principle of the gridded 2D-SFTS patch. (e) Electrostatic analysis of the contact process. (f) Voltage
ratio of electrode 3 (E3) and electrode 1 (E1) with the location of charges changing, and voltage ratio of electrode 4 (E4) and electrode 2

(E2) with the location of charges changing.

number of self-powered sensors based on triboelectric
nanogenerators (TENGs) were introduced.”””*’ TENGs can
function as active sensors for detecting pressure changes
without the use of an external power source, which has
potential applications as self-powered tactile sensors.”"~ In
addition, complex electric circuits can be avoided in these self-
powered devices.”*™*> Wang’s group integrated the developed
tribo-skins with soft actuators, performing various active
sensing and interactive tasks during operation of soft robot
finger actuators.** X. Zhao et al. reported a self-powered and
self-adaptive motion sensor to detect and recognize various
motion behaviors of a robot.” In the electronics industry and
intelligent robot applications, triboelectric-based self-powered
sensors distinguish themselves from others because of their
simple structure, flexible nature, cost-effectiveness, and self-
powered functionality.**™*
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On the other hand, tactile sensor arrays have also been
widely developed and investigated for different applications. F.
Yi et al. reported a self-powered 4 X 4 triboelectric sensor array
structured with grounded electrodes to monitor two-dimen-
sional (2D) movement of a rolling ball on this array.”’ X.
Wang et al. fabricated a flexible and stretchable 8 X 8
triboelectric sensor array using polydimethylsiloxane (PDMS)
and a Ag nanofiber electrode. Controlling a moving object in
the Pac-Man game is demonstrated by drawing a trajectory
pattern on this 8 X 8 triboelectric sensor array.”' Briefly
speaking, using a tactile sensor array to detect a trajectory
pattern made by fingertips or moving objects on the surface of
a tactile sensor array offers a way of controlling objects in
cyberspace. Furthermore, H. Wang et al. presented a
triboelectric keyboard for individual stimulation of sciatic
nerves through implanted electrodes.”” This work indicates
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another interesting application where a tactile sensor array
becomes the interface between humans and prosthetics.
Regarding the human—robot interaction, the instruction
information provided by the control terminal is expected to
be used to control the manipulator of a robot in real time. With
the triboelectric tactile sensor array demonstrated by X. Wang
et al,”" it is very likely that people can extract and detect the
trajectory information from the 64 electrodes’ output
associated with the 8 X 8 pixels when the user traces a
pattern, then further apply such information for robotic
manipulation. However, for tactile sensors, a higher resolution
and more targets for location usually require an increased
number of sensing units and electrode terminals, which will
noteworthily cause a cost increase and extra difficulties in
electrode extraction, signal interference, and data processing.
To address this issue, an analogous method provides a strategy,
especially in terms of reducing the number of sensing units and
electrodes.>® As a promising solution, a simplified tactile sensor
configuration has been developed, where the position of a
fingertip engaged on the tactile sensor surface can be
determined by the output ratio from two pairs of electrodes.
This pioneer work has been reported by Zhang’s group and
Wang’s group as a self-powered analogue smart skin,**7°
Leveraging this mechanism, a sizable output power of 10 mW
is reported by a multilayered triboelectric touch pad.”’
However, the working mechanism of these tactile sensors
depends on the contact—separation of a single touch point,
which means that the fingertip has to be separated from the
tactile sensor surface after each individual engagement to
detect the touch position. Clearly speaking, detection of a
continuous 2D trajectory of a moving object or 2D pattern
drawn by a fingertip is not possible by this method.

Furthermore, the motion control and accurate position
control of a robotic manipulator must have three-dimensional
(3D) spatial information, e.g, coordination in three axes. So
far, there is no reported work of a tactile sensor array or self-
powered analogue smart skin to generate 3D spatial
information. In this paper, we present a 2D self-powered,
flexible, triboelectric sensor (2D-SFTS) patch for detection of
a 2D trajectory drawn by a fingertip. Together with a 1D-SFTS
patch, we bring in the position information along the z-axis, i.e.,
vertical axis, to superimpose on sensory information collected
from the 2D-SFTS patch as an integrated 3D information
platform as a human—machine control interface to control the
3D manipulation of a robot. This important breakthrough is
made possible by integrating a grid structure on a silicone
rubber surface with two pairs of stretchable electrodes made of
a mixture of PDMS and a starch-based hydrogel to form the
SFTS. The information on the physical parameters of
trajectory, velocity, and acceleration associated with the
fingertip addressed on silicone rubber can be measured.
Then robotic manipulation is demonstrated in this work as a
function of these physical parameters in a real-time manner.
This very cost-effective and facile-designed triboelectric tactile
sensor has great potential in wide-ranging applications such as
robotics, virtual reality (VR), augmented reality (AR), and
healthcare.

RESULTS AND DISCUSSION

The concept of the patch device to provide 3D control
information through the integration of the 1D-SFTS and 2D-
SFETS patches is shown in Figure la. The fabricated TENG-
based 2D-SFTS patch consists of a flexible substrate, a grid

layer, and four electrodes. The 1D-SFTS patch consists of a
flexible substrate and two electrodes. Their structure diagram is
demonstrated in Figure 1b and c, respectively. The flexible
substrate is made of silicone rubber with good stretchable
property. It is also the friction layer to contact with objects in a
sliding or touching manner. The grid layer made up of resin is
deposited on the substrate by 3D printing. Electrodes on the
edges of the substrate are fabricated with a starch-based
hydrogel PDMS elastomer (HPE), i.c., a mixture of starch-
based hydrogel and PDMS. The starch-based hydrogel is
obtained by dissolving cornstarch in the electrolyte at 60 °C,
and the resultant starch-based hydrogel is maintained at a
relative humidity (RH) of 60%, as shown in Supporting Figure
S1.

As shown in Figure 1d, the operating mode begins with one
contact between the finger and the top of the grid structure.
When the finger slides to the right, it approaches the silicone
rubber layer from the top of the grid structure shown in Figure
1d-I. Because of the work function difference between skin and
silicone rubber, a physical contact between the two dielectric
surfaces with distinct electron affinity creates oppositely
charged surfaces. There are positive and negative charges on
the surface of the finger and silicone rubber layer, respectively.
During the approaching process, the positive charges on the
finger gradually balance the negative charges on the silicone
rubber surface. Therefore, a different amount of charge is
forced to flow from each electrode terminal to the ground, thus
generating currents while the finger approaches the first
contact point on the silicone rubber layer. When the finger
contacts the surface of the silicone rubber layer (Figure 1d-1I),
the electrical field is confined to the space between the finger’s
surface and the silicone rubber layer so that the electrode
voltage will not be affected by the charges on the touch point.
When the finger separates and leaves far away from the first
contact point on the silicone rubber layer (Figure 1d-III), the
negative charges on the surface of the silicone rubber will
induce opposite charges on the electrode terminals again.
Therefore, currents with different magnitudes from the ground
to each electrode terminal will be formed while the finger
moves away. When the finger reaches the top of the grid
structure, we can conclude that the maximum charge on the
electrodes is reached eventually (Figure 1d-IV). When the
finger crosses over the grid and approaches the second contact
point on the silicone rubber layer (Figure 1d-V), the charges
on the two electrode terminals will be repelled and forced to
flow into the ground. Therefore, a negative current will be
formed, and the above process and phenomenon are repeated.
Based on the different current and voltage output of four
electrodes, the location of contact can be defined. Benefited
from the division of the grid, the continuous sliding trajectory
and movement of the finger on the sensor surface are recorded
by continuous pixel positions; thus the trajectory, speed, and
acceleration of the motion can be further derived.

Since the substrate material and electrode material used by
the 1D-SFTS and 2D-SFTS are the same, to obtain the
detection characteristics of the patches by an analogous
method, the relationship of an output voltage from the
opposite electrodes is first studied. The theoretical analysis of
electrostatic induction during the contact process is illustrated
in Figure le. During the process of the finger sliding or
touching along the device surface, the electrical fields on the
opposite electrodes change accordingly.
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Figure 2. TENG-based working mechanisms of the HPE electrode and the electrical characteristics of the electrode. (a) Schematic
illustration of TENG-based working principles of the HPE electrode in single-electrode mode. I: contact state; II: separating state; III:
separated state; IV: approaching stage. (b) Open-circuit voltage and short-circuit current of an SFTS based on the HPE electrode. (c)
Photographs of a stretching test of HPE and (d) electrical characteristics curve under a voltage of 1.5 V. (e) Photographs of 2D-SFTS and

1D-SFTS patches.

If the electric potential of the ground and infinity is assumed
to be 0V, then the electric potential of a point charge can be
written as

v=1k2

r (1)
where Q is the amount of charge, r is the distance to the point
charge, and k is Coulomb’s constant.

The distance between two opposite electrodes (E1 and E3)
is assumed to be [. After contact with the silicone rubber
surface, the finger with a charge of +Q moves away from the
silicone rubber surface to a distance of h. The touch point on
the silicone rubber surface has a charge of —Q, correspond-
ingly. If the distance between the touch point and E1 is x, then
the distance between the touch point and E3 is | — x. Thus, the
electric potentials of E1 and E3 (Vg; and Vp;) can be expressed
as

Q Q
Y=k ok

x +h x
Ves = k & _kQ

\/(l—x)z +h2 l—x (2)

Their ratio can be then derived as

Q Q 1 1
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The ratio is only dependent on the touch point position, i.e., x,
if I and h remain constant. More importantly, the ratio is
irrelevant of the amount of charge, which enables stable and
reliable position sensing of the device even under different
contact force and RH. The same relationship between Vg, and
Vg4 can be obtained using the same procedures. Due to the
grid structure, the distance h is constant. Supposing that h is
1.5 mm, Figure 1f shows the simulation result of Vg3/Vg, and
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Vg4/ Vi, of the four-electrode device, respectively, while the
charge location changes. The result shows good monotonicity,
which is especially significant for confirming the location of
touching.

In order to simplify the structure and improve the flexible
and stretchable characteristics, the electrodes of SFTS are
made up of HPE. The mechanism is schematically illustrated in
Figure 2a. HPE is wrapped around the silicone rubber during
the fabrication. When the finger contacts the silicone rubber,
contact electrification occurs at the interface due to their
different electron affinities. HPE is conductive, and the current
through HPE could reflect the changes in the external electric
field. Figure 2b shows the open-circuit voltage and short-circuit
current of the HPE—silicone rubber device by finger tapping.
The HPE is then examined under stretched motion by the
linear motor as shown in Figure 2c. In the whole stretching
process, the resistance range is about 18—30 K€2 based on the
applied voltage of 1.5 V. The electrical characteristics curve is
shown in Figure 2d. It can be seen that the electrode material
still exhibits good electrical conductivity under a stretchable
state up to 200% strain. A demonstration and test curves of its
electrical conductivity are shown in Supporting Figure S2.
Photographs of the fabricated SFTS patches are presented in
Figure 2e. The dimensions of the 2D-SFTS are listed in
Supporting Table S1. The 1D-SFTS patch will be investigated
in terms of different sizes in subsequent experiments.

In view of the structural character of the gridded 2D-SFTS
patch, the trajectory detection characteristic is introduced here.
Before carrying out the experiment on trajectory detection, the
contact points of the continuous pixel are tested and analyzed.
To obtain a 2D location for the contact, two voltage ratios
from the opposite electrodes (denoted as Vi3/V; and Vi,/
Vg,) are measured with a S X S test lattice shown in Figure 3a.
Measurement for each virtual pixel is repeated 100 times to
calculate the average value as the standard contact point in the
square area. For each point, 100 groups of the peak output
voltages are obtained in advance. As a representative of a
common situation, the point distribution graph of the 100 test
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Figure 3. (a) 100 tests of voltage ratios of opposite electrodes at lattices No. 13, No. 15, and No. 25, showing good centrality. (b) Voltage
ratios of E3 and E1 with 25 testing points and the voltage ratios of E4 and E2 with 25 testing points. (c) Comparison between the test
location and the actual location. (d) Average values and the standard deviation values of the ratios V3/V, and Vi,/Vg, in sequential order.
(e) Tests of the 2D-SFTS patch under different humidities. (f) Tests of the 2D-SFTS patch under different forces.

results is shown in Figure 3a at lattices No. 13, No. 15, and No.
25. Because of the restriction of the grid, the finger contact
points with silicone rubber are mainly concentrated in the
center area of each single lattice. With 100 tests, the outputs
are stable and the voltage ratios also show notable aggregation.
Then the ratios of R; = Vg3/Vgy and R, = Vi,/ Vg, of each
group are calculated, as shown in Figure 3b. The average values
of the calculated R; and R, for each touch point are listed in
Supporting Tables S2 and S3, respectively. R, and R,
monotonically increase and the voltage ratio trend shows
good resolution. To verify the performance of the locating
capability of the device, a location test at the center point of
single lattice No. 12 is carried out, as shown in Figure 3c. The
ratios obtained from the measured output voltages are R, =
0.43 and R, = 0.96. Two curves corresponding to R; and R, are
plotted, and the intersection point can be calculated as (2.0S,
2.98). The distance deviation between the actual touch point
and the calculated point is 1.5 mm. Similarly, through
experimental testing and calculation by MATLAB, the distance
deviations of all 25 points are between 0.02 and 1.60 mm.
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Therefore, the position-sensing resolution of the points in a
single lattice is ~1.6 mm. All the average values and the
standard deviation values of the ratios are plotted in Figure 3d.
In order to achieve the accuracy and standardization of
trajectory monitoring and motion detection, normalization of
the average values for each region of the above test is carried
out. The ratios obtained can be divided into 25 values for both
R, and R, when the touch point changes. These values are
defined as the ratios of the geometric center points of every
single lattice. In trajectory measurements, these discrepancies
can be eliminated by normalizations. Taking the ring location
as an example, the normalization of theoretical ratios and
experimental values are illustrated in Supporting Figure S3. In
order to check the reliability of the SFTS device, the tests are
conducted under different environments and forces as shown
in Figure 6e and f. It can be seen that the voltage ratio of the
opposite electrodes is stable although the voltage amplitude
varies with the change of humidity and force, implying that the
ratio method can eliminate external interference. The spray
device is used to change the humidity on the surface of the
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Figure 4. Detection of the velocity and acceleration of an object sliding on the device. (a—c) Measured voltage as an object slides across a
path (No. 11 — No. 12 — No. 13 — No. 14 — No. 15) at a preset speed of 2, 2/3, and 2/S cm/s. (d) Detected displacement of the object
over time. (e—g) Measured voltages when an object slides across a path (No. 11 — No. 12 — No. 13 — No. 14 — No. 15) with different
accelerations (0.6, 1.2, 3.5 mm/s>). The intervals of the peak time in (e) are el = 6.3 s, €2 = 2.7 5, €3 = 2.0 5, and e4 = 1.7 s, respectively. The
intervals of the peak time in (f) are fl = 4.6 s, f2 = 1.8 s, f3 = 1.4 5, and 4 = 0.7 s, respectively. The intervals of the peak time in (g) are gl =
2.6s,g2=1.1s,g3=08s, and g4 = 0.6 s, respectively. (h) Detected accelerations of the object by the 2D-SFTS patch.

device. Five groups of experiments are carried out under
different humidities. The measured values of surface humidity
of the five groups are 66%, 81%, 87%, 92%, and 95%,
respectively. In each group, the voltages of four electrodes are
detected by tapping the center point (3.1, 3.1) of the 1D-SFTS
patch. The average values of electrode voltages of each group
(50 times) are calculated and depicted by a column diagram, as
shown in Figure 6e-IIL The ratios of the tapping point in the x
direction and y direction are calculated according to the
average values and marked in Figure 6e-I and e-IL It can be
seen that with the increase of humidity, the output voltage of
the electrode will decrease significantly, but it does not affect
the calculated value of the position point. As shown in Figure
6f, five groups of experiments are carried out under different
forces. Similarly, the magnitude of the force has a negligible
effect on the location calculation.

In the above analysis, the pixel matrix of 5 X 5 is calibrated
and the average value of each region voltage is processed. In
order to quantitatively characterize the SFTS’s response to a
motion, e.g., finger sliding through the surface of the sensor, the
pixel area touched by the finger records the voltage signal to
detect its movement and trajectory. The output voltage signals
of the 25 lattice regions are recorded in real time. By
addressing and monitoring the positive output voltage signals
in the 25 lattice regions, the touch information on the finger
can be attained. When the finger slides on the SFTS along one
path, the voltage of the region that the finger passes through
rises to a peak. In this regard, a 2D contour plot of the values
of the output voltage from all electrodes is obtained when the
finger gets to the region that explicitly indicates the moving
path of the finger, as shown in Supporting Movie S1. Since the
interval between two neighboring regions is a constant that was
determined when constructing the grid structure, the location
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of the object can be recognized easily. More importantly, the
trajectory, velocity, and acceleration of the object can be
derived through analysis and calculation. The 2D-SFTS patch
is fixed on the platform of a linear motor, and the characteristic
is calibrated by setting a different speed of the linear motor. In
the experiment, the patch is moving with the motor and the
finger are stationary relative to the ground. Figure 4a—c show
the measured results of the voltage when the finger slides on
the 2D-SFTS patch with different velocities. By simply dividing
the distance between two regions by the time taken to cover
the distance, the velocity from one electrode to another can be
derived. The displacement of the finger sliding with time can
be easily derived, which is presented in Figure 4d. Figure 4e—g
exhibit the ability of the 2D-SFTS to detect accelerated motion
of the finger sliding with different accelerations. The ratios of
the opposite voltages in the figure can calculate the trajectory
of the finger sliding, and the acceleration of the motion can be
calculated combined with the voltage interval time. The
displacement of the finger sliding with time can be easily
derived, which is presented in Figure 4h. Because the velocity
and acceleration of the 2D-SFTS patch are preset by the linear
motor, the calculated velocity and acceleration are basically in
agreement with the preset value, ignoring the influence of the
slight jitter of the finger.

The above sections mainly discuss the characteristic testing
of the 2D-SFTS patch. Based on a similar analogous locating
method, we propose a stretchable 1D-SFTS patch. The E1 end
of the 1D-SFTS patch is fixed, while the E2 end is movable
subjected to tensile stress (Figure 5a). When knocking a point
with constant distance to E1 on the patch, a voltage ratio of the
two electrodes (Vg,/Vg;) can be obtained through Figure le
and eq 3. When the patch is stretched to a certain distance, the
voltage ratio decreases when we knock on the same point with
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Figure S. Electrical measurements of a finger knocking on the silicone rubber layer and analysis of the stretch process. (a) Voltage waveform
of the two electrode voltages with the increase of the stretch length. (b) Ratio change trend of the two electrodes’ voltages with the change of
the stretch percentage. (c) Relationship of the error bars of V,/Vg, with the stretch displacement corresponding to different initial lengths.
(d) Relationship of the two electrodes’ voltage ratio and time at the same stretch speed.

a constant distance relative to the E1 position. The ratio
further decreases with increasing stretch length. Based on this
phenomenon, the stretch length of the E2 end can be
measured by knocking a fixed point relative to E1. That is to
say, it can measure the stretch displacement and stretch
velocity/acceleration of the E2 end with fixed knocking
frequency. The photographs of the 1D-SFTS under different
operating conditions demonstrate the stretchable capability of
the device as shown in Figure Sa. In the experiment, three
different sizes of the patch are investigated in terms of the
output voltage ratio. The ratio change trend of two electrode
voltages is shown in Figure Sb with the change of the stretch
percentage. It can be seen that with the same percentage of
stretching, the voltage ratio is basically the same, indicating
that the width and thickness of the patch does not affect the
output value during stretching. In terms of displacement and
velocity detection, we first detected the resolution of stretch
displacement. The relationships of the error bars of Vg,/Vg,;
with the stretch displacement corresponding to different initial
lengths are shown in Figure Sc. The resolution gradually
decreases with the increase of stretch length. In addition, the
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longer the initial length, the faster the resolution decreases. It
can be seen that when the stretch displacement is less than 25
mm, the resolution of the three patches is ~5 mm. When the
stretch length exceeds 25 mm, the resolution is greater than 5
mm. Therefore, the patch with a shorter initial length is
calibrated in terms of the stretch curve in advance for later
application. Figure 5d shows the curves of the voltage ratios
with time under a stretch speed of 5 mm/s. The 1D-SFTS
patch can be stretched to as long as 500%, and the
stretchability depends on the type, thickness, and curing
extent of the silicone rubber. The curves of the two electrode
voltages during the stretching process are shown in Supporting
Movie S2.

Furthermore, to check the reliability and long-term stability
of the SFTS device, a reliability test is conducted on the 1D-
SETS patch, as shown in Supporting Figure S4, and a long-
term stability test is conducted as shown in Supporting Figure
SS. Similar to the 2D-SFTS patch, the influence of humidity
and force on the 1D-SFTS patch can be ignored. As shown in
Supporting Figure S5, there is no significant change of ratios of
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Figure 6. Robotic control schematic diagram and experimental results. (a) Photograph of the robot used in the demonstration. Photographs
demonstrating the velocity control, trajectory control, and 3D motion control. (b) Flowchart and system structure of the robotic control
demonstration. (c) Voltage curves of four electrodes when a finger slides on the SFTS with “C”, “X”, and “Q” trajectories. The robotic
manipulator demonstrates letter writing on the whiteboard through the flexible patch control. The top of each figure shows the number

corresponding to each lattice when the finger slides across.

opposite electrodes after testing for 5000 cycles, which
indicates a stable and durable electrical property of the SFTS.

As discussed above, the 1D-SFTS and 2D-SFTS patches can
realize trajectory, displacement, and velocity detection. There-
fore, the combination of the two patches can achieve 3D signal
detection and control. This concept can be applied to the
applications of robotics, electronic skins, automatic control, etc.
To evaluate the characteristics of the SFTS patches and verify
the 3D control concept, a robotics control system is developed.
Figure 6a shows the robot and the different motion behavior
control, such as velocity control, trajectory control, and 3D
motion control. The control system includes the SFTS device,
a signal acquisition system, a computer, a drive system, and a
robot (Figure 6b). Through the control connection between
the SFTS patches and the robotic manipulator, experiments at
different sliding speeds are conducted first to control the
robotic manipulator with different moving speed, as shown in
Supporting Movie S3. Then the trajectory tracking ability of
the SFTS patch is utilized to control the robotic manipulator
to write different letters. Three letters, “C”, “X”, and “Q” are
selected and written by the robot manipulator on a whiteboard,
as shown in Supporting Movie S4. Figure 6¢ illustrates the
voltage curves of four electrodes corresponding to the letter
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trajectories induced by a fingertip. Next the combination of the
two patches is demonstrated to realize the 3D motion control
of the robot manipulator, as shown in Supporting Movie SS.
Therefore, according to the demonstrations, the SFTS patches
can work as 3D motion control interfaces for a robotic
manipulator in diversified multifunction operations, such as
handling operations, welding, and spraying.

CONCLUSIONS

In summary, a self-powered flexible triboelectric sensor patch
for trajectory and fingertip motion sensing is proposed and
investigated with complete theoretical model and experimental
characterization. This very cost-effective and facile-designed
sensor is fabricated with environmentally friendly materials, i.e.,
a starch-based hydrogel, PDMS, and silicone rubber. With the
design of a grid structure on top of the triboelectric functional
layer, detection of trajectory, velocity, and acceleration of a
fingertip moving on the 2D-SFTS can be realized with only
four sensing electrodes. Based on an analogous locating
method, the 1D-SFTS can measure the 1D stretch displace-
ment and stretch velocity. The combination of the two patches
can achieve 3D motion control of a robotic manipulator. These
results indicate that the SFTS patches can be adopted as a
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wearable control interface for a robotic manipulator ranging
from 1D to 3D applications. With the facile design and very
low-cost materials, the developed stretchable flexible tribo-
electric sensor shows great potential for applications in
robotics control, VR, AR, healthcare, etc.

METHODS

Fabrication of Carbohydrate-Based Elastomer. Liquid PDMS
was prepared by mixing a silicone elastomer base and cross-linker
(Sylgard 184, Dow Corning) at a mass ratio of 10:1. Both the starch-
based hydrogel and liquid PDMS were degassed in a vacuum chamber
to removing gas bubbles in the gel. Then they were mixed together at
a volume ratio of 3:1 to obtain the precursor of the carbohydrate-
based elastomer. To remove the bubbles in the precursor, the
precursor was centrifuged for 10 min at a speed of 3000 rpm. A
schematic figure is shown in Supporting Figure SI.

Fabrication of Silicone Rubber and Electrodes. After
dispensing the required amounts of parts A and B of the EcoFlex
00-30 into a mixing container (1A:1B by volume), the blend was
mixed thoroughly for 3 min and poured into the mold for thin film
casting followed by a 20 min baking at 70 °C for curing. The HPE was
placed at the corresponding position to form the electrode before the
solution solidified, and the position of the HPE was fixed through an
external wire until the solution solidified.

Device Fabrication. For the 1D-SFTS patch, three sizes of
patches were fabricated in the experiment: S cm X 1 cm, 8 cm X 1.2
cm, and 10 cm X 1.5 cm. Their thickness is 2 mm, and the electrode
size is 8 mm X 5 mm. For the 2D-SFTS patch, the dimensions are
listed in Supporting Table SI.

Device Measurements. The open-circuit voltage and short-
circuit current of the electrodes in the patches were measured by a
high-impedance electrometer (Keithley 6514). The stretch test was
conducted with a linear motor. The morphology of the silicone rubber
was measured by field emission scanning electron microscopy
(FESEM FEI Verios460).
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