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Self-Powered Cursor Using a Triboelectric Mechanism

Han Wu, Qiongfeng Shi, Fei Wang, Aaron Voon-Yew Thean, and Chengkuo Lee*

This work reports the complete theoretical modeling, simulation, and
experimental characterization of a self-powered cursor based on triboelectric
nanogenerator (TENG). The self-powered cursor is made of liquid-metal

and polydimethylsiloxane (PDMS) mixture that deforms and contacts with
different sensing electrodes under different applied force. The self-powered
cursor has the capability of simultaneously detecting normal force (0-25 N)
and shear force direction (0°-360°) for the first time. The normal force
sensing is characterized by open-circuit voltage, charge, and current with
the sensitivity of 0.131 V N7, 0.048 nC N, and 0.175 nA N, respectively.
The shear force direction detection can achieve a direction resolution of
15°. Because of the high output voltage and low internal impedance, the
self-powered cursor is readily compatible with commercial portable circuits
without the requirement of specified bulky high-impedance instruments to
detect the output voltage. Demonstration of the self-powered cursor as a
triggering signal to drive a small vehicle is successfully realized by directly
detecting the output voltage without any periphery signal processing
circuits. The robust structure, stable output performance, and self-powered
sensing property enable the self-powered cursor as an ideal human machine
interface towards batteryless, energy saving, and environmentally friendly

applications.

1. Introduction

Tactile sensor or touch sensor has stimulated huge research
interest in recent years.'”] These sensors are embedded
into conceptual Internet of Things (IoT) applications such
as medical devices, industrial controls, health and safety
devices, augment reality interaction between human and
computers, supply chain tools, etc. According to the predic-
tion by Cisco,l’! there will be trillions of sensors distributed

around the earth by 2020. It is reason-
able to expect that the tactile sensors will
share quite a huge proportion in the tril-
lions of sensors. As current sensors are
powered by batteries with limited life-
time, such huge quantity of exhausted
batteries distributed around the world
will cause serious environmental issues.
Therefore, self-powered sensors have
been developed rapidly as a solution.
Specifically, self-powered tactile sen-
sors attract increasing attentions due to
its self-generated working mechanism
and energy saving capability for IoT
applications.

By transforming mechanical energy
to electrical energy, self-powered touch
sensors can generate voltage, current,
or charge to indicate the property of
applied force, i.e., normal force com-
ponent and shear force component.
With the merits of wide material range,
simple fabrication process, cost-effec-
tiveness, and large output performance,
self-powered pressure sensors based
on triboelectric nanogenerator (TENG)
have attracted extensive research efforts
recently. It is a promising technology for solving the
issues in economic development, energy saving, and envi-
ronment protection. Many high-performance tactile or pres-
sure sensors based on TENG have been prototyped and
investigated. For example, Wang and co-workers have
reported a tactile sensor with high sensitivity of 44 mV Pa~! in
low pressure range (<0.15 kPa).l’l Shi et al. proposed a liquid
triboelectric-based microfluidic sensor for pressure sensing
and finger motion monitoring.'¥! Meng et al. developed a
micropatterned polydimethylsiloxane (PDMS) touch sensor
with high output performance.'>) However, general forces
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are composed of normal and shear components. Although
the normal force components were characterized by touch
sensors with high sensitivity and robust performance based
on TENG in recent researches,'>1¢1 the shear force com-
ponents with direction information are rarely studied by
TENG-based sensors.

Previously, many of TENG models are explained by circuit
modes.#20-22] Under the circuit explanations, the TENGs are
more likely working in vertical contact-separation mode or in-
plane sliding mode.?! Working under these two modes, large
displacement needs to be applied between layers of TENGs
to achieve high output. It results in the consequence that
TENGs need to occupy large space which makes it difficult for
shrink-down applications. More recently, Dharmasena et al.
built up a distance-dependent electric field model for TENG
based on Maxwell equations.?3] Wang also proposed explana-
tions for triboelectric and piezoelectric nanogenerators based
on Maxwell displacement current.?* The electric field and
displacement current theories can be adopted as guidance for
designing TENG sensors that are not working in these two
modes with robustness, stable output, and small structure
deformations.!

This work will focus on analyzing the working mechanism
of self-powered cursor according to the electric field theory
and characterization of the device for normal force and shear
force detection. The self-powered cursor has the capability of
detecting not only the normal force but also the shear force
directions. For normal force sensing, it has a linear range of
0-25 N. The open-circuit voltage, output charge, and short-
circuit current sensitivity are 0.131 V N7}, 0.048 nC N1, and
0.175 nA N7!, respectively. Because the theoretical model
is limited in 1D or 2D in previous works,!!316-19 the shear
force part is not able to be revealed by TENG. Here, from
the electric field perspective, the 3D force information is
able to be characterized by the electric field variations due to
force applied on the device. Besides, the flexibility of liquid
metal and 3D printing structure ensure that the device has
a robust force detecting capability. In the aspect of shear
force detection, it can resolve the shear force direction with
step resolution of at least 15°. Additionally, this self-powered
cursor is also able to detect the rotation motions applied on
the touch point. This self-powered cursor shows significant
potential in the batteryless and energy saving IoT sensor
applications.

2. Working Mechanism Model

Based on the electrical field theory of TENG, the working
mechanism of the self-powered cursor under normal force is
explained in Figure 1a. As shown in the sketch, the self-pow-
ered cursor consists of top semisphere touch point, bottom
functional semisphere, polytetrafluoroethylene (PTFE) thin
film, aluminum electrode, and supporting structure. The
bottom semisphere is made by mixing galinstan (eutectic alloy
of 68.5% gallium, 21.5% indium, and 10% tin by weight) with
PDMS. The galinstan-PDMS mixture functions as one triboe-
lectric layer and conductive material during the pressing period
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as Fassler and Majidi uncovered.”! The surface topography of

galinstan—-PDMS mixture is shown in Figure Sla—c (Supporting
Information).

Because of the work function difference between galin-
stan and PTFE,[?®%’ negative charges will transfer from gal-
instan surface to PTFE when they contact with each other.
Then, galinstan holds net positive charge and PTFE surface
carries net negative charge. Due to Coulomb’s law, the total
charge induced in the aluminum electrode is contributed by
the negative charge on PTFE surface and the positive charge
on galinstan surface. However, the negative charge on PTFE
surface almost has no change after several periods of fully
contacting. When no force is applied, positive charge is
widely separated in the semisphere of galinstan-PDMS mix-
ture to maintain the electrostatic equilibrium. After force is
applied, the positive charge on mixture is attracted signifi-
cantly by the negative charge on PTFE in the contacting area.
The charge density of the galinstan surface in the contacting
area changes dramatically. The electric field generated by the
positive charge is also enhanced under the contacting area.
Corresponding charge pair would be induced in the alu-
minum electrode. The charge pair is approximately the same
amount of positive charge accumulated in the contacting
area of galinstan. After force is released and the deformed
structure recovers to initial shape, the electric field is weak-
ened and the charge pairs are also reduced. When the elec-
trode is connected to ground with a resistor in Figure 1D, the
induced positive charge in the electrode would flow to the
ground to keep electrostatic equilibrium. This is the basic
qualitative working mechanism of the self-powered cursor
under normal force.

Based on Gauss’s law, the electric field at fixed positions is
proportional to the source charge amount Q. Therefore, Q is
calculated by combination of Equations (S1)—(S4) (Supporting
Information) to characterize the property of electric field acting
on the bottom aluminum electrode. The charges aggregated on
galinstan of contacting area are derived as

2
EPTYANE
+1 vz)
E (1)

s
R

1-v!

(2
Q =meD (W, — W,)- !

where e is the charge of an electron, Dy is the number of surface
states per unit area and unit energy, W;, and W, are the work
functions for the metal gallium and PTFE, E; and E, are the
modulus of elasticity for galinstan-PDMS mixture and PTFE
film, v, and v, are the Poisson’s ratios, respectively, F is the
applied force on the top dome, and R is the radius of sphere.
Here, gallium's work function has been used to represent the
work function of galinstan, for that gallium has consisted the
main part of the eutectic alloy as the energy-dispersive X-ray
spectroscopy image shown in Figure S1d (Supporting Informa-
tion). The specific values of parameters are available in Table S1
(Supporting Information).

As the maximum distance change between vertex and nadir
of sphere is 10 mm which is the diameter, the theoretical
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Figure 1. a) Working mechanism of the self-powered cursor under normal force based on the electric field change with the applied force. b) Net
induced charge. c) The relationship of contacting area and induced charge with the applied force. d) Multislice electrical potential distribution. e) The
relationship of open-circuit voltage with the applied force. f) The structure with multiple electrodes and working mechanism for shear force detection.
g) Force component analysis acting on self-powered cursor. h) Photo of self-powered cursor and its cross-section view.

maximum applied force is calculated as 25 N. Relationships
of the contact area A, induced charge Q, and applied force F
is shown in Figure 1c, in which the contact area curve and
induced charge curve are overlapping with each other. The
relationship of contacting area with applied force is almost
linear in the range of 0-25 N. Meanwhile, the induced charge
Q also has a linear relationship with applied force in the range
of 0-25 N.

In sensor applications, voltage has huge significance in
characterizing the sensor performance for its convenience to
be read by circuits. A self-powered cursor is better to have
voltage output around 0-5 V which can be directly read by
commercial portable circuits without any periphery pro-
cessing circuit. Therefore, the voltage output of the bottom
aluminum electrode relative to the earth ground should be
derived to characterize the intended sensor performance. In
the metal and insulator contacting model, the charge distri-
bution in metal is mathematically difficult to be calculated.
That means that the electric field and electric potential are
not able to be resolved through manual calculation. However,
finite element modeling offers an effective method to simu-
late the voltage potential of the bottom electrode when the
sphere deforms. A finite element simulation is built up to
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solidify the qualitative analysis and quantitative derivations.
The multislice electrical potential distribution and open-
circuit voltage of bottom aluminum electrode are shown in
Figure 1d,e, respectively. It can be observed that the open-
circuit voltage has an approximately linear relationship with
the applied force which is in accordance with the theoretical
derivations. Although the maximum output voltage is around
1800 V which is quite high, this simulation is built up in the
vacuum circumstance. Additionally, recent research of TENG
in vacuum environment also solidified that the output voltage
level is reasonable.[?8]

In the above descriptions, the force is the normal force. In
natural environments, forces are more likely to be random con-
taining both the normal force component and the shear force
component. The normal force is measured through the above
mentioned mechanism. The shear force can be simultaneously
measured by the same mechanism with multiple electrodes.
The device with multiple electrodes and working mechanism
is shown in Figure 1f. There are in total four electrodes under
the PTFE sheet to perceive the charge distribution changes
on galinstan surface as the applied force changes. The PDMS
film, circling around the sphere, confines the sphere position
in the center. To demonstrate the working mechanism, the
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shear force is applied toward electrode 1 (E1) and electrode
4 (E4), as shown in Figure 1f(i). The electric field on E1 and
E4 generated by galinstan in the contacting area is enhanced
comparing with the initial electric field. On the contrary, the
electric field on electrode 2 (E2) and electrode 3 (E3) generated
by galinstan in the contacting area is weakened comparing with
the initial state. Therefore, the current flows from E1 and E4 to
the ground and flows from the ground to E2 and E3. When the
force is released, as shown in Figure 1f(ii), the electric fields
are back to the initial state and current flows in the opposite
direction. Since charge output, open-circuit voltage, and short-
circuit current of each electrode have proportional relationship
with force components shared on the corresponding electrodes,
force magnitude and direction can be determined by outputs of
different electrodes.

Although force consisted of the normal force component
and the shear force component, as shown in Figure 1g, the
shear force component dominates the total force in the appli-
cations of touching a cursor to realize controlling different
direction, namely, the vertical angle o, between total force and
normal force, is greater than 60°. When force is acting on its
top dome, finally the shear force resolved into the compressing
and elongation of PDMS film which circles around the sphere
and confines the sphere positions. The normal force compo-
nent contributes to form the contacting area which induces
outputs of four electrodes. When the force is released, the
PDMS film will push the sphere back to initial position. The
direction of shear force can be analyzed by the outputs of four
electrodes. In the figure, the x-axis coincides with the angle
bisector of electrode 1 and the y-axis coincides with the angle
bisector of electrode 4.

For the cursor application, assuming the angle o has negli-
gible change in each force applying cycle, therefore, the shear
force has a proportional relationship with normal force. In this
way, it is reasonable to represent the actual shear force output
voltage amplitude by

‘/shear = VE21 + VE24 (2)

The horizontal angle 6, between the x-axis positive direction
and the shear force, is derived by

B4

6= tan" L2t 3)

E1

If the amplitude of shear force and angle o are constant
during the tests, the theoretical output voltage of electrode E1 is

‘/S ear
Vi = ——__ (4)

J1+tan6?

Based on Equation (4), the theoretical output voltage values
of four electrodes as shear force direction varies are shown in
Table S2 (Supporting Information).

Through the theoretical derivation and force detecting mech-
anisms, a self-powered cursor is fabricated with 3D printing
technology to characterize the applied force information, as
shown in Figure 1h. The detailed fabrication process and struc-
tures are shown in Figure S3 (Supporting Information).
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3. Results and Discussions

3.1. Characterization of Normal Force Detection

First, the hammer of the force gauge is set to be in exact con-
tact with the vertex of sphere without yielding any deforma-
tion. Initially, there is no net charge generated between the two
contacting surfaces of self-powered cursor. Because the sphere
radius is 5 mm, the force gauge is set to run up and down
100 cycles with a displacement of 5 mm to make sure that the
bottom PTFE layer is sufficiently charged. The testing setup
is shown in Figure 2a. The application of normal force on the
device is shown in Video S1 (Supporting Information).

In Figure 2b-g, 1 represents PDMS-aluminum device, 2
represents gold—PTFE device, and 3 represents galinstan—
PTFE device. Figure 2b—d shows the output waveforms of
open-circuit voltage, charge output, and short-circuit current
under the same normal force 24.7 N. In Figure 2b, the open-
circuit voltage between the bottom aluminum electrode and
the ground is zero when no normal force is applied. Because
the surfaces of galinstan and gold generate positive charge and
PDMS surface generates negative charge, the galinstan—PTFE
device and the gold-PTFE device have positive open-circuit
voltage and the PDMS-aluminum device has negative open-
circuit voltage. This matches well with the proposed theoretical
model. Figure 2c shows the output charge of induced electrons
flowing from the aluminum electrode to the ground. The ini-
tial output charge is zero when no normal force is applied.
Because the bottom electrodes of galinstan-PTFE device and
gold-PTFE device attract electrons and the bottom electrode
of PDMS-aluminum device repels electrons, the galinstan—
PTFE device and the gold-PTFE device have negative output
charge and the PDMS-aluminum device has positive output
charge when the normal force is applied. The results further
consolidate the working mechanism model. Figure 2d shows
the short-circuit current flowing from the aluminum electrode
to the ground. The initial short-circuit current is zero when
the applied normal force is static. As the bottom electrodes of
galinstan—-PTFE device and gold-PTFE device repels positive
charge and the bottom electrode of PDMS-aluminum device
attracts positive charge, the galinstan-PTFE device and the
gold—-PTFE device have positive short-circuit current peak and
the PDMS—aluminum device has negative short-circuit current
peak during dynamic period of normal force enhancing. In the
dynamic period of normal force releasing, the galinstan-PTFE
device and the gold-PTFE device have negative short-circuit
current peak and the PDMS-aluminum device has positive
short-circuit current peak. The result also supports the working
mechanism model.

By comparing the output curves, it is easy to find out that the
galinstan—-PTFE configuration has the best output performance
in open-circuit voltage (maximum 3.23 V), charge output (max-
imum 1.19 nC) and short-circuit current (peak—peak maximum
4.31 nA). The maximum voltage output of gold-PTFE device
and PDMS-aluminum device are only 2.57 and 0.53 V. Based
on the measured charge output amount, the surface charge
density generated by galinstan-PTFE contacting is calculated
to be 20.2 uC m=2 Although the experimental values have
some deviation from the theoretical value 168 uC m™2, they are
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Figure 2. a) Testing setup of normal force detection. b) The open-circuit voltage of three different devices under 24.7 N normal force (1 - PDMS-
aluminum device; 2 — gold-PTFE device; 3 — galinstan—PTFE device; each device is tested for continuous 20 s, here their results are combined to
shown compactly in graphs (b), (c), and (d)). c) The output charge of these three devices. d) The short-circuit current of these three devices. e) The
open-circuit voltage versus applied normal force. f) The output charge versus applied normal force. g) The short-circuit current versus applied normal

force. h) The open-circuit voltage outputs of four-electrode configuration.

relatively comparable and reasonable for the testing environ-
ment weakens the output by many factors such as humidity,
temperature, surface abrasion, fabrication defects, and so on.
The surface charge density generated by gold-PTFE device
is 4.04 uC m=2, which is much smaller than galinstan—PTFE
device. Referring to Equation (S3) and the parameter values
in Table S1 (Supporting Information), the theoretical charge
density value is 72.9 uC m™. This theoretical value is smaller
than galinstan-PTFE device which corresponds to the meas-
ured charge density comparison of two devices. Concluded by
Schein, when gold contacts with PTFE, it may even gain the
negative charges.?”! Besides, its fragile property also weakens
the output charge. During the experiment, fragments of gold
were found attached onto the PTFE surface while galinstan has
no residue on PTFE surface. Therefore, this proves that the
liquid phase galinstan has superiority over other solid metals
coated on the PDMS surface to contact with PTFE.

Figure 2e—g shows the relationship of output performance
and the applied force. These outputs show good linear range
from 0 to 25 N, which is consistent with the theoretical and
simulation results. The open-circuit voltage, output charge, and
short-circuit current sensitivity are 0.131 V N71, 0.048 nC N7},
and 0.175 nA N7., respectively. This linear property is quite
useful in the self-powered cursor application for normal force
measuring. In the 25-40 N range, the output gradually satu-
rates and the displacement of force gauge hammer finally
reaches the maximum 5 mm. Because the hammer is very
close to the bottom semisphere in the last step and the hammer
is connected to the ground which is default set by the machine,
the charge on the bottom semisphere is partially coupled by the
hammer. Therefore, the outputs have a saturation trend in the
range of 25-40 N which is corresponding to the displacement

Small Methods 2018, 1800078

1800078 (5 of 9)

4.5-5 mm of the hammer. For the PDMS-aluminum device,
the open-circuit voltage becomes smaller as the applied normal
force increases, while charge output and short-circuit current
keep increasing to saturation in the last step. Here, bottom
PDMS semisphere is the only dielectric material and has no
capability of shielding electric field. Therefore, the induced posi-
tive charge on the bottom aluminum electrode is weakened by
the ground-connected hammer. In the charge output and short-
circuit current tests, the measurement circuit is connected
directly to the ground. There is no impedance and the induced
charge flows freely to the ground during the dynamic period
of force applying. Therefore, the hammer has less influence on
weakening induced charge of bottom electrode in contrast to
open-circuit voltage tests. Additionally, the PDMS-aluminum
device’s output voltage is negative during the period of force
applying for the bottom PDMS semisphere surface is nega-
tively charged. The negative output property is not compatible
for the majority of commercial circuits. Considering the output
stability with metal shielding capability, high output perfor-
mance, and positive output voltage of galinstan—PTFE device,
this configuration is chosen for the self-powered cursor applica-
tion which can be directly connected with the commercial port-
able circuits rather than the laboratory bulky instruments.

After measuring the single electrode configuration for the
above three devices, the galinstan—PTFE structure is chosen
to be further investigated, integrated with four separated elec-
trodes. The open-circuit voltage outputs of four electrodes in
the 0-24.7 N linear range are shown in Figure 2h. The four
curves show similar linear property and comparable output
amplitude comparing with single electrode device. The voltage
output difference of the four electrodes is due to the fabrica-
tion and assembling deviations. In force measurements, these
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Figure 3. a) The illustration of shear force testing. b) Output voltage waveform by reciprocation and rotation motions in different directions.
c—j) Zoom-in voltage waveforms of the reciprocation motions. k-n) Zoom-in voltage waveforms of the rotation motions.

discrepancies can be eliminated by normalizations which will
be discussed in the next section.

3.2. Characterization of Shear Force Detection

Here, to make the testing results reliable, the force is applied at
the limitation of finger capability on the top dome of the cursor
keeping the same amplitude around 10 N and same vertical
angle o nearly 80° in different horizontal directions. The illus-
tration of force applied is shown in Figure 3a. The horizontal
direction change of force is realized by following along direc-
tion scales on the sensor. The interval between two scales
is 15°. Due to the low input impedance 1 MQ of the Agilent
DSO-X 3034A oscilloscope comparing to 200 TQ of Keithley
6514 electrometer, the output voltages are only a small portion
of the open-circuit voltages and have peak—peak characteristics.
However, they can be used to resolve the horizontal direction
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of the shear force since output voltages are still proportional to
the force amplitude. Additionally, the reciprocation motion of
finger is repeated for more than 15 cycles to calculate the mean
values of output voltage peak—peak values to elevate the accu-
racy and reliability of measurements.

Figure 3b includes 8 reciprocation motions and 4 rotation
finger motions. Each motion contains 20 s and more than
15 voltage peaks. E1, E2, E3, and E4 are used to represent the
voltage from electrode 1, electrode 2, electrode 3, and electrode
4. To differentiate the output voltage waveforms of each elec-
trode, E2, E3, and E4 have the positive voltage offsets of 30, 60,
and 90 mV, respectively. Figure 3c—j shows the zoom-in figure
of each motion. Direction of 0°-180° as the reference direction
(RD) represents the reciprocation motion in line with the “0°”
and the “180°” scales on the sensor. The other 7 reciprocation
motions have the directions of 30°, 45°, 60°, 90°, 120°, 135°, and
150°, respectively. The application of shear force is shown in
Video S2 (Supporting Information). In Figure 3c, the amplitudes

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to the same contacting area on each electrode
during the operation period. There are small
differences in the magnitudes due to the fab-
rication deviations. Besides, E1 and E4 are
in the same phase and both are in opposite
phase against E2 and E3. The phase of E1 in
RD is set as the reference phase. The oppo-
site phase of the reference phase is denoted
with a negative symbol “—” before the output

Theoretical Normalization
o

value, as shown in Table S2 (Supporting
Information). In Figure 3d, the phases of
E1, E2, E3, and E4 keep the same phase as
in RD. E2 and E4 are attenuated and E1 and
E3 are improved because the contacting area
becomes smaller for E2 and E4 but becomes
larger for E1 and E3. In Figure 3e, E2 and E4
decrease to the lowest nearly zero, while E1
and E3 increase to the largest values because the contacting area
are all on E1 and E3. In Figure 3f, E1 and E3 have slight attenu-
ations and phases keep the same as in RD. E2 and E4 increase
a little and phases are opposite from that in RD. In Figure 3g,
E1 and E3 keep on decreasing with phases the same as in RD.
E2 and E4 keep on increasing with phases opposite from RD.
The amplitudes of E1, E2, E3, and E4 are almost the same as
Figure 3c due to the same contacting area. In Figure 3h, E1 and
E3 decrease and phases are opposite from that in RD. E2 and E4
increase with opposite phases from RD. In Figure 3i, E1 and E3
decrease to almost zero. E2 and E4 increase to the maximum.
In Figure 3j, E1 and E3 increase a little, while E2 and E4 have
slight attenuations. In summary, the shear force direction can
be detected by the self-powered cursor through differentiating
the amplitudes and phases of the four outputs.

Figure 3k-n shows the output results for the rotation
motions of finger around the center of the sensor. In Figure
3k, E1, E2, E3, and E4 have a time delay in turn. This delay
shows the motion is a clockwise rotation. The rotation period
is 0.64 ms. In Figure 31, E1, E2, E3, and E4 also have a time
delay in turn with larger period of 1.40 ms. It is a slower clock-
wise rotation comparing to Figure 3k. In Figure 3m, E1, E2,
E3, and E4 have a time advance in turn. This time advance
shows the rotation is a counterclockwise rotation. The rotation
period is 0.60 ms. In Figure 3n, E1, E2, E3, and E4 also have
a time advance in turn with larger period of 1.43 ms. It is a
slower counterclockwise rotation comparing with Figure 3m.
The measurement of rotation motions is shown in Video S3
(Supporting Information). Therefore, except for shear force
direction detection, the self-powered cursor is also able to detect
the rotation direction and period of the finger motion. This
greatly broadens the self-powered cursor for more advanced
control applications.

Up to now, the output trends of each electrode for dif-
ferent force directions have been illustrated in detail. To clearly
show the trends, the mean and standard deviation of E1, E2,
E3, and E4 in each direction have been calculated, as shown
in Table S3 (Supporting Information). To minimize the fab-
rication deviations, output from each electrode is normalized
by the corresponding maximum value. The normalization
values are shown in Table S4 (Supporting Information). The
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Figure 4. a) The normalization of theoretical output voltage with different shear force direc-
tions. The direction number 1, 2, 3, 4, 5, 6, 7, 8, and 9 represents the direction of 0°, 30°, 45°,
60°, 90°, 120°, 135°, 150°, and 180°, respectively. b) The normalization of experimental output
voltage with different shear force directions.

normalizations of theoretical and experimental output voltage
values are compared and shown in Figure 4. The curves from
experimental results match quite well with theoretical values
from Equation (4). In Figure 4, the direction number 1, 2, 3,
4,5,6,7,8, and 9 represents the direction of 0°, 30°, 45°, 60°,
90°, 120°, 135°, 150°, and 180°, respectively. When force is
applied in any horizontal direction, any two adjacent electrodes
would have the positive output voltage and the other two have
negative voltage, namely opposite phase. Through comparing
voltage amplitude ratio and phase of the four electrode outputs,
the horizontal direction of the force can be resolved accurately.
With more reliable testing platform, the shear force can also be
calibrated under the same vertical angle o

To further broaden the application of the proposed self-pow-
ered cursor without the limitation of constant vertical angle o,
the multiple electrodes can be deposited on the bottom elec-
trode in the radical direction as shown in Figure S4 (Supporting
Information). The shear force amplitude can be measured by
the outmost electrode which lies in the boundary of contacting
area and the shear force direction could be calculated in the
same way as the proposed self-powered cursor. The normal
force could be derived the whole output of electrodes in the
contacting area. In this way, the force in any direction of half
3D space can be resolved thoroughly.

3.3. Self-Powered Cursor Demonstration

To examine whether the cursor’s output voltage is compatible
with present commercial portable circuits, the self-powered
cursor is directly connected with Arduino Uno to control a
small vehicle, as shown in Figure 5a. The Arduino Uno is pro-
grammed to read the output voltage of the cursor and output
corresponding signals to control the small vehicle to move for-
ward and backward. Figure 5b depicts the readout values when
force is applied in 0° and 180° directions. To differentiate each
electrode output in the figure, E2, E3, and E4 have a 5, 10, and
15 V positive offset against E1, respectively. The output voltage
of each electrode has a voltage amplitude in the range of 0-5 V.
For the force applied forward and backward cyclically, E1 and
E4 are in the same phase and opposite phase against E2 and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) The photograph and circuit block diagram of the self-powered cursor for small vehicle control. b) The voltage output waveform read by

Arduino Uno.

E3. The results match well with the theoretical and experi-
mental output in the reciprocation motion. The demonstration
of using the self-powered cursor to control the small vehicle is
shown in Video S4 (Supporting Information).

4, Conclusion

A self-powered cursor is proposed and investigated with com-
plete theoretical model, experimental characterization, and
application demonstration in this work. The self-powered cursor
can detect both the normal force and shear force. In detecting
the normal force, it shows a linear range from 0 to 25 N. The
open-circuit voltage, output charge, and short-circuit current
sensitivity is 0.131 V N71, 0.048 nC N7, and 0.175 nA N7,
respectively. In the aspect of shear force detection, the self-pow-
ered cursor has the capability of differentiating the horizontal
direction with resolution of at least 15°. A theoretical analysis of
thoroughly resolving force in any direction of half three-direc-
tion space is proposed. Additionally, this self-powered cursor is
also able to detect the rotation motions circling around its touch
point. Moreover, the self-powered cursor is successfully demon-
strated as the interaction interface for small vehicle controlling.
The self-powered cursor shows great potential for sensing and
controlling in the batteryless and energy saving applications.

5. Experimental Section

Fabrication of the Self-Powered Cursor: Based on the theoretical
derivation and force detecting mechanisms, a self-powered cursor was
fabricated with 3D printing technology to characterize the applied force
information, as shown in Figure Th. The scales on the structure were
used to denote the direction of applied force. The angle of the center
point to adjacent two bars was 15°. The detailed fabrication process
is shown in Figure S3a (Supporting Information). The PDMS (Sylgard
184 Dow Corning, USA) was mixed with cross-linker by the weight
ratio of 10:1. The solution was then mixed with galinstan (Changsha
Santech Materials, China) by the weight ratio of 1:6.44. After that, the
galinstan—PDMS mixture was poured into a 3D printing mold to form
the bottom semisphere. Then, pure PDMS was kept on pouring into the
mold to form the supporting structure. Next, the structure was degassed
and cured in the oven for 30 min under 80 °C. The structure was
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then demolded and packaged into another 3D printing structure with
PTFE sheet and aluminum electrode on bottom. Single electrode design
on the bottom of PTFE was ready for normal testing. Separated four-
electrode design could be used for shear force testing. Last, PDMS
touch point was bonded on top by PDMS-PDMS bonding method.%
To compare the output performance, two other devices with the same
single aluminum electrode and different structure configurations
were also characterized. The three structures are shown in Figure S3b
(Supporting Information).

Characterization of the Self-Powered Cursor: Open-circuit voltage,
charge output measurements of the devices were conducted with
electrometer (Keithley 6514). Short-circuit current was measured
by Stanford SR570. The normal force applied on these devices was
generated by force gauge (Mecmesin 2.5-I, Germany). The output
voltage of four-electrode galinstan—PTFE device was measured by
Agilent DSO-X 3034A oscilloscope. The Arduino Uno (Arduino, Italy)
and small vehicle (DG012-ATV, USA) were used in the small vehicle
control demonstration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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