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A Self-Powered Angle Sensor at Nanoradian-Resolution
for Robotic Arms and Personalized Medicare

Ziming Wang, Jie An, Jinhui Nie, Jianjun Luo, Jiajia Shao, Tao Jiang, Baodong Chen,

Wei Tang,* and Zhong Lin Wang*

As the dominant component for precise motion measurement, angle sensors
play a vital role in robotics, machine control, and personalized rehabilitation.
Various forms of angle sensors have been developed and optimized over the
past decades, but none of them would function without an electric power.
Here, a highly sensitive triboelectric self-powered angle sensor (SPAS)
exhibiting the highest resolution (2.03 nano-radian) after a comprehensive
optimization is reported. In addition, the SPAS holds merits of light weight
and thin thickness, which enables its extensive integrated applications with
minimized energy consumption: a palletizing robotic arm equipped with the
SPAS can precisely reproduce traditional Chinese calligraphy via angular
data it collects. In addition, the SPAS can be assembled in a medicare brace
to record the flexion/extension of joints, which may benefit personalized
orthopedic recuperation. The SPAS paves a new approach for applications in
the emerging fields of robotics, sensing, personalized medicare, and artificial

intelligence.

With the rapid advance in robot-related technologies, robots
have become more intelligent, miniaturized and ubiquitous
in our daily life.l! Except conveniences provided, several major
unsolved challenges have been posed.”) Among them, angle
measurement is vitally important since it has been widely
applied in robotics, medicare, industrial control and even arti-
ficial intelligence.l’l Impressive progress has been achieved on
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angle measurement over past decades,
these breakthroughs mainly focus on
developing sensors based on operating
mechanisms  including  optoelectrical
effect, electromagnetic effect and an iner-
tial measurement unit (IMU). How-
ever, additional electric power is required
for driving these sensors, and none of
them would work without power, which
is unsatisfactory for situations suffered
from limited energy supply. On the other
hand, connections between the Internet of
Things (IoT) and human beings are get-
ting increasingly diverse at an accelerating
pace due to the IoT could link physical
devices with each other via collecting and
communicating data.”! Hence, numerous
sensors will be fabricated and installed
on these appliances to constitute the
supporting infrastructure which costs
huge additional energy consumption and
usually more than the local IoT devices do.! In addition to
developing more efficient strategies for energy storage and con-
version, fabricating self-powered sensors is an alternative and
also effective strategy to cope with these practical challenges
arose from both the advance in robotics and the advent of the
era of IoT.]

The underlying technology dictates the operating mecha-
nism of a sensor and its response characteristics to external
stimuli. The triboelectric nanogenerator (TENG) technology
originates from Maxwell's displacement current and roots in
the coupling of the triboelectrification effect as well as the elec-
trostatic induction.®! It has demonstrated advantages of con-
verting external mechanical agitations into electric signals with
rather high magnitude in a straightforward way.’] Additionally,
the triboelectric effect is ubiquitous and ascribed to contact
between two different interfaces, which not only ensures the
conversion of miscellaneous mechanical stimuli into high-
magnitude signals but also enables broad materials choices
for us.'% Therefore, TENG technology has been extensively
utilized in micro/nano-power source,'! blue energy,?l and self-
powered sensors.!!3] Several attempts to develop self-powered
angle sensor have been reported as follows: Xu et al. devised
a triboelectric angle sensor based on hydrogel, nonetheless,
this device can only generate qualitatively signals indicating
the movement of joints; Wu et al. designed a highly reliable
self-powered angle sensor based on the principle of encoder.
However, complicated pattern on the top electrode has to be
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Figure 1. Application, architecture and mechanism of the SPAS. a) The concept of applying SPAS in robotics. b) Detailed structural information of
SPAS, which consists of two TENGs: the outer part is named as TENG A (indicated in black) while the inner part is TENG B (indicated in blue). The
SPAS can also be regarded as a combination of a rotator and a stator, listed from top to down. The rotator includes an FR-4 base and two groups of
radial freestanding electrodes. The central angle of both groups of electrodes is ¢, and there is a central angle difference of 3 between them. The stator
is composed of a 35 um thick Kapton film and two groups of radial interdigital electrodes on the top surface of an FR-4 base. There is no central angle
difference between two groups of electrodes in the stator. Besides, the central angle of trenches between every two adjacent interdigital electrodes is
defined as ¥ Images highlighted by red dashed lines are digital photos of the rotator, a scanning electron microscopy (SEM) image of etched nanorods
on the Kapton film, and an optical picture of the stator, respectively, from top to down. c) Illustrations of the working principle of TENG A under short-

circuit condition when rotating clockwise. d) Schematics of the operating principle of TENG B under the same condition as in (c).

elaborately designed.™>! Consequently, there still lacks of a self-
powered angle sensor with a reliable angle sensing mechanism
and improved angular resolution.

Here, we report a self-powered angle sensor (SPAS) with
merits of light weight, thin thickness and low cost. The highest
resolution (2.03 nano-radian) and sensitivity (5.16 V/0.01°)
as well as an unprecedented signal-to-noise (SNR) ratio
(98.68 dB) were achieved after a comprehensive optimization.
Constructing angle sensing systems based on the SPAS could
minimize energy consumption since the generation of sensing
signal requires no power supply and the magnitude is high
enough that needs no additional amplification. In addition to
systematic investigations combining with theoretical analysis
were conducted to reveal the sensing mechanism, we had
also demonstrated that, equipped with the SPAS, a palletizing
robotic arm could precisely reproduce traditional Chinese cal-
ligraphy via angular data collected by the SPAS. And the SPAS
could also record the flexion/extension of joints after assembled
in a medicare brace, which might benefit personalized ortho-
pedic recuperation. Our study establishes a new generation of
angle sensors that has broad applications in robotics, medicare,
IoT, and artificial intelligence.
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The construction of the self-powered angle sensor (SPAS)
is based on the newly developed triboelectric nanogenerator
(TENG) technology. Benefited from its salient features of light
weight and thin thickness, the SPAS is capable of being incor-
porated with joints in robots without interferences from their
rotation/movement.®l Figure 1a depicts its expected extensive
applications in robotics for high-resolution angular monitoring.
Detailed structural information of the SPAS is visualized by
Figure 1b. Two rotary contact-sliding mode TENG devices are
integrated together, and a difference in the overlaps of elec-
trodes between TENG A and B is designed to generate a set
of quadrature signals for sensing. To be specific, from top to
bottom, the SPAS consists of a rotator part and a stator part,
coaxially assembled. The rotator mainly includes two groups
of freestanding electrodes (made up of copper with a thickness
of 50 um). Each group is composed of radially-arrayed elec-
trodes with a central angle of «. Additionally, a central angle
difference of f exists between these two groups of electrodes.
The stator part consists of a Kapton film (DuPont, thickness
of =35 um) which works as the electrification layer and two
groups of interdigital electrodes (made up of copper with a
thickness of 50 um). The central angle of each electrode is the
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same as that of electrodes in the rotator part. It is noteworthy
that no central angle difference between the two groups of elec-
trodes exists, which gives rise to the aforementioned dissimilar
overlaps between two TENGs. Another structural parameter ¥
is defined as the central angle of trenches between every two
adjacent interdigital electrodes. Enlarged views of each part are
highlighted by red lines. A detailed description of the fabrica-
tion procedure is available in the Experimental Section.

Basic units in TENG A and B are selected to elucidate the
working principle of the clockwise-rotated SPAS under short-
circuit conditions, as shown in Figure 1lc,d. Schematics of
the contrary direction is depicted in Figure Sla,b (Supporting
Information). Freestanding electrodes are positively charged by
triboelectrification, with an equal amount of negative charges
generated on the Kapton film.”) Exemplified by TENG A
(Figure 1c), electrostatic induced negative charges are accumu-
lated on the left-hand electrode, while the right-hand electrode
is positively charged with an equal amount at the initial state.
Movements of joints bring about relative rotation between the
rotator and stator, and free electrons will keep flowing from
the left-hand electrode to the right-hand one before the free-
standing electrode is precisely above the right-hand electrode.!'®!
Owing to the difference in overlap, the freestanding electrode
in TENG B is ahead of that in TENG A, forming a detectable
phase difference between two signals.

To quantitative deduce the charge distribution on each
electrode, a simplified parallel-plate capacitor model can be
reasonably introduced in this analysis since the thickness of
Kapton film is much smaller than its width and length scale.['")
According to the triboelectric series, the triboelectric charge
densities on the Kapton film is supposed to be —o. Combining
with the law of charge conservation and basic electrical princi-
ples in short-circuit situation, the quantities of charges induced
on the left-hand (Q;) and right-hand (Qg) electrodes can be
calculated by the following equations!2”!

.(0)-S
Qu=-Qi=-Q)=- 252 0s050) n
o—-60
P _0'0(6).5
Q. =-0:=-Q(0) S (@<6<20) o
-
(0279 51608 s=30s 3)
o o

where S represents the tribo-surface area of a freestanding
electrode, and 6 is the angle that the freestanding electrode
has rotated by. The charge density of the overlapped area on
the bottom surface of the freestanding electrode is defined as
0,(6), and the unoverlapped area as 6,,(6). The whole derivation
process and verification of equations listed above are explicated in
Note S1 (Supporting Information). Qualitative deduction of open-
circuit performance is based on the model of volume-changing
capacitors and available in Note S2 (Supporting Information).
Owing to the drift in induced charges between the left-
hand and right-hand electrodes is forbidden in an open-cir-
cuit condition, the open-circuit voltage (V,.) is thus defined
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as the potential difference between these two electrodes, that
is, Voc = Vg — Vy. Figure 2a depicts the finite element method
simulated (COMSOL Multiphysics) open-circuit potential distri-
bution on electrodes under a clockwise situation. In this illus-
tration, to concisely manifest the variation tendency of electric
potential, dimensional parameters of the SPAS are selected as
o= = y=45° and corresponding 3D structural schematics
are exhibited below. The whole process and that of the reversed
direction are also animated in Movies S1 and S2 (Supporting
Information), respectively. Clearly can we discover that the
potential of one electrode will reach its maximum when the
freestanding electrode is precisely above it. Therefore, according
to the definition of V,, the voltage variation trend of TENG B is
ahead of TENG A by an angle of 45°(i.e., ¢), and the period of
potential variation for both TENGs is 180° (i.e., 4¢). Schematics
of the opposite rotary direction are described in Figure Slc
(Supporting Information). Numerically calculated open-circuit
voltages of two TENGs versus rotational angles under clock-
wise rotation are plotted in Figure 2b. The voltage of TENG A is
indicated by the solid line while that of TENG B by the dashed
one. Parameters employed to proceed simulations are listed in
Table S1 (Supporting Information), and the calculated profile
for the anticlockwise situation is depicted in Figure S1d (Sup-
porting Information). Apart from waveforms under the condi-
tion of = = y=45°, other situations as ov= = y=10° and
1° are investigated and shown together. In these situations, no
matter the value varies, the voltage periods of two TENGs are
the same (i.e., 4¢), and the signal of TENG B is indeed lead by
an angle of ¢ in phase, which is consistent with our observa-
tion in Figure 2a. Another essential propensity we shall notice
in Figure 2b is that a decline of the peak-to-peak value of the
simulated voltage is accompanied by an increase in counts
per rotate (CPR) when values of o decrease from 45° to 1°. To
achieve the best device performance, relationships between
central angles and magnitudes of voltages as well as the CPR
are revealed by Figure 2c. A dramatic drop of CPR appears with
a rise in the open-circuit voltage simultaneously when o merely
increases from 1° to 5°. Considering a more reliable approach
for angle sensing is via counting numbers of pulses, as a con-
sequence, o =1° is selected to realize the enhancement in CPR,
yet with an inevitable decrease in the magnitude of signals.
Fortunately, however, optimization of intervals separating inter-
digital electrodes which we defined as yis an effective method
to improve open-circuit voltages without a significant sacrifice
of CPR.2!I Here, to intuitively reveal the influence on the peak-
to-peak values of voltage caused by the width of intervals, we
define the approach to normalize voltage signals as follows

\%4
Vi ormalized =
N lized V (4)

Ry
o

Simulated relationships between various ratios of y/ o with
different values of o and the normalized open-circuit voltage
are presented in Figure 2d. Although a monotonical increase of
V, is observed while the ratio of yover & ascends from 0.2 to 1
for all listed values of ¢, the increment of normalized voltages
when o = 1° is much more dramatic than other conditions:
The normalized voltages soared dramatically by 8.17-fold,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

x103

oOFRr NWANUO
<

(SIS

10F—x=45°

a=10°

a=1°,5 ——0=1°

z -
0¥ -- 5.
o
> NN
a0l 4 _ 0 0
0 a 20 30 4a 0 10 20 30 40 50 0.2 04 06 08 1.0
Rotation Angles (deg) a (deg) yla

Figure 2. Structural optimization via finite element analysis and experimental verification. a) A top view of the simulated potential distribution profiles
of the SPAS in clockwise rotation under the condition of o= f§= y=45°. Exhibited below are corresponding 3D structural schematics. b) Simulated
variations of potential differences of the clockwise rotated SPAS. Variations of TENG A is indicated by the solid line, while that of TENG B by the dashed
line. ¢) Numerical simulation results of variances on the magnitude of open circuit voltage and counts per rotate when « increases from 1° to 45°.
d) The simulated relationship between normalized voltages and the ratios of yover « for several values of c. e-g) Simulated variances of open circuit
voltages of clockwise-rotated SPAS in a period with the ratios of f over o equal to 1, 4/3, and 2 respectively. The values of &z and yare both restricted
to 1°, the optimum value. h—j) Corresponding experimental verification of simulated results in (e—g).

while the CPR merely decreased by 1.67-fold (Table S2, Sup- is selected as &= y=1° to achieve a balance between the magni-
porting Information). The signal-to-noise ratio (SNR), defined  tude of sensing signals and the CPR.

by the strength of desired signal compared to the undesired Another geometric parameter to be optimized is the cen-
background noise, is also a significant character for sensors. tral angle difference () existing between two groups of free-
Therefore, an optimal option of structural parameters of SPAS  standing electrodes on the rotator part. Since the variation
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of f will not interfere with previous conclusions, we proceed
simulations with a combination of several values of B under
the restriction of o= y=1° (Figure Sle,f, Supporting Informa-
tion). As depicted from Figure 2e—g, TENG B advances more
in phase comparison as the ratio of 3 over o arises from 1 to
2 when in clockwise rotation. To quantify the extent of phase
lead, the connection between f and phase difference is inves-
tigated. Theoretically, the period of voltage signal spans 4«
degrees which are equivalent to 360° in phase, so that a value of
B equal to n- o is inferred to a 90-n-degree lead in phase com-
parison. A set of quadrature signals is favorable in the sensor
field in that it is capable of achieving a more precise angular
resolution merely by signal processing methods. Hence, the
overall optimization conclusion of dimensional parameters is
oa=pB=y=1°.

In addition to finite element analysis, experiments of the
same device size and rotation condition were also carried out.
Measured data are plotted from Figure 2h—j, which exhibits
almost the same profiles and phase difference compared to the
simulated results (Figure 2e—g), validating our theoretical prem-
ises mentioned above. The phase differences in Figure 2h-j
only deviate from predicted results with a relative error of

www.advmat.de

0.58%, —0.68%, and —0.35% respectively. Specific information
is available in Table S3 (Supporting Information). The higher
voltage magnitude of TENG A is mainly ascribed to the tribo-
surface of TENG A is larger than that of TENG B. Theoretical
and experimental results of the reversed direction are depicted
in Figure S1g-1 (Supporting Information).

A cosed-loop rotary platform was established to systemati-
cally characterize the SPAS under various rotation conditions
(Figure S2a and Movie S3, Supporting Information). Since
angular information including rotation angles and angular
velocities can be obtained by a single TENG in the SPAS, we first
focus on the open-circuit voltage signal of the TENG A (Note S3,
Supporting Information). Figure 3a,b are two preliminary exper-
iments for validating the mechanism of the SPAS. In Figure 3a,
the SPAS was rotated by various overall rotation angles at a
certain angular velocity of 1° s7L. Although the initial state was
randomly chosen, profiles of measured voltage data will span a
complete period as long as the overall rotation angle increases
by 4°. Therefore, by counting the number of pulses, we can
obtain the overall rotation angles. Moreover, the angular velocity
can be derived from dividing the rotation angle with the spent
time. Since the device structure is entirely symmetrical, the
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Figure 3. Characterization of SPAS. a) Voltage signals generated at the angular velocity of 1° s™ with various overall rotation angles. b) Voltage signals
under different angular velocities with a given overall rotation angle of 80°. c) Voltage profiles under different combinations of overall rotation angles
and angular velocities. d—f) Calculated angular velocities from the experiment data in the diagram (a—c), and their comparisons with the pre-set one.
g—i) plot the overall rotation angles over time under the same operations in (a—c), respectively.

Adv. Mater. 2020, 2001466

2001466 (5 of 11)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

angular resolution can be improved to 2° via the introduction
of the crest point (Figure S2b, Supporting Information). Mag-
nified illustrations of this process are available in Figure S2c—e
(Supporting Information). The subsequent investigation focuses
on the waveform under various angular velocities ranging from
1 to 80° s71, with a fixed overall rotation angle of 80°. As dem-
onstrated by Figure 3D, an identical number of voltage pulses
of 20 was obtained under all velocities (Figure S2f-h, Sup-
porting Information), which suggests an irrelevance between
the number of signal pulses and the angular velocity. Afterward,
a comprehensive experiment composed of various overall rota-
tion angles with different angular velocities was conducted.
The legends in Figure 3c describe the detailed scenarios in
this experiment. Profiles of each stage are in entire accordance
with previous conclusions (Figure S2i-k, Supporting Informa-
tion). Note: the output voltage is so high that no amplification
is needed, and it is independent of rotation frequency, which is
validated by Figure S2I (Supporting Information).

Figure 3d—f exhibits angular velocities calculated with data
plotted in Figure 3a—c via strategies stated above, inserted
dashed lines denote pre-set angular velocities. Calculated
angular velocities fluctuate around the pre-set one with an aver-
aged velocity of 1.044° s~! and a standard error of 0.022° s7! in
the case of Figure 3d. Calculated velocities in Figure 3e,f are
also accord with pre-set values. The deviation of calculated
results when angular velocities beyond 50° s7 is mainly attrib-
uted to the roughness of tribo-layer and a lack of the velocity
feedback control circuit in this platform. The existence of an
apparent low value pointed by an arrow in Figure 3f is ascribed
to that the motor reaches its maximum acceleration. Ilustra-
tions presented from Figure 3g—i demonstrate calculated rota-
tion angles changing with time under identical conditions in
Figure 3a—c, separately. The highest value represents the pre-
set overall rotation angle, and the angular velocity determines
the type of the curve. Providing that the influence on line types
caused by the pause time is negligible, the waveform of the
curve plotted in Figure 3g resembles a straight line and wave-
forms of Figure 3h,i are similar to a typic “S-curve,” which is
also consistent with our preset velocity. The accordance both
in angular velocity and overall angles proves the feasibility and
accuracy of the SPAS.

In spite of rotation angles and angular velocities have been
attained by a single TENG, unfortunately, however, the direc-
tion of rotation, another vital parameter in practical applica-
tions, cannot be obtained yet (Figure S2m,n, Supporting
Information). Hence, TENG B is introduced to produce a
reference signal. A multichannel synchronous data acquisi-
tion system is employed to record signals produced by two
or more TENGs simultaneously (Figure S3a, Supporting
Information). Figure 4a explicates waveforms of two TENGs
measured simultaneously on condition that an anticlockwise
rotation is followed by a clockwise one. Signals belonging to
TENG A and B are regarded as sensing and reference sig-
nals, and plotted in blue and red, respectively. Moreover, the
generated quadrature signals under anticlockwise rotation
are highlighted by yellow while clockwise rotation by green.
An apparent and consistent discrepancy in phase is clearly
revealed by the enlarged views of voltage signals under both
rotary conditions. Besides, since positions of crests or troughs
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of the reference signal are intermediate points between that
of the sensing signal (Table S4, Supporting Information),
angular resolution can be further enhanced to 1° i.e., the
central angle of electrodes (Figure S3b, Supporting Informa-
tion). It is inferable that developing new fabrication methods
with a reduced central angle of electrodes will lead to a higher
angular resolution of SPAS.

The robustness of SPAS was investigated and exhibited in
Figure 4b,c. The width of peaks fluctuates around 4° with a
maximum standard error of 0.0508° and the counts per rotate
is stabilized at the number of 90 as angular velocities varying
from 1 to 80° s7!, which indicates the stability of signals in a
large angular velocity range. This is mainly attributed to the
noticeable merit of grating structure TENGs that local surface
defections will not affect a single voltage pulse. Besides, high-
lighted by orange in Figure 4c is a cyclic test of 100 000 cycles
to confirm the reliability of sensing signals during long-
lasting operation. An average open-circuit voltage of 123.09 V
along with a standard error of 0.48 V was obtained during
this test, and no obvious decrease in the magnitude of signal
was found. Slight undulations of the open-circuit voltage can
be mainly ascribed to the trivial unevenness of the contact
surface.

Other than the scheme we discussed above to obtain rotation
angles, a substantial enhancement of the angular resolution is
realized by a detailed analysis of signals within a single period.
As shown in Figure 4d, voltages within the range from 2.70°
to 3.25° can be mathematically linearized with the adjusted
R-square of 0.99808, which represents a linear error less than
0.2% is achieved. A step rotation experiment with every step
of 0.05° was employed to discover the highly-sensitive area
within a voltage period. Inside the linear area, a highly-sensi-
tive region is explored to be in the range from 2.95° to 3.10° as
exhibited by the red dashed rectangle in Figure 4e. Within this
linear and highly sensitive region, every step rotation of 0.01°
could be evidently distinguished with an average voltage vari-
ance of 5.16 V as presented in Figure 4f, and a response time
of 57 ms (Figure S3d, Supporting Information). Since the Root
Mean Square (RMS) of the noise signal is 0.06 mV as shown
in the inset of Figure 4f, a minimum resolvable angle of 2.03
nano-radian is achieved within this range via the following
expression(?2l

_ AA
TAVIVEE )

where A is the minimum resolvable angle, AA is the rota-
tion step, AV is the voltage variance corresponding to AA.
In addition, the signal-to-noise (SNR) ratio related to this region
is calculated to 98.69 dB through the subsequent formulal*!

RMS
\/Signal

RS ©)

Noise

SNR=20-1g

It is noteworthy that the angular resolution and SNR ratio
can be further enhanced by the improvement of the magnitude
of the voltage signal. In all, above-mentioned sensing character-
istics demonstrate the advantage and feasibility of constructing
a self-powered angle sensor based on the TENG technology.
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Figure 4. Detailed analysis of sensing signals. a) Voltage signals generated when the device proceeds anticlockwise rotation followed by a clockwise
one, the inserted images are enlarged views of distinct phase differences between TENG A and B. b) Statistic results of the width of peaks under various
angular velocities, the inserted dashed line lies on the position of 4°. c) Measured counts per peaks at different angular velocities and the stability of
open-circuit voltage during 100 000 cycles. d) The shape of the voltage signal within a period is highly repeatable, and an excellent linear area is shown
inside each period with a value of adjusted R? of 0.99808. e) A profile of the measured open circuit voltage with a step rotation of 0.05° per step within
a period. The highly sensitive region is highlighted by the red dashed rectangle. f) Voltage signals with a rate of 0.01° per step inside the linear and
highly sensitive area. The inset is the waveform of the noise signal. Considering the RMS value of the noise signal is 0.06 mV, and the voltage variation
corresponding to 0.01° is 5.16 V, the minimum resolution can be calculated to 2.03 nano-radian.

It is of vital importance for robots to accurately acquire
joints’ real-time positions via the most energy-efficient method
in practical applications where the power supply is usually lim-
ited. Our SPAS could realize it by directly assembling in, since
its structure is simple and neither external power nor amplifi-
cation module is required for the generation of sensing signal.
A palletizing robotic arm equipped with SPASs on each of its
three joints is constructed to demonstrate the practicability, as
presented in Figure 5a and Figure S4a (Supporting Informa-
tion). Owing to the merits of lightweight (11.1 g) and thin thick-
ness (1.87 mm) (Figure S4b, Supporting Information), the inte-
grated SPASs would not affect the joints’ rotation/movement.
Geometric parameters of the three SPASs are listed in Figure S4c
(Supporting Information). Vividly depicted in Figure 5b are
two processes utilized for this verification: After we input a
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trajectory of a calligraphic script, the robotic arm will follow
it to move. Meanwhile, motion-induced voltage signals will be
generated and collected. In the subsequent process, the robotic
arm will duplicate the calligraphy based on the recorded data
(Movie S4, Supporting Information). At last, a contrast between
these two calligraphic results is given.

Figure 5c is a screenshot of the multichannel data acqui-
sition program developed on the LabVIEW platform with six
channels working during process 1. Denotations represented
by each channel are available in Figure 5d which also serves as
a magnified picture of the selected area in the previous image.
Basically, the magnitude and peak number of voltage signals
represent a certain angular variation, whereas the rotational
direction can be obtained by the phase difference. The prin-
ciple concerning translates voltage signals into angular data
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Figure 5. Demonstration of applications of SPAS in real-time high-resolution angular monitoring in robotics. a) The digital photo of a three-axis
robotic arm equipped with SPAS around its joints. b) Schematic illustration of recording real-time high-resolution data by SPAS during a robotic arm
performs traditional Chinese calligraphy through tracking inputted trajectory (Process 1) followed by repeating the whole action with the collected data,
and then comparing these two calligraphy results using digital methods (Process 2). c) A screenshot of the collected voltage data during Process 1.
d) A magnified image of the selected area in diagram (c) to exhibit the recorded six-channel voltage data in real-time. €) A polar plotted graph of voltage
signals generated by SPAS in a period to illustrate the correspondence between angular data and voltage signals. f) The original calligraphy completed
by the robotic arm. g) The duplicated calligraphy performed from the recorded data. h) A comparison between these two results of calligraphy through

overlapping, the inset demonstrates the tiny difference of two results. Scale bar, 200 pm.

is exhibited by Figure Se. In this depiction, a polar coordinate
representation of the voltage signals is utilized to intuitively
reveal the correspondence between angular positions and gen-
erated signals, which is specified in the Experimental Section.

Presented in Figure 5f is the original calligraphy of the
word “Nano” through the trajectory, while Figure 5g depicts
the duplicated calligraphy based on measured data. A close
comparison between these two calligraphic scripts is given by
overlap as depicted by Figure 5h (the original in black, and the
duplicated in red). An almost entire superposition of two calli-
graphic tracks is observed while a minute difference of stroke
width exists, which is mainly ascribed to that the tip of the ink
brush might vary slightly during the writing process. Figure S4d
(Supporting Information) provides further verification of
identicalness of scripts through comparison between pixels.
Inserted in Figure 5h is an enlarged view of the comparison
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result around the corner of letter “n,” proving that scripts
overlap well with each other in a majority of the area: Only
a 20 um difference in the width scale exists. This demonstra-
tion vividly exhibits the remarkable practicability of applying
the SPAS to robotic arms for precisely monitoring angular
positions of each joint.

Apart from serving as a high-resolution angular moni-
toring system for robotic arms, the SPAS can also be utilized
on actively recording daily flexion/extension angles of joints.
Approximate 22.7% of adults in the U.S. suffer from arthritis
or arthritis-attributed activity limitation (AAAL), and this ratio
soars to 49.7% as the age beyond 65.%4 Fortunately, however,
doctors could personalize recuperation schedules with the
assistance of daily extensions/flexions data of joints, and the
associated limitation can be alleviated via the aid of emerging
rehabilitation robots.?>! Considering the SPAS is an active
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Figure 6. Medical application of the SPAS for personalized orthopedic medicare. a) A digital photo of a personal brace incorporated with the SPAS.
b) A lateral illustration of the integrated device. c) An optical image of the MCU we devised for portable purpose. d) Waveforms of the signals measured
by the devised MCU when the SPAS rotate clockwise and anticlockwise, as listed from top to down. e) Schematics of the operating mechanism of the
“active bending measurement” system. f) Demonstration of applying the SPAS for recoding joints’ flexion/extension angles, the inserted picture is a
screenshot from the App we developed for the mobile phone to visualize the status of joints.

sensor and its sensing signal is high enough that needs no
additional amplification, developing a high-resolution angle
sensing system based on SPAS could realize minimized energy
consumption during operation, which is of crucial significance
for the long-lasting practical application.

The integration of SPAS with a traditional personal brace is
shown by Figure 6a. A schematic depiction from the lateral view
is available in Figure 6b to illustrate its structural information.
In order to satisfy the requirement of mobility, we developed a
microcontroller unit (MCU) with a size of 3 x 5 cm to complete
the signal acquisition, data processing and results transmitting
via Bluetooth, as depicted by the optical photo in Figure 6c.
The detailed circuit diagram is available in Figure S5a (Sup-
porting Information). The incorporation of above-mentioned
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devices constitutes an active bending measurement system
(ABM system) which could actively sense and record extension/
flexion states of joints. To verify the feasibility of this circuit, we
measured the analog signal output and plotted it in Figure 6d,
indicating that the relationship between phase difference and
rotary direction is entirely consistent with previous conclusions,
and the shape is still highly repeatable over periods too. A large
dynamic measurement range from 20 to 150° s7! is achieved
after an overall optimization of the MCU (Movie S5, Supporting
Information), which contains the angular velocities of joints
required to accomplish a majority of actions,?®! implying pos-
sible applications of the ABM system not only in the rehabilita-
tion field but also for the emerging exoskeletons.”’! Figure e
intuitively shows the operating procedures of the “ABM brace.”
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As vividly depicted in Figure 6f, while an experimenter bending
his/her knee with the brace on, the flexion/extension status
of the joint is simultaneously recorded by the SPAS, trans-
mitted by the MCU, and visualized by the APP. The inserted
image is an enlarged view of the APP, in which the top part
lists four vital motion parameters in real-time, and an instan-
taneous animation display of the status of joints is available
at the bottom. Moreover, a series of experiments with various
flexion/extension angles and velocities were performed and
available in Movie S6 (Supporting Information). Comparisons
of signal magnitude and electricity rely between the SPAS and
a traditional angle sensor (GTS06, GTEACH Inc.) is exhibited
in Movie S7 (Supporting Information). Detailed information
of the traditional sensor can be found at Table S5 (Supporting
Information). This attempt of integration the SPAS with medi-
care brace not only indicates the viability of constructing an
active sensor system for personalized recuperation in the era of
IoT, but also implies the potential of applying the SPAS to the
next generation of rehabilitation robots.

In summary, we have constructed a SPAS based on the
newly developed TENG technology, which exhibits merits of
both light weight and low cost, as well as unprecedented sen-
sitivity and SNR ratio. Neither additional electric power supply
nor signal amplification module is required for SPAS, which
largely facilitates its extensive integrated applications, such
as robotics and rehabilitation medicare in this work. Besides,
via micro/nano fabrication methods and the enhancement of
sensing signal, the device can be further improved, including
the device volume, weight, as well as the resolution. The merits
mentioned above and the feature of no extra energy consump-
tion may indicate a novel approach for constructing active angle
measurement systems with minimized energy consumption to
meet challenges arose from robotics, personalized medicare,
artificial intelligence and the era of IoT.

Experimental Section

Fabrication of the SPAS: The fabrication of the SPAS is mainly based
on the mature printed circuit board (PCB) technology. Thus, schematic
illustrations of SPAS’s multilayer structures are necessary previous
to the automatic production. An electronic structural design software
named of Altium Designer 16 was used to depict the structural sketches
which are available in Figure S5b (Supporting Information). Detailed
fabrication procedures are revealed as follows: The substrate chosen for
both the rotator and stator is FR-4 epoxy glass with a thickness of 1 mm.
To transfer patterns of copper to this substrate, first it was covered
with a complete copper sheet with a thickness of 50 um on FR-4 base
through cold rolling craft followed by laminate a sensitive dry layer on
the top of the copper sheet. After that, the sensitive layer is exposed to
patterned UV light via photo tools, and the unexposed part of this layer
is removed by the developing solution. Previous to the strip of the dry
film layer, redundant copper is etched by ferric chloride solution and
removed from the patterned copper. Finally, a Kapton film with thickness
around 50 um is attached to the stator part to function as a triboelectric
layer while a layer of gold is deposited to the surface of patterned copper
of the rotator part to prevent copper from oxidation.

Experimental Setup for Rotational Parameters Control: A closed-loop
servo motor was required to drive a rotating platform (NDG85, USC
corporation) which was installed on an optical table (OTSB345-1, Zolix
corporation). To precisely control rotational parameters, a reduction
ratio of 18 was devised, and all combinations of parameters were input
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to a programmable controller which was directly linked to the motor.
Three circular acrylic sheets with a sandwiched-structure were applied
as the junction part between the SPAS and the rotation system by using
a laser cutter. The rotator and stator sections of the SPAS were attached
to the interface between two acrylic sheets where relative rotation exists.

Multichannel Synchronous Electric Signal Measurement and Materials
Characterization: For the section of basic output performance tests
of the SPAS, several programmable electrometers (6517 from Keithley
Instruments) were directly linked to a synchronous data acquisition
card (6356 from National Instruments) to simultaneously measure
the multichannel OC voltage, SC current or transferred charge signals.
These data were collected and saved by a corresponding multichannel
data acquisition program which was developed on the LabVIEW
platform. A low pass filter (50 Hz) was used in data post-processing of
measured signals. Field-emission scanning electron microscopy (Hitachi
SU8020) was applied to investigate the surface morphology of induced
nanostructures on the surface of the Kapton film.

lllustration of Translating Voltage Variance into Rotation Angles:
There are two strategies to obtain rotation angles provided here. The
first method is to count the number of occurrences of featured points
(peaks, troughs, and intermediate points) and compare the phase
difference between the sensing signal and the reference signal. Besides,
the second scheme to detect angular movement is via establishing the
correspondence between rotation angles and voltage signals within
a single period. Angle sensing based on the first approach is more
reliable since it is independent of the magnitude of sensing signals, and
the second method could provide a more precise angular information
due to high outputs and low noise signal, though this approach relies
on the magnitude of signals. Specific rules are as follows: Variation
in voltage signals from an intermediate point to a crest or a through
is directly counted as 1° and vice versa, however, angular data
corresponding to a variance of voltage less than half maximum has to
be derived from the correspondence between angular position and the
output performance of the SPAS, as explicated by Figure S6a (Supporting
Information). Rotary direction is derived from the phase difference
between the sensing signal and the reference signal: anticlockwise
rotation is corresponding to a phase-lead of sensing signal, while
the clockwise rotation is quite contrary.

Strategies for Recognizing Phase Difference: Phase difference can be
obtained via comparing the magnitude of sensing signal to a certain value
at several special points. To be specific, at the point that its first order
derivate reaches the positive maximum, this point is defined as the zero-
crossing point during ascent (ZCPDA) and is labelled by orange as depicted
in Figure S6f (Supporting Information). Similarly, the point whose first order
derivate reaches the negative maximum is regarded as the zero-crossing
point during descent (ZCPDD), and highlighted in magenta. In addition, the
“zero point” is defined as its value is the half of the sum of that of crest and
trough. In the situation that reference signal is phase-leading, when a ZCPDA
appears in the reference signal, the value of sensing signal is less than that
of “zero point.” However, for the ZCPDD, its occurrence is corresponding to
the sensing signal shows a larger magnitude at the condition of clockwise
rotation. The abovementioned correspondences are exactly reversed in
anti-clockwise rotation situation. Thus, the phase difference between these
two sets of signals can be distinguished, and further, the rotational direction.

Supporting Information

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