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ABSTRACT: We present triboelectrification based, flexible, reusable, 555
and skin-friendly dry biopotential electrode arrays as motion sensors for s }?j}f
tracking muscle motion and human—machine interfacing (HMI). The 7% hﬂi% .”d%
independently addressable, self-powered sensor arrays have been utilized /ﬁ > 3

to record the electric output signals as a mapping figure to accurately
identify the degrees of freedom as well as directions and magnitude of
muscle motions. A fast Fourier transform (FFT) technique was employed
to analyse the frequency spectra of the obtained electric signals and thus 24y
to determine the motion angular velocities. Moreover, the motion sensor 7N ey 30° ‘ ‘H
arrays produced a short-circuit current density up to 10.71 mA/m? and A A 4 . »
an open-circuit voltage as high as 42.6 V with a remarkable signal-to-noise A A, ¢ H
ratio up to 1000, which enables the devices as sensors to accurately record - \ . ‘-wv
and transform the motions of the human joints, such as elbow, knee, heel,

and even fingers, and thus renders it a superior and unique invention in the field of HML

poms @ cu
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B INTRODUCTION

Human—machine interfacing (HMI) is a method by which the
user commands the robot to the desired state through
biopotential monitoring system (BPMS),'~* which transforms
body motions into electrical signals. Typically BPMS signal was
acquired using wet electrodes, S in which Ag/AgCl is coupled
to the skin via electrolyte gels and affixed with adhesive tapes or
straps. Such a signal receiving system is a passive system that
the electrodes are used only for signal transduction that is

accurately acquiring the real-time motion information from human
joints. The periodic change of contact areas between human skin
and polydimethylsiloxane (PDMS) establishes electric potential
difference, and thus brings into charge transfer between the copper
electrode and the ground. Functioned as a self-powered human
motion sensor, the entire device is consisted of an array of
independently addressable units, which can record the electric
output signals as a mapping figure to transmit the kinematic
information on human joints. The motion sensor arrays produced
an open-circuit voltage as high as 42.6 V with a remarkable signal-

provided by the biosystem.

Recently, a triboelectric nanogenerator,7_23 a coupling of the
universally known contact electrification effect”*~*” and electro-
static induction, has been extensively utilized to successfully
build up cost-effective and robust self-powered sensing systems
with superior performance, includinég vibration sensor,"?
chemical nanosensors,'*'> biosensor,’ displacement vector
sensor, ~ acceleration sensor,'® pressure sensor,'” wind vector
sensor,?® tactile sensor,! tracking sensor,”> and acoustic
sensor.”> It is known that human skin can have electrostatic
charges once it is in contact with a dielectric material, so that
the potential produced by the charges is a measure of the
contact between the material and the skin. Here, we present a
flexible, reusable, and skin-friendly motion sensor for human—
machine interfacing. Based on triboelectrification, the as-fabricated
device, relying on dry biopotential electrodes, is capable of
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to-noise ratio (SNR) of higher than 1000, which guarantees the
superior sensitivity and selectivity of the devices as sensors to
accurately record and impart the motions of the human joints,
such as elbow, knee, heel, even finger. Our study shows a
possibility of utilizing triboelectrification based and self-powered
motion sensor system for HML

B RESULTS AND DISCUSSION

The self-powered motion sensor system is an array of five
independent flexible dry biopotential electrodes, as schemati-
cally shown in Figure la. The PDMS films, patterned with
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Figure 1. Triboelectrification based motion sensor for human—
machine interfacing. A sketch (a) and photographs (b, c) of motion
sensor array. (d) SEM image of the patterned PDMS film with
pyramids features.

pyramid microstructure using a Si micropyramid template, were
selected as the manufactured material due to its cleanability,
skin-friendliness, light weight, good machinability and low cost.
The photographs of an as-fabricated motion sensor array and its
mounting on the surface of a shoulder joint are shown in Figure 1b
and ¢, respectively. Figure 1d presents a scanning electron
microscope (SEM) image of the micropatterned PDMS film,
the surface of which is uniformly covered by orderly arrayed micro-
pyramids with an edge length of about 4 ym. The corresponding
thickness of the flexible PDMS film is about 1.0 mm. The as-
designed micropyramid arrays play not only a role of spacer
between the PDMS film and human skin, but also a role of a
contact surface, which can induce a large triboelectric charge
density due to the compressional deformation between human
skin and PDMS. Moreover, the stretchable property of PDMS
brings into a relative sliding between the two contact surfaces,
the process of which is further illustrated in Supporting Information
Figure S1. Additionally, by virtue of e-beam sputtering, copper was
deposited onto the planar PDMS surface with circle diameters of
1.55 cm as back electrodes. A SEM image of copper coated PDMS
surface is shown in Figure S2.

The working principle of the triboelectrification enabled
motion sensor is schematically illustrated in Figure 2. In the
original position, the full contact of human-skin and micro-
patterned PDMS surface brings into charge transfer between
them due to the contact electrification. According to the
triboelectric  series,*® *? electrons were injected from the
human skin to the PDMS since PDMS is more triboelectrically
negative than human skin. The generated triboelectric charges
with opposite polarities stayed in a same plane and were fully
balanced, resulting in no electron flow in the external circuit, as
shown in Figure 2a. Once the partial separation between PDMS
and human-skin occurs due to muscle motion, these tribo-
electric charges in insulative PDMS cannot be compensated
and an electric potential difference is thus established, which
drives free electrons to flow from the copper electrode to the
ground, as shown in Figure 2b. When the separation area of the
two contact surfaces increased to the maximum, the induced
positive charges on the copper electrodes would also be maxi-
mized (Figure 2c). Subsequently, the separation area decreased
(Figure 2d), and so did the induced positive charges of copper
electrode. Electrons flow back to the copper electrodes from
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Figure 2. Sketch illustrating the working principle of the tribo-
electrification based motion sensors. (a) Original position of self-
powered motion sensor. The positive and negative triboelectric
charges are, respectively, generated on the human skin side and the
PDMS side due to contact electrification. (b) The applied external
force causes a partial separation and thus a gradually smaller contact
area, screening the induced charges. (c) A position with minimum
contact area between the two contact surfaces. (d) Electrons are driven
back to the back electrode with the increasing of contact area. (e)
Finite element simulation of the electric potential distribution. Note:
The pyramid structure on the PDMS surface is not shown in the
schematics for simplicity of illustration.

the ground until the skin and PDMS completely contact each
other again, namely, back to the original position. This is a full
cycle of the electricity generation process for the motion
sensors. Moreover, to obtain a more quantitative understanding
of the proposed working principle, finite element analysis
were employed to theoretically study the electric potential
distribution of the self-powered motion sensors, as shown in
Figure 2e.

In order to identify the kinetic information (angles and
angular velocities) of the shoulder joints, such as up-and-down,
fore-and-aft swing as well as rolling motions of the upper arm,
the as-fabricated motion sensor was mounted to a shoulder
joint to record and transmit the kinetic signals to command the
robot as well as exoskeletons. The corresponding V—t and I—t
of the five independent local sensors depicted in Figure lc are
shown in Figure 3. The open-circuit voltages (Voc) and short
circuit currents (Igc) signals of five sensor units were recorded
when the shoulder joint moved up-and-down with the included
angles 0 in a range of from 0 to 90° in the sagittal plane. An
illustrated definition of angle @ is presented in Supporting
Information Figure S3. The open circuit voltages of five
independent sensors are obviously different from each other,
as demonstrated in Figure 3a, owning to the discrepancies of
time-dependent change of the effective contact areas between
PDMS and human skin in the course of arm up-and-down
motion. The open-circuit voltages (Vi) of sensors 1, 2, 3, 4,
and S are respectively 2.9 (+0.4) V, 5.5 (£0.3) V,22.9 (+14) V,
13.2 (£1.0) V, and 109 (+0.6) V. Among them, the highest
voltage of sensor 3 is about 8 times larger than that of the
lowest from sensor 1. In addition, as shown in Figure 3b (1-S5),
the short-circuit currents (Isc) of sensors 1, 2, 3, 4, and S are
0217 (+0.019) pA, 0.129 (£0.016) uA, 2.020 (£0.060) uA,
0.031 (+0.006) A, and 0.012 (+0.001) pA, respectively.
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Figure 3. Electrical measurement results of the triboelectrification based motion sensors array, which was mounted on the human shoulder and
undergoing an up-down motion of the upper arm. (a) Open-circuit voltages (Voc) of sensors 1—S. (b) Short-circuit currents (Isc) of sensors 1—S.

And the largest current value is about 168 times larger than the
lowest value. Such a large difference is attributed to a distinctly
larger separation distance of sensor 3 than all the others.
Besides, as shown in Figure S4, the electric output of sensor
3 with pyramid-structure has about 2.01 times enhancement
than that with planar PDMS surfaces. The surface pyramid
nanostruature effectively enhanced the contact area between
PDMS and human skin, and thus, a larger electric output is
expected. In addition, we repeated same measurement five
times on the same device to investigate its long-term stability,
and the obtained results are rendered in Figure S5, which
sufficiently proved the robustness and reusability of the as-fabricated
devices as motion sensors.

The output voltages of five sensors units were simultaneously
and independently recorded in real time as a mapping figure. As
demonstrated in Figure 4, when the upper arm move upward
(Figure 4a—e) and downward (Figure 4e—h), the voltage varied
in a range of from —9 to 24 V, corresponding to the normal
angles changed from 0 to 90° for the five sensors. It is
worthwhile to note that not only the mapping figures of normal
angles () are quite different from each other, but also the
mapping figures with fixed normal angle and different motion
direction are different, indicating that not only the positions of
the upper arm but also its motion direction can be identified by
the mapping figures. Besides, to differentiate and identify each
motion, FFT was utilized to analyze the output voltage signals
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Figure 4. Electrical measurement results of the triboelectrification
based motion sensors array when it was mounted on the human
shoulder joints undergoing an up-down motion of upper arm. (a—h)
Photographs and the corresponding measured output voltage mapping
of a complete cycle of up-down motion (a—e, up motion and e—h,
down motion).

of sensor 3 (Figure Sa), and the obtained FFT spectrum is
shown in Figure 5b, from which we can read the fundamental
frequency f, is 1.17 Hz and thus the average angular velocity of
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Figure S. Electrical measurement results and the corresponding signal processing of triboelectrification based motion sensors array with mounting
on a human shoulder joint. (3, ¢, e) The open-circuit voltages (V,.) and their corresponding FFT (b, d, f) of sensor 3 in the course of up-down,
swing, and rolling motion of upper arm, respectively. (g) One-dimensional digital signals and (h) two-dimensional digital signals of three motions.

the upper arm’s up-and-down motion can be calculated as
®, = 7fy ~ 3.68 rad/s. Additionally, as shown in Figure S (c—f),
the output voltage signals of the upper arm’s swing (Figure Sc and d)
and ring motions (Figure Se and f) and their corresponding
FFT frequency spectra can evidently identify the unique
characteristic of each motion and thus well and truly transmit to
command robotic or exoskeleton. And that the remarkable
SNR of sensor 3 is more than 1000 (please see Supporting
Information Figure S6), which guarantees the sensitivity and
selectivity of the devices as sensors to accurately record and
impart the motions of the human joints. Likewise, the average
angular velocity of motions of swing at ¢ = 37/4 and rolling at
¢ = 27 motions (please see Supporting Information Figure S3)
can be easily calculated to be w, = 370.98/2 = 4.62 rad/s and
@3 = 2m1.36 = 8.55 rad/s. Furthermore, as shown in Figure Sg,
the harmonic frequencies (H;, H,, H;) of motions are an
integral multiple of the corresponding fundamental frequencies
(fo), evidently justifying the typical harmonic motions. The
obtained one dimensional digital signal can be provided to
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command the robot or exoskeleton. Meanwhile, Figure Sh presents
the two dimensional digital signals of three motions, in which we
can obtain the unique magnitude variations with a function of FFT
harmonic frequency. And the slopes of corresponding fitting
straight lines are —6475, —22 895, and —9389 per Hz for the
up-down, swing, and rolling motion of the upper arm, respectively.
Consequently, the real-time mapping figures of matrix sensors can
record the motion angle and direction of the upper arms, and the
corresponding FFT spectra of output voltage signals can be
utilized to identify the angular velocities as well as motion modes.

Likewise, the short-circuit currents and their corresponding
FFT frequency spectra of the upper arm’s up-down, swing
and rolling motions were also measured and demonstrated in
Figure 6. These signals can also be used to identify the kinematics
information (angles and angular velocities) of shoulder joints.
Furthermore, as shown in Figure S7 and S8, reliance on the first
differentials of output voltage signals and their corresponding
FFT frequency spectra, more kinematic information can be
extracted upon users’ requirements. In addition, the motion sensors
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Figure 6. Signal processing of the short-circuit currents (I,.) in the course of up-and-down, swing, and rolling motion. First differential (a, ¢, ) and
corresponding FFT (b, d, f) of sensor 3 in the upper arm’s up-down, swing, and rolling motion, respectively.

not only can record the motion information from shoulder joints to
command the robot or exoskeleton (Supporting Information
Movies 1 and 2), but also can be applied to other human joints,
such as elbow joints (Supporting Information Figure S9,
Movies 3 and 4) and knee joints (Supporting Information
Figure S10, Movies S and 6), which obviously demonstrated
the extensive applicability of recording and transforming human
motions, and thus its great potential of attracting widespread
attentions in the field of HML

B CONCLUSIONS

We have developed a triboelectrification based, flexible,
reusable, and skin-friendly dry biopotential electrode arrays as
motion sensor for HMI The independently addressable self-
powered sensors array can record the electric output signals as a
mapping figures to accurately identify the degrees of freedom as
well as directions of human joints motion. The FFT frequency
spectra of the obtained electric signals can be utilized to
determine the motion angular velocities. Moreover, the motion
sensors array produced a short-circuit current density up to
10.71 mA/m? and an open-circuit voltage as high as 42.6 V
with a remarkable SNR up to 1000, which enables the devices
as sensors to accurately record and transform the kinetic
information on the human joints, such as elbow, knee, heel,
even finger. This work has the potential toward the practical
applications of a flexible dry biopotential electrode based
self-powered motion sensor system for HMI.

B ASSOCIATED CONTENT

© Supporting Information

(1) Sketch that illustrates the impact induced inducing contact
area increasing between human skin and PDMS film. (2) SEM
image of Cu coated PDMS surface. (3) Sketch that illustrates
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the up-down, swing, and rolling motions of upper arm when a
motion sensor was mounted at a human shoulder joint. (4)
Electric output of motion sensors with and without pyramid-
structured PDMS surface. (S) Investigation of the stability of
motion sensors. (6) Signal-to-noise ratio estimation for the
acquired voltage signal. (7) Signal processing of the open-
circuit voltages (V,.), which was acquired in the course of the
up-down, swing and rolling motion of upper arm. (8) Comparisons
of the open-circuit voltages (V,.), which was acquired during
the course of the human shoulder’s up-and-down, swing, and
rolling motion. (9) Electrical measurement results of the tribo-
electrification based motion sensors array when it was mounted
on the human elbow joints when undergoing the up-down
motion of human arm. (10) Electrical measurement results of
motion sensor arrays based TENG mounted on the human
knee joints when the left-and-right swing. (11) Supporting
movies. This material is available free of charge via the Internet

at http://pubs.acs.org.
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