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A B S T R A C T

Triboelectric nanogenerators and sensors have been widely adopted for diversified energy harvesting and sen-
sing applications, but the demonstrations of 3D information sensing and controlling are very limited. In this
paper, we present a novel self-powered virtual reality 3D-control sensor (VR-3D-CS) based on triboelectric
mechanism for controlling the attitude (both the position and rotation) of object in 3D virtual space. This in-
novative, cost-effective, simple-designed sensor has a symmetric 3D structure with eight separated sensing
electrodes and two touching spheres as the interactive interface with human fingers for 3D force information
sensing and VR controlling. Based on the coupling effect of triboelectrification and electrostatic induction, the
VR-3D-CS generates different electric output signals in response to different operation manner that can be used
to control the attitude of objects in 3D virtual space. The symmetrical 3D configuration design of the sensor
enables the detection of 3D force from both the normal direction and shear direction. By employing vector
properties of force and signal analysis from the eight sensing electrodes, detection of six-axis directions in 3D
space is achieved by triboelectric mechanism for the first time. The VR-3D-CS has been demonstrated to be able
to detect normal force in the range of 0–18 N. It can resolve the shear force direction with step resolution of at
least 15°. Besides, due to the positive output voltage and low internal impedance, the VR-3D-CS is readily
compatible with commercial portable signal processing system for signal analysis and controlling.
Demonstration of the VR-3D-CS as interactive interface for Augmented Reality (AR) control is successfully
realized. The robust structure, stable output performance and self-powered sensing property enable the device as
an ideal human machine interface towards AR interface, batteryless and energy saving applications.

1. Introduction

Developing a multisource information fusion and interactive system
is important for applications in virtual reality (VR) and augmented
reality (AR) [1–4]. Especially, the real time understanding of human
interaction intentions from related information has become major
technology trend of the VR and AR system. As a subset of AR, VR
provides completely virtual information that is mainly for creating a
sense of immersion. AR is based on the reality that superimposes virtual
scenes with reality and provides more real information. In VR and AR

information collection system, various types of sensors as the inter-
active tools are the key components. At present, the mainstream tech-
nologies of human machine interactions can be categorized into eye
movement tracking, mark point tracking, optical sensor interacting and
tactile sensor interacting system [5–7]. Eye movement tracking simu-
lates the visual effect in reality to complete some menu operations by
acquiring changes in eyeballs, surrounding features, or projecting in-
frared to iris to extract features. For mark point tracking, the in-
formation of mark point is saved in advance and then the image re-
cognition technology is used to find and identify the mark to combine
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the animation and display. Optical sensors or tactile sensors are con-
trolled by translating the optical signals (images) and mechanical sig-
nals into electrical signals. Compared with the first three types of
technologies, the tactile sensors have the advantages of high sensitivity,
good dynamic performance, small size, easy to wear and so on [8,9],
especially in the intent perception of human intuitive commands in the
AR applications.

Along the development of AR, portable, low power and low cost
tactile sensors have become the development trend of interactive tools.
However, in some AR applications such as virtual assembly, games, and
AR home designer, traditional tactile sensors are complex and incon-
venient. Over the years, major research efforts have been focused on
motion sensing mechanisms including optical and mechanical for the
optimization of interacting system [10–14]. Mechanical sensing me-
chanism can directly convert a mechanical trigger into electric signal
for detection of motion, vibration and physical touching. But it is still
difficult to implement a lightweight, simple, good interactive system. In
addition, a common limitation is that most of these sensors require an
external power source, which poses challenges to longevity and mobi-
lity of the sensor. In recent years, a number of self-powered sensors
based on triboelectric nanogenerators (TENGs) were extensively in-
vestigated and developed [15–21]. By harvesting the mechanical en-
ergy from its working environment, the TENG based sensors are able to
work independently without an external power source. On the basis of
coupling effect between triboelectrification and electrostatic induction,
they have been adopted for various physical/chemical sensing appli-
cations such as detecting mercury ions, changes of magnetic field, flow
field and spatial displacement [22–28].

In particular, TENG for tactile sensing has received increasing re-
search interests in the last few years [29–34]. TENGs can achieve high
output power density, enabling diversified applications of tactile sen-
sors in wireless systems, portable electronics, biomedical microsystems
and self-powered nanosensors [35–43]. By transforming mechanical
energy into electrical energy, self-powered TENG based touch sensors
can generate voltage, current or charge to indicate the property of
applied force, i.e. normal force component and shear force component.
The working modes of TENG based sensors are rather diverse and could
also be applied to harvest most of conventional mechanical/kinetic
motions in our daily life [44–51]. For example, Zhu et al. reported a

triboelectric tactile sensor that can achieve high sensitivity of
44mV Pa−1 in low pressure range (< 0.15 kPa) [52]. Yi et al. presented
a self-powered, single-electrode-based triboelectric sensor (TES) to ac-
curately detect the movement of a moving object/body in two dimen-
sions [53]. Shi et al. proposed a flexible liquid-solid interface tribo-
electric based microfluidic sensor for pressure/force sensing and finger
bending monitoring [54]. Meng et al. demonstrated a self-powered
touch sensor with micro-patterned PDMS to achieve high output per-
formance [55]. Along the years of research, normal force components
were characterized by TENG based touch/tactile sensors with high
sensitivity and robust performance [56–58]. However, general applied
forces on the sensors are composed of normal and shear components.
The shear force components with direction information are barely
studied by TENG based sensors in the 2D applications. Furthermore,
limitation of structure design of the previous TENG based sensors in-
hibits their applications for 3D parameter detection. To date, no re-
levant research has been conducted using the TENG as a self-powered
3D-control sensor in AR interactive system.

In this paper, we present a self-powered, triboelectric based virtual
reality 3D-control sensor (VR-3D-CS) by the coupling of contact elec-
trification and electrostatic induction. The VR-3D-CS has a novel
structure design of two opposite touch spheres and separated sensing
electrodes for 3D force information sensing and controlling. By moving
two spheres toward same directions or opposite directions, 3D space
coordinates (X, Y, Z and θX, θY, θZ) can be detected and controlled. Six-
axis directions in 3D space are detected by triboelectric mechanism for
the first time. When the sphere under external force approaches or
leaves the triboelectric layer, it will change the distribution of the local
electric field, which would lead to a flow of electrons moving back and
forth between the electrodes and ground. This work analyzed the
working mechanism of VR-3D-CS according to the electric field theory
and characterization of the device for normal force and shear force
detection. Using the vector properties of forces, the attitude-control
function in 3D space is realized. The sensor generates electric output
signals in response to different operation manner for attitude-control of
objects in 3D virtual space. To demonstrate the practical application,
experiment of virtual assembly controlled by this VR-3D-CS for AR in-
terface is conducted and successfully realized. The VR-3D-CS presented
in this work shows robust structure and stable output performance,

Fig. 1. (a) The symmetrical structure of the self-powered sensor. (b) Working mechanism of the 3D self-powered sensor under normal force based on the electric field
change with the applied force. (c) Working mechanism of the 3D self-powered sensor under tilted force. (d) Operation chart of the 3D attitude-control sensor. (e) The
relationship between the detection principle of 3D attitude-control sensor and (f) the motion of the object in 3D virtual space.
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enabling itself as an ideal human machine interface towards AR inter-
face, batteryless and energy saving applications.

2. Experiment

2.1. Working mechanism

The symmetric VR-3D-CS is composed of two identical non-planar
TENG sensing modules, named M-A and M-B as shown in Fig. 1(a). The
single module consists of top semi-sphere touch point, bottom func-
tional semi-sphere, polytetrafluoroethylene (PTFE) thin film, aluminum
(Al) electrode and supporting structure. The bottom semi-sphere is
made by mixing galinstan (eutectic alloy of 68.5% gallium, 21.5% in-
dium and 10% tin by weight) with polydimethylsiloxane (PDMS). The
galinstan-PDMS mixture functions as one triboelectric layer and con-
ductive material [59]. The working mechanism of each module under
normal force and titled force are shown in Fig. 1(b) and (c). Under the
tilted force, the sensor can detect both the normal and shear force
components simultaneously as shown in Fig. 1(c). The attitude-control
principle of the sensor in 3D space is shown in Fig. 1(d-f). By the vector
decomposition of the forces acted on spheres, the normal and shear
forces on the two modules are depicted by Fig. 1(e). Through the
combinational detection signals of the normal and shear forces, the 3D
attitude-control of the object in the space (Fig. 1(f)) can be realized
along six axes (X, Y, Z and θX, θY, θZ) in the rectangular coordinate
system (Fig. 1(e)). Therefore, how to detect normal and shear force is
the primary part of this work. (See Supporting Information Movie 1)

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.06.022.

The basic qualitative working mechanism of the self-powered sensor
under normal force is shown in Fig. 1(b). Because of the work function
difference between galinstan and PTFE [60,61], a physical contact be-
tween the two dielectric films with distinct electron affinity creates
oppositely charged surfaces. Negative charges will transfer from ga-
linstan surface to PTFE, which causes the PTFE surface carries net ne-
gative charge. Due to Coulomb's law, the total charge induced in the Al
electrode is contributed by the negative charge on PTFE surface. When
the force is applied, the positive charge on galinstan is attracted sig-
nificantly by the negative charge on PTFE in the contacting area. The
electric field generated by the positive charge is also enhanced under
the contacting area. Corresponding charge pair would be induced in the
Al electrode. After force is released and the deformed structure recovers
to initial shape, the electric field is weakened and the charge pairs are
also reduced. When the electrode is connected to ground with a resistor
in Fig. 1(b), the induced positive charge in the electrode would flow to
the ground to keep electrostatic equilibrium.

Optimizing the contact area and structure of the TENG can effec-
tively increase the overall triboelectric charge density. Thus, the
structure of PTFE is designed to be a hemispherical bottom, as shown in
Fig. 1(a-b). The contact area A of galinstan-PDMS sphere and PTFE film
is an approximate circle on the model.

Based on the contact area between two different materials given by
Hertz hypothesis, the area can be calculated as:
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where SA is the contact area of galinstan-PDMS sphere and PTFE film
under the force, E1 and E2 are the modulus of elasticity for galinstan-
PDMS mixture and PTFE film, υ1 and υ2 are the Poisson's ratios, re-
spectively. F is the applied force on the top dome and R1 and R2 is the
radius of the PDMS sphere and PTFE layer, respectively. Because the
galinstan is still liquid phase in the galinstan-PDMS mixture, the mod-
ulus of elasticity is referred to the value of PDMS.

The surface charge density, σ of galinstan-PDMS and PTFE con-
tacting area is given by [61]:

= −σ eD W W( )s m p (2)

where e is the charge of an electron, Ds is the number of surface states
per unit area and unit energy. Wm and Wp are the work functions of the
metal gallium and PTFE. Gallium's work function has been used to re-
present the work function of galinstan, for gallium is the main part of
the eutectic alloy. The charge amount Q generated on galinstan surface
of the contacting area is then derived as:

= ∙Q σ A (3)

Combing Eqs. (1)–(3), the generated charge can be calculated. The
material parameters in the equation can be obtained in Table 1 from the
literature [61–67].

It is assumed that the sphere can achieve a spherical contact area of
chord length of 10mm under normal force. The theoretical maximum
normal force is calculated as 18 N through Eq. (1). The relationship of
contacting area and induced charge Q against with applied force is
almost linear in the range of 0–18 N. Therefore, the normal force can be
measured through above-mentioned mechanism.

The value and direction of shear force component can be simulta-
neously measured by the design of four quadrant electrodes as shown in
Fig. 1(c) and Fig. 2. As the applied force changes, the four electrodes
under the PTFE sheet perceive the change distribution. The PDMS film,
circling around the sphere, confines the sphere position in the center.
The force applied on the top dome of the sensor can be resolved into
two parts, as shown in Fig. 2(a). The force contributes to form the
contacting area between the galinstan-PDMS sphere and PTFE, which
induces outputs of corresponding electrodes. When the force is released,
the PDMS film will push the sphere back to initial position. To de-
monstrate the working mechanism, a shear force is applied at an angle
θ to the x axis. The electric field on E1 and E4 generated by galinstan in
the contacting area is enhanced comparing with the initial electric field.
Therefore, the current flows from E1 and E4 to the ground. When the
force is released, the electric fields are back to the initial state and

Table 1
Material parameters.

Parameter name Symbol Value

Sphere diameter R 5×10−3 m
PTFE sheet thickness d 1× 10−4 m
galinstan-PDMS mixture elastic modulus E1 0.75MPa
PTFE sheet elastic modulus E2 1.5 GPa
galinstan-PDMS mixture Poisson's ratio υ1 0.5
PTFE sheet Poisson's ratio υ2 0.41
Charge of electron e − 1.602× 10–19 C
Vacuum permittivity ε0 8.854× 10–12 F m−1

Relative permittivity of PTFE εr 2.1
Number of surface states Ds 7× 1010 eV−1 cm−2

Work function of PTFE Wp 5.75 eV
Work function of Gallium Wm 4.25 eV
Work function of Aluminum WAl 4.08 eV
Work function of Gold WAu 5.1 eV

Fig. 2. (a) Force component analysis acting on self-powered sensor. (b) The
structure form with four electrodes and working mechanism for shear force
detecting.
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current flows in the opposite direction. Since charge output, open cir-
cuit voltage and short circuit current of each electrode have propor-
tional relationship with force components shared on the corresponding
electrodes, force magnitude and direction can be determined by outputs
of different electrodes. Fig. 2(b) is a projection of a spherical surface of
PTFE at the bottom. The X and Y axes coincide with the two lines of the
E4 sector, respectively.

For the sensor application, the amplitude of the output voltage of
shear force is represented by

= +V V Vshear E E1
2

4
2 (4)

As shown in Fig. 2(b), the horizontal angle θ, between the x-axis
positive direction and the shear force, is derived by

= °− −θ tan V
V

45 E

E

1 1

4 (5)

2.2. Fabrication process of the self-powered sensor

The photos of sensor are shown in Fig. 3(a). The detail fabrication
process is shown in Fig. 3(b). (i) The PDMS (Sylgard 184 Dow Corning,
USA) is mixed with cross-linker by the weight ratio of 10:1. The solu-
tion is then mixed with galinstan (Changsha Santech Materials, China)

by the weight ratio of 1: 6.44 in the crucible, and then the mixture is
fully stirred and grinded until the galinstan is completely mixed with
the liquid PDMS. Then the mixture is poured into a 3D printing mold.
(ii) Then keep on pouring pure PDMS into the mold to form the sup-
porting structure. The mold is cured in the oven immediately for 60min
under 70 °C to solidify the PDMS to form the bottom semi-sphere and
supporting structure. The cured structure of galinstan and PDMS is
shown in Fig. S1 (Supporting Information). (iii) Next step, keep on
pouring pure PDMS into another same mold to form the top sphere. (iv)
After the structure is degassed and cured in the oven for 60min under
70 °C, the top sphere is taken out of the mold to spare. (v) The frame of
the sensor is fabricated with 3D printing technology. The PTFE sheet
and Al electrode are placed on bottom. (vi) The structure fabricated by
step (ii) is then demolded and packaged into frame. (vii) The PDMS top
sphere is bonded on the bottom sphere by PDMS-PDMS bonding
method. (viii) Two modules are attached back to back together to form
a complete sensor.

3. Results and discussion

3.1. Characterization of normal force detection

From the above analysis, the force acted on the sensor contains
normal force and shear force component. The shear force has a pro-
portional relationship with normal force. Therefore, the detection of
normal force is necessary. Because of the symmetrical structure design,
the VR-3D-CS will be detected for each module. First, the hammer of
the force gauge is set to be exact contact with the vertex of sphere
without yielding any deformation. Because the sphere radius is 5 mm,
the force gauge is set to run up and down 50 cycles with a displacement
of 6mm to make sure the bottom PTFE layer is sufficiently charged. The
testing setup is shown in Fig. 4(a). Fig. 4(b-d) shows the E1 and E1′
outputs performance of module A and B, respectively.

It is easy to find out that the module has the output performance in
open-circuit voltage (maximum 65 V), charge output (maximum 19.3
nC) and short circuit current (peak-peak maximum 0.2 μA). Open cir-
cuit voltage, charge output measurements of the devices are conducted
with Electrometer (Keithley 6514). Short circuit current is measured by
Stanford SR570. The normal force applying on the devices is generated
by force gauge (Mecmesin 2.5-I, Germany).

Fig. 4(e–g) shows the relationship of output performance against the
applied force. These outputs show good linear range from 0 to 18 N,
which is consistent with the theoretical and simulation results. The
open circuit voltage, output charge and short circuit current sensitivity
are 3.6 V N−1, 1.1 nC N−1 and 11.1 nAN−1, respectively. This linear
property is quite useful in the self-powered sensor application for
normal force measurement. The open circuit voltage outputs of four
electrodes in 0–18 N linear range are shown in Fig. 4(h)–(i). The four
curves show similar linear property and comparable output amplitude
comparing with single electrode. The cycling stability of VR-3D-CS
under normal force of 10 N is tested as shown in Fig. 4(j)–(m). The
consistent voltage can be maintained after 10,000 loading–unloading
cycles, implying long working life and reliability of VR-3D-CS.

3.2. Characterization of shear force detection

To make the testing results reliable, the force is applied at the
limitation of finger capability on the top dome of the sensor. Thumb
and index fingers keep the same amplitude around 10 N and same
vertical angle in different horizontal directions. First, the shear forces
along the direction of X and Y axes (0°, 90°, 180°, 270°) are detected, as
shown in Fig. 5. Due to the low input impedance (1MΩ) of the oscil-
loscope (Agilent DSO-X 3034 A) comparing to 200 TΩ of Keithley 6514
electrometer, the output voltages are only a small portion of the open-
circuit. It can be used to resolve the horizontal direction of the shear
force since output voltages are still proportional to the force amplitude.

Fig. 3. Fabrication process of the 3D self-powered sensor.
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Fig. 4. (a) Testing setup of normal force detection. (b) The open circuit voltage under 18 N normal force. (c) The output charge. (d) The short circuit current. (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 (M-A). (i) The open-circuit voltage outputs of four-electrode configuration (M-B). (j) The reliability test of
E1 under pressure of 10 N. The voltage change curves were recorded after each 2500 cycles and 100 cycles of data were presented in each recording. (k)-(m) The
reliability test of E2-E4.

T. Chen et al. Nano Energy 51 (2018) 162–172

166



The repetitive motion of finger is repeated for more than 5 cycles and
the peak-peak output voltages are calculated to elevate the accuracy
and reliability of measurements.

To differentiate the output voltage waveforms of each electrode,
E2(E2′), E3(E3′) and E4(E4′) have the positive voltage offsets of 60mV,
120mV and 180mV, respectively. Fig. 5 shows the zoom-in figure of
each motion of 0°, 90°, 180°, 270° directions. In Fig. 5(a) and (e), the
amplitudes of E2(E2′) and E3(E3′) are nearly zero, while the value of
E1(E1′) and E4(E4′) are larger values because the contacting area are all
on E1(E1′) and E4(E4′). E1(E1′) and E4(E4′) are almost the same due to

the same contacting area on each electrode during the operation period.
There are small differences in the magnitudes due to the fabrication
deviations. In the same way, the 90° direction is characterized by the
same value of E3(E3′) and E4(E4′) and the minimum value of E1(E1′)
and E2(E2′). The 180° and 270° directions are analogous in turn as
shown in Fig. 5(c), (g) and Fig. 5(d), (h).

From Eq. (5), it can be seen that the angle θ is calculated by the
voltage amplitudes of two adjacent electrodes. In order to detect the
resolution of the angle θ, the repetitive motion of finger is moving in
different directions, respectively, increasing in units of 5°. Taking M-A

Fig. 5. (a-d) Output voltage waveform of M-A by repetitive motions in 0°, 90°, 180°, 270° directions. (e-h) Output voltage waveform of M-B by repetitive motions in
0°, 90°, 180°, 270° directions.

Fig. 6. (a) Repetitive motion of finger in different directions from 5° to 30°, increasing in units of 5°. (b) The voltage value of four electrodes corresponding to the
operation of (a). (c) Relationship between the measurement curve with error bars of VE1/VE4 and the theoretical curve. (d) Repetitive motion of finger in different
directions from −45° to 45°, increasing in units of 15°. (e) The voltage value of four electrodes corresponding to the operation of (d). (f) Relationship between the
measurement curve with error bars of VE1/VE4 (0–45 °), VE4/VE1 (-45°-0), and the theoretical curve.
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as an example as shown in Fig. 6(a) and (b), the voltage value of E1
gradually decreases as the angle changes, and the voltage value of E4
increases because of the contacting area are increased. In order to
calculated and plotted the average voltage ratio of VE1/VE4 with error
bar, we test the output voltage of each electrode and calculate the ratio
for 15 times at every 5°. As shown in Fig. 6(c), it can be seen that at
every 15°, the ratio value can be clearly distinguished without overlap
area. Therefore, we defined that the shear force resolution detection has
achieved a resolution of 15°.

To further verify the accuracy of the resolution, Fig. 6(d), (e), (f)
shows the other 7 repetitive motions with the directions of − 45°,
− 30°,− 15°, 0°, 15°, 30° and 45°, respectively. Fig. 6(f) shows the ratio
value with error bar as the angle changes from − 45° to 45°, increasing
in units of 15°. The error bars of 7 motions have no overlap area in the
projection of ordinate. The sensor can accurately identify the direction
of the shear force. In Fig. 2(b), the angle θ is defined as the acute angle
between the x-axis positive direction and the shear force. So the ratio in
Eq. (5) is changed to VE4/VE1 when we need to analysis negative de-
grees (0 to − 45°). Therefore, the result shown in Fig. 6(f) is bilateral
symmetry from 0° and the ordinates are VE1/VE4 and VE4/VE1, respec-
tively. When the angle exceeds− 45° or 45°, the calculation will change
to the next pair of electrodes correspondingly.

In summary, the shear force direction can be detected by the self-
powered sensor through differentiating the amplitudes and phases of
the four outputs. This paper mainly embodies the control characteristic
of the sensor. However, in order to increase the angle resolution and
extend the sensor applications, the Al electrodes structure is optimized
to change the voltage ratio VE1/VE4 for increasing the resolution.
Experimental results show that the resolution is improved (Supporting
Information).

Fig. 7 shows the output results for the rotation motions of finger
around the central axis of the single module. In Fig. 7(a), E1, E2, E3 and
E4 have a time delay in turn. This delay shows the motion is a clockwise
rotation. The rotation period is about 1 s. In Fig. 7(b), E1′, E2′, E3′ and
E4′ also have a time delay in turn with a low frequency. In Figs. 7(c)
and 7(d), E1(E1′), E2(E2′), E3(E3′) and E4(E4′) have a time advance in
turn. This time advance shows the rotation is a counter-clockwise ro-
tation. Therefore, besides shear force direction detecting, the VR-3D-CS
is also able to detect the rotation direction and period of the finger
motion. This greatly broadens the VR-3D-CS for more advanced control
applications. In the next section, the role of rotation direction will be
introduced.

3.3. Strategy and characterization of 3D attitude-control

At first, the kinematic analysis of the object in the rectangular co-
ordinate system is studied. In 3D space, the transformation between
different coordinate systems is the transformation of the different ori-
ginal points and coordinate axes. The rotation of the two coordinate
systems can be regarded as a coordinate system that rotates three times

to another coordinate system, and the three rotation angles are Euler
angles in Eq. (6). Because the translation and scale transformation are
simple, the rotation transformation in the rectangular coordinate
system is considered for the convenience of attitude-control. And later
experiment is carried out in the rectangular coordinate system. The
attitudes of object in 3D space can be characterized by the 3D para-
meters (X, Y, Z and θX, θY, θZ) in the rectangular coordinate system.
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In view of the above sections, the normal force and shear force of
each module are tested respectively. In order to realize 3D attitude-
control and operation for AR application, a strategy combined the
component vectors is proposed. According to the attitude in 3D space,
the normal forces and shear forces detected by 8 electrodes simulate the
space vector (X, Y, Z and θX, θY, θZ). Through the combination of these
six parameters, the transformation of any attitude in 3D space can be
realized. Table 2 shows the relationship between 8 electrodes output
instructions and six-axis attitude-control. In order to achieve accurate
attitude operation, a threshold is set for the voltage output under
conventional force operation. The voltage greater than the threshold is
set to be “1”. When (E1, E4) and (E1′, E4′) increase to the larger value
than threshold because the contacting areas of two spheres are all on
E1, E4 and E1′, E4′ respectively, it indicates the direction of X+. And
there is no signal output at the other electrodes. Similarly, the larger
values of （E2, E3） and （E2′, E3′） indicates direction X-. The re-
presentation of the Z direction is the same as X direction. The larger
values of （E3, E4） and （E3′, E4′）indicates direction Z+. The larger
values of （E1, E2） and （E1′, E2′）indicates direction Z-. The re-
presentation of the Y direction is different from X direction. The two
symmetric modules determine the Y+ and Y- directions, separately.
When the 4 electrodes（E1, E2, E3, E4） have the same value at the
same time and the 4 electrodes (E1′, E2′, E3′, E4′) have no signals, it
means the direction of Y-. Oppositely, when the 4 electrodes（E1′, E2′,
E3′, E4′） have the same value at the same time, it means the direction
of Y+. The larger values of （E1, E2） and （E3′, E4′）indicates the
counter clockwise rotation attitude θX, and there is no signal output at
the other electrodes. The largest values of （E3, E4） and （E1′, E2′）
indicates the clockwise rotation direction θX-. The representation of the
θZ direction is the same as θX direction. To indicate the θY, the two
fingers pinch the balls at the same time, then spin clockwise (or counter
clockwise) around the Y axis. In Table 2, (E4, E3, E2, E1) and (E4′, E3′,
E2′, E1′) have a time delay in turn using the arrow to show. This delay
shows the motion is a counter clockwise rotation θY+. On the contrary,
it means θY-.

Fig. 7. Voltage waveforms of the rotation motions of each module. (a) The motion of a clockwise rotation of M-A at a high frequency. (b) The motion of a clockwise
rotation of M-B at a low frequency. (c) The motion of a counter-clockwise rotation of M-A. (d) The motion of a counter-clockwise rotation of M-B.
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Table 2
Output of the electrodes corresponding to the different operation instructions.

Fig. 8. The relationship between the six-axis operation strategy and the curve of voltages to control a dice for AR interface.
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3.4. Demonstration of VR-3D-CS for VR control

To demonstrate the practical applicability of the VR-3D-CS, it is
directly connected with A/D converter to control the virtual dice in
virtual space as shown in Fig. 8. The sampling frequency of the A/D
converter is 10 kHz and the precision of acquisition voltage is up to
0.01mV. It can collect 8 channels at the same time. The converter is
connected to the USB port of computer. In order to avoid the crosstalk
between the 8 signals, it is mainly solved through two ways. Firstly, the
A/D circuit in the convertor card uses differential input to suppress
common mode interference. Then, in the experiment, a relatively high
threshold trigger of the sensor in the software is set to distinguish the
instructions and interference. The dice in virtual space is controlled by
the corresponding output signals. The first column of Fig. 8 shows the
operating modes of the sensor for X, Y, Z directions and revolving
around the X, Y, Z axes, respectively. The second column shows the
readout values of 8 channel voltages. The third column shows the in-
structions of 8 electrodes to control the dice. The fourth column shows
the controlling effect of the dice in virtual space. The update rate of the
protocol data used in this demonstration is less than 10 Hz, thus the
response time is more than 0.1 s. In the software, the communication
interval is set as 0.3 s for this demonstrate. (See Supporting Information
Movie 2)

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.06.022.

From Table 2, it can be seen that the eight electrodes do not appear
to be “1” at the same time. In order to improve the interactive effect of
controlling object in AR interface, this function is fully used to realize
the picking and releasing movements of the virtual object. When two
fingers press two spheres into the middle at the same time, eight elec-
trodes are “1” at the same time. This process is defined as single click,
which means the picking movement of the virtual object. And the ac-
tion of double clicks is set as the releasing movements as shown in
Fig. 9(a)–(d).

In the above demonstration, the VR-3D-CS realizes the attitude
control of a single object in virtual space. Among them, the VR is rea-
lized through the “Unity3D” development engine developed by Unity
Technologies, combined with the C++ programming language. The
program of Unity3D can run in the Windows environment. And it can
also be exported to different display platforms and combined with VR
devices such as VR glass, in which the virtual 3D effect can be achieved.
The main components of the VR system are shown in Fig. S4
(Supporting information). Currently, Unity3D is the mainstream

program to realize VR and AR [68,69]. In this paper, to highlight the
control characteristics of the sensor and facilitate demonstration, the
Windows environment in computer terminal is used to demonstrate the
VR effect. To highlight the ability of the VR-3D-CS and expand its ap-
plications, the virtual assemble for AR interface is shown in
Fig. 9(e)–(h). There are three parts to be assembled. The assembly
process is divided into the following three steps. First step is that the
part “A” is placed on the assembly platform. Then, part “B” is packed
into the assemble hole of part “A”. At last，part “C” and part “B” are
assembled according to the requirements. In the process of operation,
the control instructions of parts correspond to the unit distance and unit
angle on the six axes. With the pick and release instructions, three parts
are operated in sequence, and the whole assembly process is completed
(See Supporting information Movie 3). Experiments show that the VR-
3D-CS can not only realize the attitude-control of a single object, but
also realize the assembly of a number of objects. For the future appli-
cation, the device can be improved in power and portability, and by
optimizing structure, enabling the controlling with higher resolution.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.06.022.

4. Conclusion

In summary, a VR-3D-CS is proposed and investigated with com-
plete theoretical model and experimental characterization. The sensor
can detect both the normal force and shear force, which can be used as
AR interactive interface to realize 3D attitude-control operation of the
objects. For detecting the normal force, it shows a linear range from 0 to
18 N. The open circuit voltage, output charge and short circuit current
sensitivity are 3.6 V N−1, 1.1 nC N−1 and 11.1 nAN−1, respectively. In
the aspect of shear force detection, it can resolve the shear force di-
rection with step of at least 15°. The symmetric sensor modules are
designed with 2 touch points and 8 sensing electrodes. The capability of
detecting the normal force and the shear force is calibrated by judging
voltage values of 8 electrodes. The combination of the 8 components
simulates the space vector (X, Y, Z and θX, θY, θZ). Thus, the sensor
realized the 3D attitude-control operation of object in virtual space.
Finally, demonstration of VR-3D-CS as interactive tool is successfully
realized in the virtual assembly for AR application. Considering the
advantages of self-powered mechanism, cost effectiveness, and easy
implementation, the VR-3D-CS shows great potential for batteryless AR
interface, robotics, and energy saving applications.

Fig. 9. The voltage curves of (a) M-A and (b) M-B with single click. The voltage curves of (c) M-A and (d) M-B with double clicks. Using the 3D self-powered sensor to
realize the virtual assemble for AR interface. (e) The initial state. (f) The part A is put on the platform. (g) The virtual assemble of part B. (h) The virtual assemble of
part C.
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