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Human motion sensor; Tracking human gestures and movement is crucial for development of advanced input
Intelligent sensor; technologies and human computer interfaces. In this paper we demonstrate a novel flexible,
Capacitive coupling; low cost and wearable self-powered motion sensor to detect human finger motion for static

Triboelectric nano- positions and dynamic motion. As the finger moves to different positions, the capacitance

ggnerator;. between finger skin and device electrode changes. The device uses the change in capacitive
Biomechanical energy . . . . . . - s . .
harvesting coupling with human skin (epidermis) to measure the static and dynamic positions of finger. It is

proposed that the device can utilize low frequency electric fields generated by the household
power lines and equipment to passively sense the human finger movement. The device also acts
as a triboelectric nanogenerator using outer epidermis as an active triboelectric layer for
surface charge generation. It is shown to generate a maximum voltage of 70V and a current
area density of 2.7 pA/cm? at a load resistance of 5 MQ. As a demonstration of a new approach
for detection of static finger gestures and dynamic motion which is self-powered and intuitive,
this work contributes towards development of self-powered sensors for human computer
interfacing and osteoarthritis rehabilitation applications.
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Introduction

Detecting human motion and gestures is an important
method for advanced input techniques and human computer
interaction [1-3]. Human motion detection also has impor-
tant applications in fall detection [4,5], elderly care [5,6]
and osteoarthritis rehabilitation [7,8]. Wearable human
motion detection technologies have been investigated for
artificial and electronic skin applications using carbon
nanotube (CNT) based strain sensors [9,10], accelerometers
and gyroscopes [11]. More recently, human motion sensors
have also been proposed by using triboelectrification [12].
To calculate parameters like angle or angular velocity
associated with finger joints, these sensors relied on fast
Fourier transform (FFT) which demands computing capacity
and limits their application to only dynamic gestures. To
improve the usability of the motion sensors, it is important
to develop sensors which can provide electrical signal as
output data for any given or static position or motion
profile. The electrical output data can then readily be
calibrated without much need of further processing using
a microprocessor.

In this work, we propose a novel sensing mechanism
which can be used to detect both static and dynamic finger
joint positions. We humans are always surrounded by low
frequency electric fields which are generated due to alter-
nating current (AC) carrying power supply lines and elec-
trical household equipment like monitors, electric oven,
refrigerators etc. The effect of these low frequency electric
fields on human body are well studied and are proven to be
completely harmless within specified limits [13]. The elec-
tric field sensing has been utilized for sensors and studied
previously. It was first proposed by Zimmerman [14] for
proximity detection and human-computer interfacing. Here,
we propose and demonstrate electric field based mechanism
to realize flexible and wearable human motion sensors
which are completely self-powered. The current carrying
conductors (or power lines) are capacitively coupled to the
human skin or epidermis [15] due to epidermis’ conductive
nature. The fabricated flexible device is assembled on
epidermis which in turn leads to capacitive coupling
between epidermis and device electrode. Due to the
aforementioned arrangement, there is an oscillating poten-
tial signal observed at device electrode. The variation in
intensity of this oscillating potential signal due to change in
capacitive coupling between epidermis and flexible gold
electrode is detected as a measured signal for finger
motion. We demonstrate a proof of concept device to
detect the motion of human finger using the proposed
mechanism. As the angle at the finger joint changes, the
capacitive coupling between the flexible gold electrode and
epidermis changes accordingly. This change is reflected in
change in the intensity of oscillating potential signal which
is correlated with finger joint motion. The angle measure-
ment data can further be extrapolated to calculate the
angular velocity and acceleration of finger joints.

One of the limitations of majority of current wearable
motion sensors is need of external power source. The need
of external power source or battery makes the overall
sensing system bulkier and shortens its life-span. Therefore
sensing systems should be capable of harvesting energy from

its external environment. This harvested energy can be used
to power external circuit for wireless data transmission and
other requirements. Moreover, having a sustainable power
source also avoids the need to change a power source or
battery enhancing the life-span of the overall system.
Previously, ZnO nanowires [16-18] and piezo-polymers com-
posites [19] have been used to realize flexible energy
harvesting solutions. Recently, triboelectric energy harvest-
ing has been demonstrated to be a promising alternative for
harvesting biomechanical energy [20-23] due to its cost-
effectiveness, easy fabrication, wide choice of materials
and scalability [24-31]. Flexible triboelectric devices have
been realized using graphene [32], patterned polymer films
[33], paper [34] and metal-polymer composite materials
[35]. Triboelectric generators have also been demonstrated
by using human skin as a natural electrode [36,37] which
makes them wearable and less bulky. Self-powered sensors
have been demonstrated using triboelectric mechanism for
pressure sensing [33], vibration sensing [38], acceleration
sensing [39], chemical detection [40] and tactile sensing
[21]. For the proposed device, we demonstrate energy
harvesting capability based on triboelectric mechanism.
The harvested biomechanical energy can be used to power
auxiliary electronic circuitry for the sensor. The signal
characteristics due to capacitive coupling with current
carrying conductor and energy generation due to tribo-
electric phenomenon can easily be differentiated in terms
of amplitude and frequency characteristics. The signal due
to capacitive coupling of low frequency electric fields is
typically very low as compared to triboelectric output but is
strong enough to be detected. The device is shown to
generate a maximum voltage of 70V and a current of
2.7 pA/cm? at a load resistance of 5MQ. The proposed
mechanism is suitable for skin and body based wearable and
flexible sensors. Our work proves that the proposed
mechanism can be used for skin and body based wearable
and flexible sensors for various applications in recognition of
gesture and motion pattern, advanced input method for
human-machine interface, and osteoarthritis rehabilitation.

Materials and methods
Fabrication of device

In the first step of device fabrication, 100 nm thick Silicon
Nitride (SiN) is deposited using low pressure chemical vapor
deposition (LPCVD) on a silicon (Si) wafer. Square window
opening patterns of 2 pm x 2 pm size are then etched in SiN
layer using reactive ion etching (RIE). The SiN layer acts as
hard mask and is used to etch Si anisotropically leading to
pyramid shaped patterns using potassium hydroxide (KOH)
solution (Figure 1a and c). The etched wafer is then treated
with  (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosi-
lane (United Chemical Technologies) to reduce the adhesion
of polydimethylsiloxane (PDMS) with wafer during peeling
off process. Thereafter, the patterned wafer is used as a
mold and poured with 10:1 PDMS mixture and degassed in a
dessicator for 4 h to let PDMS enter in KOH etched pyramid
cavities in a uniform manner. The samples are then cured at
120°C for 1h and the micro-patterned PDMS films are
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Figure 1 (a) Fabrication process flow of flexible device, (b) schematic of assembled device on epidermis layer, and (c) and (d) SEM

images of pyramids etched pits in silicon wafer and pyramid structures transferred to PDMS, respectively.

peeled off from the mold (Figure 1d). These micro-
patterned films are then carefully laid and bonded on a
polyimide (Kapton) substrate which is already coated with a
50 nm gold film on the other side as an electrode. Polyimide
is chosen as the substrate, owing to its excellent adhesion
properties with gold film compared to PDMS and its superior
mechanical characteristics. Polyimide layer helps to main-
tain the overall flexibility of device while improving the
mechanical robustness. The fabricated flexible device is
then assembled on epidermis layer as shown in schematic in
Figure 1b.

Characterization and measurement

The topography of surfaces was characterized using Nova
NANOSEM 230 from FEI. The voltage and current measure-
ments are made using DSOX3034A oscilloscope from Agilent
Technologies. For the capacitance measurement Agilent

4924A Precision Impedance Analyzer was used. Agilent
33500B waveform generator was used to generate AC signal
at 1 kHz which was capacitively coupled to skin.

Working principle
Working of finger motion sensor

Humans are constantly exposed to low frequency electric
fields in their daily lives. The AC carrying conductors and
electrical equipment are capacitively coupled to epidermis
due to its conductive characteristics [41]. A schematic dia-
gram depicting electric field lines coupled to human body is
shown in Figure 2a. Epidermis is considered as a large cond-
uctor capacitively coupled to current carrying conductor. The
flexible device comprising of micro-patterned PDMS film at
the top and a gold electrode at the bottom is attached
to epidermis such that PDMS film is in direct contact with
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Figure 2 (a) Schematic of electric field lines coupled to human body and flexible device assembled on epidermis, (b) circuit
diagram to model the capacitive couplings of human body and assembled flexible device on epidermis and (c) working mechanism of
triboelectric nanogenerator utilizing skin as an active triboelectric layer for energy generation.

epidermis layer (Figure 2a inset). The space between epider-
mis and gold electrode is separated by a combination of air,
PDMS and polyimide layers. This system of stacked layers
forms a capacitive system between epidermis and gold
electrode. An equivalent electrical circuit proposed in
Figure 2b for this system. In this circuit, V, is the potential
at the current carrying conductor or power line which
generates electric field. The epidermis is capacitively coupled
to current carrying conductor and ground conductor through
capacitor Cgs and Cg,, respectively. As the device is assembled
on epidermis, it is coupled to epidermis through capacitance
Crp Which is shown as a variable capacitance in the electrical
circuit. The change in capacitive coupling between epidermis
and gold electrode (Cgp) results in the change in intensity of
oscillating potential signal at gold electrode. In the presented
device, we correlate the change of finger joint angle, which is
the physical parameter to be measured with the change in
Crp, Using variation in intensity of oscillating potential signal.
The capacitive coupling between gold electrode and conduc-
tor producing electric field lines can safely be ignored in this
model as compared to Cg; due to its small area relative to the
overall epidermis area. The oscillating potential signal from
the flexible gold electrode is then measured using oscilloscope
as shown in Figure 2b. C, and R, are used to model the
oscilloscope internal capacitance and resistance, respectively.

This electrical circuit was deployed to model and study the
signal Vg using LTspice for various values of Cgp (see
Supplementary information section 1 for modeling results).

Working of triboelectric nanogenerator

Apart from acting as a finger motion sensor, the device also
serves dual purpose of harvesting biomechanical energy
from the finger movement. It works as a single electrode
triboelectric nanogenerator which was first demonstrated
by Prof. Z. L. Wang's group [42,43]. It uses PDMS micro-
pyramid patterns as one of the triboelectric layers to
improve the contact area when two triboelectric layers
are put in contact [44]. Epidermis is chosen as the second
triboelectric layer for charge generation using triboelectric
mechanism during device operation. This device configura-
tion is also aligned with the working mechanism of motion
sensor described earlier, as PDMS and epidermis are in direct
contact with each other. According to triboelectric series
[45], epidermis has a high tendency to lose electrons
relative to PDMS, which makes epidermis a good choice
for energy generation using triboelectric mechanism. The
flexible device is attached on the finger such that any
movement in finger motion leads to an increase in gap
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Figure 3 (a) Flexible device assembled on index finger to measure the angle at finger joint starting from 60° to 180° and

(b) schematic illustration of change in capacitive coupling Cgp between epidermis and flexible device electrode as the finger joint

angle changes.

between the PDMS layer and epidermis (Figure 3a and b).
When the angle at finger joint is 60°, PDMS and epidermis
are in full contact as shown in Figure 2c(i). At this point, the
electric field due to the charges on epidermis and PDMS
layer is negligible because of close vicinity of surfaces
charges generated (Figure 2c(ii)). As the joint angle
increases due to finger movement, the flexible device
detaches from the epidermis. As epidermis has conductive
nature and large surface area, it can be considered as
ground where charges get redistributed. After the detach-
ment of epidermis and PDMS layer, there is a potential
generated at the gold electrode because of electric field
generated by triboelectric surface charges. The gold elec-
trode is connected to ground using a load resistor and the
electrons (negatively charged) start moving from low
potential to high potential i.e. towards the ground
(Figure 2c(ii)). As the device reaches the maximum position
when finger joint angle is 180° (Figure 2c(iii)), the device is
in electrostatic equilibrium. Thereafter, as the finger moves
in the opposite direction, the electrons start to move back
towards the gold electrode (Figure 2c(iv)). As the finger
completes one full cycle of 60°-180°-60°, one cycle of power
generation is completed. This kind of natural motion is
generated in day to day activities when we are holding
objects, typing on keyboard, fist clenching and releasing
etc. More importantly, such natural finger motion can be
utilized to generate energy for useful purposes.

The two features of the proposed device: capacitive
coupling change for motion sensing and triboelectric energy
generation cycle, utilize same device configuration when
assembled on epidermis. Both mechanisms work in tandem
for sensing and energy generation. The finger joint motion
sensor has potential applications in advanced input devices
to recognize gestures and human computer interfaces.
Another important application for joint motion sensing is
in rehabilitation of osteoarthritis patients who suffer from
difficulty in movement of finger joints. The harvested
energy using triboelectrification can be used to power
auxiliary electronics needed for sensor to realize a fully
independent self-powered wearable sensors.

Results and discussion

The as-fabricated device was assembled on index finger to
measure the angle at finger joint as shown in Figure 3a. The
device is assembled such that patterned PDMS layer and
epidermis are in direct contact when finger is fully bent (at
angle of 60°). The range of the movement of middle joint
(proximal interphalangeal joint) of index finger was mea-
sured to vary from a minimum of 60° to a maximum of 180°
(angle at the joint). The schematic of the flexible device
assembled on epidermis layer is shown in Figure 3b. Point O
is located at the joint whereas points A; and B; (i=0-5,
where i depicts the position of finger at an angle of 60°, 90°,
120°, 150° and 180°) are located at the end points of the
flexible device where it is attached to epidermis. The
epidermis is flexible and is in fully stretched position at
60° and reaches relaxed position as the joint angle
increases, leading to wrinkling of the skin (epidermis) at
an angle of 180°. The flexible device reaches a slack state as
the joint angle increases and epidermis reaches a relaxed
position. As shown in schematic diagram in Figure 3b, the
points A; and B; starts moving towards O as joint angle
increases and epidermis approaches a relaxed position. The
decrement in distance OA; (OA;>O0A;>0A;>0A,> OAs)
leads to increased gap between the PDMS film and epidermis
(Figure 3a and b). As the flexible device is assembled on
epidermis, they form a capacitive system between epider-
mis and gold electrode. For simplicity, assuming there is
only air separating the electrode and epidermis, the capa-
citance Crp can be obtained using equivalent capacitance
equation for capacitance connected in parallel configura-
tion (Eq. (1)).

B;
Cro= / 0™ dl 1)

where ¢ is the electric constant, w is the width of flexible
device, d is the gap between electrode and epidermis and
varies across the epidermis surface and ‘dl’ is infinitesimal
length across the epidermis surface. It is clear from the
equation that as the average gap d increases, it will lead to
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Figure 4 (a) Measurement of capacitance between epidermis and flexible device electrode (Cgp) at different finger joint angles,
(b) change in capacitance (Cgp) as a function of finger joint angle, optical image of the flexible device (inset), (c) time variation of
capacitance as the finger joint is moved in cycles from 180°-60°-180° and (d) sensitivity in terms of change in capacitance per unit

joint angle (E(ACFD/CFpo)/ée).

increase in capacitance Cgp. Measurements were conducted
for capacitance Cgp at different joint angles as shown in
Figure 4a. The measurements are taken at five difference
angles: 60°, 90°, 120°, 150° and 180°. For the capacitance
measurements at different joint angles, it was found that
the capacitance decreases as the joint angle increases
(average gap d increases) as predicted by the Eq. (1). The
capacitance varied from 6.9 pF at 60° to 1.2 pF at 180°.
From the experimental measurements, it is clear that
increase in joint angle results in decrease in capacitive
coupling between flexible gold electrode and epidermis.
Figure 4b shows the change in capacitance as the finger
joint angle changes. The measurements were also con-
ducted for dynamic movements of finger moving in cycle
from 60°-180°-60° as shown in Figure 4c. The capacitance
changes cyclically as the joint angle changes. The sensitivity
using capacitance (§(ACgp/Crpo)/50) is plotted in Figure 4d
which is defined by change in capacitance Cgp per unit
change in the joint angle 6. The sensitivity was observed to
increase with the increasing joint angle.

After capacitive coupling measurements between the
epidermis and flexible gold electrode, measurements were
conducted for oscillating potential signal due to electric
field in environment. We conducted measurements using
oscilloscope probes to observe the change in variation of
oscillating potential signal amplitude at gold electrode as

the capacitive coupling Crp changes. As finger joint angle
decreases, the capacitance between the epidermis and gold
electrode decreases leading to reduction in capacitive
coupling. The oscillating potential signal at electrode is
expected to decrease as the coupling between epidermis
and gold electrode decreases (simulation results in Supp-
lementary information section 1). Multiple measurements
were made to confirm this and it was observed that the
acquired signal amplitude decreases as the joint angle
decreases as shown in Figure 5a. Normalized signal ampli-
tude values are plotted in Figure 5a for different joint angle
values. The normalized signal amplitude continuously decr-
eases as the finger joint angle decreases. All these mea-
surements were conducted for 50 Hz signal due to the
electric field created by AC carrying conductors in our lab.
Special care was taken during the experiments such that
hand did not change the position while conducting a set of
experiments for 50 Hz oscillating electric field. To further
confirm the working principle of motion sensor, 1 kHz signal
was applied to epidermis using a signal generator. The
measured signal was processed by passing through a high
pass filter of 100 Hz to remove the signal due to 50 Hz
electric field. The oscillating potential signal measured for
1 kHz followed the same pattern as measured for 50 Hz
signal measurements and confirmed the working princi-
ple theory (see Supplementary information section 2). The
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measurements were also conducted for dynamic movement
of finger as shown in Figure 5b. The normalized signal
amplitude increases from 0.4 at 180° and reached a max-
imum value of 1 at finger joint angle of 60° and then again
drops down as joint angle becomes 180°. The average
angular velocity of finger for the motion was calculated to
be 0.42 rad/s. One of the limitations of these kind of sensors
is that they are highly dependent on the coupling between
epidermis and AC carrying conductor which is very sensitive
to the position of body in the electric field mesh in the
environment. This limitation can be overcome in future by
having a controlled electric field at a specific frequency

which is dedicated to human motion sensing. This can also
be used in robotics for electronic skin applications.
Regarding the energy harvesting testing, the flexible device
assembled on index finger was used to harvest biomechanical
energy from the motion of finger. Figure 6a shows the voltage
generated by the flexible device utilizing biomechanical energy
harvesting from finger motion. The peak voltage generated was
measured to be about 70V with a load resistance of 5MQ
connected in parallel with the device. Figure 5b depicts the
current area density generated by the flexible nanogenerator.
The peak current area density was measured to be 2.7 pA/cm?.
The power generated by the flexible nanogenerator using finger
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joint movement was used to power commercially available LEDs
as shown in Figure 5c. First part of Figure 5c shows the LEDs in
OFF positions and second part shows the LEDs are lighted up
using the biomechanical energy harvested by device using
triboelectric mechanism. This demonstrates the capability of
flexible nanogenerator to power small electronic devices or
electronic circuitry from simple finger movement.

Conclusions

We have developed a proof of concept device for a flexible,
wearable and self-powered sensor to measure motion
characteristics of finger. The novel working mechanism
proposed for motion sensor is based on change in oscillating
potential signal amplitude as the capacitive coupling
between epidermis and device electrode changes. The
fabrication process used for the motion sensor is based on
molding process which is highly scalable and can be used to
realize low-cost polymer based motion sensors. The device
is demonstrated to measure the angle at the joints for
different positions of finger. The angle data can further be
used to measure the angular velocity and acceleration of
dynamic finger movement. The flexible wearable device is
also demonstrated to have impressive energy harvesting
capability using triboelectric mechanism. It uses epidermis
as an active triboelectric layer for charge generation which
can be used for energy generation to power body wearable
sensors using only one fabricated flexible triboelectric layer.
It generated peak voltage of 70V and peak current area
density of 2.7 pA/cm? with a load resistance of 5 MQ using
finger motion. We envision that the newly proposed sensing
mechanism is very suitable for human body based intelligent
wearable sensors and can be utilized in future to realize
completely independent self-powered sensors.
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