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Abstract: In this paper, we report the design, experimental validation and application of a scalable,
wearable e-textile triboelectric energy harvesting (WearETE) system for scavenging energy from
activities of daily living. The WearETE system features ultra-low-cost material and manufacturing
methods, high accessibility, and high feasibility for powering wearable sensors and electronics. The
foam and e-textile are used as the two active tribomaterials for energy harvester design with the
consideration of flexibility and wearability. A calibration platform is also developed to quantify the
input mechanical power and power efficiency. The performance of the WearETE system for human
motion scavenging is validated and calibrated through experiments. The results show that the
wearable triboelectric energy harvester can generate over 70 V output voltage which is capable of
powering over 52 LEDs simultaneously with a 9 x 9 cm? area. A larger version is able to lighten 190
LEDs during contact-separation process. The WearETE system can generate a maximum power of
4.8113 mW from hand clapping movements under the frequency of 4 Hz. The average power
efficiency can be up to 24.94%. The output power harvested by the WearETE system during slow
walking is 7.5248 pW. The results show the possibility of powering wearable electronics during
human motion.

Keywords: triboelectric energy harvesting; wearable electronics; human motion

1. Introduction

Wearable sensors provide a sustainable solution for physical and physiological monitoring and
well-being management. Energy harvesting technologies have been widely considered to prolong
the lifetime of wearable devices by extracting energy from ambient resources. Among them, human
motion is one of the most significant energy resources that can be harvested to power wearable
sensors and electronics, enabling self-sustainability [1]. Generally, three mechanisms are commonly
used to convert mechanical energy to electricity for sensors: piezoelectricity based on piezo materials
[2-6], electromagnetics based on Lenz’s Law [7-9] and electrostatics based on variable capacitance
[10]. For example, Aidin et al. [2] developed a flexible piezoelectric generator to harvest energy from
ear canal motion. Pillatsch et al. [11] tested and built a piezoelectric rotational energy harvester, which
can harvest peak power of 7 uW while mounting the device on an upper arm during running.

Triboelectric energy harvesters are a new type of energy harvesting technique since the first one
developed in 2012 [12], which is based on the mechanism of triboelectricity. Contact and separation
between two materials can generally generate charges, which provides an alternative mechanism for
converting mechanical energy to electricity power. These harvesters are able to generate a high
voltage peak (Vpp > 20 V [13]) at random and low frequency. A few remarkable devices have then
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been demonstrated to harvest human motion and power wearable electronics with harvesters
embedded on shoes [14] or attached to the cloth [15]. Bai et al. [16] demonstrated a triboelectric
harvester which can generate an instantaneous maximum power density of 9.8 mW/cm? and also can
drive multiple LEDs with the similar device. Yang et al. [17] proposed a triboelectric nanogenerator
which can produce power with a peak power density of 30.7 W/m?. They also mounted the harvester
to a backpack to harvest energy, which can light up to 40 LEDs instantaneously, from human walking.
Their harvesters, so-called triboelectric nanogenerator (TENG), are remarkable based on
nanotechnology with various surface structures.

Considering the cost, scalability, and wearability for daily use, we propose a lightweight, ultra-
low-cost wearable triboelectric harvesting system, namely WearETE, based on e-textile and foam for
daily human motion harvesting. We prove the concept that flexible and low-cost manufacturing
methods and common materials can also produce effective triboelectric energy harvesting
performance. Due to its flexible and scalable features, the WearETE system is able to be mounted
with cloth or shoes or carried in the pocket to harvest energy from human motion, which provides
the feasibility for powering wearable sensors and electronics. This paper reports the system design,
experimental calibration and validation, and daily application of the scalable and wearable WearETE
system. A testing platform which is capable of measuring the acceleration and external force is also
proposed and developed to quantify the input mechanical power and power efficiency, which can be
used as a calibration platform for triboelectric energy harvesting calibration.

This paper is organized as follows: Section 2 presents the mechanism and the design of the
WearETE system and the system performance calibration method. The validation and calibration
experiments and the daily application of the WearETE system are presented in Section 3, followed by
the conclusion in Section 4.

(a) Origin (b) Pressirtg (c) Re]Jeasing

—————

(d) Origin (e) Contacttlg

Figure 1. Mechanism of triboelectric energy harvester (pressing and sliding models). For pressing
model, (a) original position; (b) pressing; (c) releasing. For sliding model, (d) original position; (e)
contacting; (f) sliding.

2. Materials and Methods

Triboelectricity is a well-known phenomenon and often considered as harmful because it may
cause damages to industrial electronics and non-comfort to human. Triboelectric energy harvesters
use this harmful phenomenon to generate electrical power. Contact and separation, rubbing and
friction between two different or even seemingly chemically identical materials, often result in
electrical charge generation and distribution with opposite signs on either surface. This ubiquitous
phenomenon is often referred to as triboelectricity when the contact materials are both solids.
Electron transfer theory is generally believed as the mechanism for triboelectric charge generation
[18,19]. Contacting and materials have been proved to be major factors that cause charge generation
[20,21]. The relative movement of the two tribomaterials can be longitudinal or transverse
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corresponding to pressing and sliding as shown in Figure 1. In this section, Section 2.1 describes the
motion conversion mechanism. Sections 2.2 and 2.3 present the tribomaterial selection and the design
and fabrication, respectively. Section 2.4 provides an overview of the WearETE system. Section 2.5
introduces the newly proposed platform to measure and calibrate input power and power efficiency.

2.1. Mechanism of Triboelectric Energy Conversion

The energy conversion of the proposed energy harvester is based on triboelectric charge
generation and redistribution caused by contact and relative motion of the two tribomaterials. The
generated charges can then be collected for power generation. The relative motion of the two
tribomaterials can be longitudinal or transverse corresponding to pressing and sliding during human
motion.

With regard to real system design for mechanical energy conversion, the principle of inertia is
generally used that a frame with a movable mass is attached to a mechanically moving source and
the relative motion is then controlled by the law of inertia [22,23]. The system is made resonant to
generate the contact-separation motion of the two tribomaterials by suspending the movable part to
a spring. The system forms a unified mass-spring-damper system. A portion of the kinetic energy of
the moving mass is converted into electrical energy; whereas some is damped by parasitic effects of
the system. A basic model of the mass-spring-damper system with the consideration of mechanical
energy conversion is shown in Equation (1).

mx + (c, +c )x + kx = —my (1)

where . represents the motion of the mass; ¢, and ¢, arethe damping coefficients caused by
the mechanical-to-electricity conversion and the mechanical damping effects, respectively; J is the

frame movement; kis the spring constant. In this case, we assume that the frame of the mass-spring-
damper system moves simultaneously with the external force. In the triboelectric energy harvester
experiment, there are two possible conditions. One can be modeled by Equation (1) that the bottom
part, which serves as the reference, is fixed in the experiment, the analytic solution for free vibration
causing contact-separation of the two tribomaterials is described as Equation (2),

x(t)z)(oe’@”r cos(dl—{za)nt—qﬁl) ()

where x(7) is the displacement of the mass relative to its equilibrium position; { and e, are the
damping ratio and the natural frequency of the object, respectively, where ¢ — (Cotee + Cee )/ 2N mk
refers to the entire damping; ! is the time; and ¢, is the phase shift. The other condition is to generate

contact-separation with measurable motion without using mass-spring-damper system. In this
condition, x(7) is controlled by the hand clapping movements in the experiment.

In the WearETE device, the area of layers is considered as infinite comparing to the small
separation distance. Thus, the generated potential on the electrode can be presented as Equation (3),

N M
Utribo = z Einj (3)
i=1 j=1

where [ is the electrical field generated by the surface charges due to contact-separation, X is

the thickness or distance of layer ;. Therefore, the generated potential can be further calculated by
Equation (4),

U, () = fox(t) @)

where o is the surface charge density generated by contact which is also related to the material
property; g, is the vacuum permittivity.
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The mechanism of charge generation in our proposed WearETE is shown in Figure 1. The e-
textile and foam layers are flexible and can generate charges by both contact-separation and sliding.
The contact-separate-contact process is shown in Figure 1la—c. The mechanism of sliding is similar to
contact-separation as illustrated in Figure 1d—f.

2.2. Material Property and Selection

Various materials can have triboelectric effects. The polarization ability of the two contact
materials influences the performance, which forms the well-known triboelectric series [24,25]. When
two tribomaterials contact or slide with each other, there will be charges on the surfaces with opposite
sign. The material on the higher end of the triboelectric series is easier to lose electrons during
contacting or sliding. The two materials far from each other in the series often result in higher voltage.
Charge affinity is used by some studies to characterize this polarization property [26]. Thus, the
triboelectric series can be used as the reference for material selection.

Two different materials far from each other in the triboelectric series are selected to develop the
WearETE. One principle for choosing these two materials is their different polarization abilities. The
two tribomaterial layers need to be relatively easy to lose and obtain electrons, respectively. In
addition—due to the goal of wearability —flexibility and stretchability are also considered. Therefore,
we first tested the performance of the common textile materials in the triboelectric series. An
experiment was conducted in the study to investigate the triboelectric property of flexible textile
materials, including cotton, polyester, paper, and foam. The experiment and results have been
presented in Section 3.1. In the results, foam shows high charge generation capability when sliding
with the conductive copper substrate. For developing a wearable system, e-textile is often used as the
wearable conductive material. Surprisingly, it shows high charge generation when contacting with
foam. E-textiles, also known as electronic textiles, are fabrics with embedded conductive threads or
electronic components to enable electric performance and have been used in wearable sensing and
smart clothing instead of traditional conductors. In e-textile, stainless steel fibers are generally woven
or knitted into cloth to enable conductivity. In our system design, the e-textile layer is used as both a
tribomaterial layer and an electrode. Due to the high effectiveness and low cost, e-textile and foam
are chosen as the two materials of WearETE in the system design.

2.3. Design and Fabrication of Energy Harvester

The triboelectric energy harvester consists of three major components: substrates for motion
conversion, two tribomaterial layers for charge generation and two electrodes for charge collection.
The substrates acting as supporting materials for motion conversion can be selected based on
application scenarios. The substrates are selected to be solid for system calibration (e.g., 3D printed
ABS boards) and flexible in real application (e.g., latex rubber). In addition to the two tribomaterial
layers, electrodes are also needed to form a changeable capacitance. The e-textile layer, because of its
conductivity, is used as both a tribomaterial layer and an electrode. A copper layer is adopted as
another electrode. The two electrodes are then attached to the substrates which support and harvest
mechanical motion. The fabrication of the entire system is flexible, scalable, and very low-cost. The
design is illustrated in Figure 2.
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Figure 2. System architecture.

2.4. WearETE System

The WearETE system is composed of three major components including the triboelectric energy
harvester, the power management circuit, and an energy storage component. The conductive
stainless-steel thread is used to connect different parts for wearability. The entire system architecture
and demonstration is shown in Figure 2. The power management circuit is a simple bridge rectifier
to demonstrate the feasibility. The AC power generated by the motion via the triboelectric energy
harvester is converted into DC to power electric devices, such as LEDs, capacitors and cell batteries.
In order to store harvested energy, capacitors or small li-ion batteries can be used as energy storage
components.

2.5. Power Efficiency Estimation

Due to the randomness and irregularity of human motion, the measurement of input mechanical
energy and power efficiency of human motion energy harvesters calls for a standard method for
system performance calibration and evaluation. In this study, we propose a new measurement
platform which can be used for calibrating random human motion energy conversion. In order to
quantitatively estimate the power efficiency generated from low-frequency motion, a testing
platform and the associated calculation methods are established. The power efficiency refers to the
ratio of the generated electrical power to input mechanical power. Usually, for piezoelectric energy
harvesting, the maximum power can be harvested at the resonant frequency. However, because of
the low frequency and irregular nature of human motion [27,28], the triboelectric energy harvester
may not be able to achieve the resonant frequency. In this study, we focus on the performance of the
proposed system in low frequency range (<5 Hz). The experimental setup is shown in Figure 3. A
capacitor is used to estimate the generated power, which can be calculated by Equation (5) [29]

aw dv(t)

Pgm(f):?:C'V(f)' o

©)

where y(¢) is the voltage of the capacitor, C , during energy harvesting and can be measured by

an oscilloscope; P, (t) is the generated power that stored in the capacitor at time !. The maximum

power, P max » can be found by Equation (5) as well [29]. Then the generated average power p_(;)

during the time period ¢ to ; can be calculated as

1

avg

[P, (t)ar ©)
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Figure 3. System setup with rectifier and display.

Human motion has its nature of randomness and irregularity and therefore is challenging to
calibrate as a standard mechanical input. Thus, we are using an average value in a time duration to
represent the generated average electrical energy. The equation used to calculate average power (or
effective power) in Reference [30-32]is /°R , which is normally adopted for calculating power based
on the measured current | and the known resistance R . In our case, we use a load capacitor to
calibrate the output energy, which is an alternative method and widely used to calibrate output
energy of energy harvesters such as [33-35]. As the goal of our study is to harvest the energy from
human motion (e.g., the hand clapping movements) and then store, the capacitors are suitable for
storing the harvested energy as well.

To estimate the power efficiency for kinetic energy harvesting, a known vibration input is
generally adopted. However, there is no standard method to evaluate energy harvesting from human
motion. In this study, we propose a measurement platform to quantitatively estimate the input power
of human motion. Three signals are needed to calibrate the input human motion, including
acceleration, velocity, and external force. The acceleration signal is obtained via a 3-axis
accelerometer. The velocity can be then obtained via integration of acceleration. The external force
signal is measured by a force sensitive resistor sensor (FlexiForce A201, Tekscan, Inc., Boston, MA,
USA). There is a linear relationship between the external force applied to the sensor and the sensor
resistance. This linearity can be obtained from the calibration data. A simple voltage divider is also
applied to measure the voltage of the force sensor and then calculate the external force. For the
measurement of acceleration, we used an accelerometer from PCB Piezoelectronics, Inc. (Depew, NY,
USA) (model 333B50) to measure in the input human motion. It has a sensitivity of (+10%) 102
mV/(m/s?) with ultrahigh linearity, which is highly suitable for the human hand clapping
movements. The voltage outputs of the accelerometer and the force sensor have been measured using
an oscilloscope (PicoScope 4424, Pico Technology, Cambridgeshire, UK). The probes we used in the
measurements are high impedance passive probes. The transferred data are analyzed offline. The
typical synchronized signals are shown in Figure 4, which corresponds to the motion process. In
Figure 4, itis shown that the force signal during the intervals became a very small value, which means
the two substrates of the triboelectric energy harvester were nearly separated at that moment.
Comparing with the output voltage of the WearETE system, it shows that the second peak of the
output voltage comes from the separation motion. Small output voltage of WearETE at that moment
may result from moment of inertia.
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Figure 4. Typical synchronized measured signals during tapping including voltage output of energy
harvester, force sensor and accelerometer.

In the detected signals, multiple typical points are shown in the acceleration signal to divide the
entire motion process into three sessions, which aligns with the real motion. The schematic of the
three sessions has been shown in Figure 5. In the first session (1, to t,), the two substrates of WearETE

move from their original points (i.e., maximum separation distance) to the point where they contact
each other. In the second session (¢ to 1,), the two tribomaterial layers keep contacting. Due to
moment of inertia, these two substrates keep moving for a short distance (less than their thickness)
in the first half and then move in the opposite direction till the moment of separation in the second
half. In the last one (1, to ), they move back to the maximum separation distance. Finally, the two
substrates are back to the original places as one period. Thus, the input power in the first and third
sessions can be calculated from the acceleration signal as shown in Figure 4 using Equation (7);
whereas that in the second session can be calculated from both the force sensor signal and the
acceleration signal using Equation (8).

Acceleration Signal

<A | ==

-
1
|
1
1
'
|
1

-

Figure 5. Schematic of the three sessions during tapping.
By () =my -v(1)-a(z) @)

By (t)=m (1) -2-v(2) ®)
where m, is the mass of one half of the triboelectric energy harvester layer; ,,, (?) is the measured
external force during contacting; v(z) and a(r) are the velocity and acceleration during motion; ¢§
is the gravity constant. Then the input power can be calculated by a piecewise function as Equation
),

m, -v(t)~a(t), fort, <t<t ort <t<t
P(t):{ m,(t)-g-v(1), fors, <t <t, ©)

The power efficiency for WearETE can be calculated by Equation (10) within synchronized time
duration for input power, P, and output power, P

out *
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3. Experiment and Results

3.1. Energy Harvester Validation

In the energy harvester validation experiment, we first test the open-circuit voltage and short-
circuit current to calibrate the energy harvester performance and then measure the output on a
regular oscilloscope without rectifier to compare with the cases with load capacitors for calibration.
The oscilloscope used for testing the open-circuit voltage and short-circuit current in this study is an
Electrochemistry Workstation (model: CHI660B, CHI Instruments, Inc., Austin, TX, USA). The typical
input impedance of reference electrode is 10'2 ). The probes for measurements are high performance
passive probes with high impedance. The oscilloscope for system calibration with load capacitors is
a regular digital oscilloscope (PicoScope 4424, Pico Technology, Cambridgeshire, UK). Triboelectric
energy harvester can have two modes for harvesting human motion as shown in Figure 1, the contact-
separation mode and the sliding mode. The voltage outputs without the rectifier are shown in Figure
6. For contact-separation motion, the voltage output is more stable and has a larger magnitude than
that during sliding motion. For sliding motion, due to its irregular nature, the voltage output is
unstable but it still generates considerable power. These results indicate that triboelectric energy
harvester can harvest energy from both types of motions. An experiment has been conducted to test
the open-circuit voltage and short-circuit current of the contact-separation mode. With the distance
of the two layers, i.e., e-textile and foam, increasing until the maximum separation, the open-circuit
voltage rises towards a maximum value following Equation (4). The pressing process is opposite. In
a short-circuit condition, the resultant current appears as negative and positive pulses during each
pressing and releasing cycle. The experimental results of the open-circuit voltage and short-circuit
current as shown in Figure 7 (a) — (c) align with the theoretical analysis.
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Figure 6. Performance of the harvester during (a) contact-separation motion and (b) sliding
motion.
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Figure 7. Open-circuit voltage and short-circuit current of the triboelectric energy harvester (PTFE
and copper, pressing model). (a) The open-circuit voltage; (b) the enlarged figure of one period in (a);
(c) short-circuit current.

To select the two contact textile materials as discussed in Section 2.2, an experiment was first
conducted in the study to investigate the triboelectric property of flexible textile materials including
cotton, polyester, paper and foam. In the experiment, we prepared the samples of each material and
slid them on the same copper substrate. A surface charge measurement device (USSVM2, AlphaLab
Inc., Salt Lake City, UT, USA) was used to detect the surface voltage after each sliding. The charge
accumulation can be clearly observed from the experiment that the surface voltage significantly
increased with the sliding times. In the first experiment, we slid the four samples with copper
substrate for five times and measured the surface voltage before and after sliding for all the four
samples. For each sample, we tested at least five times. The average surface voltage caused by the
generated triboelectric charges before and after sliding five times are listed in Table 1. Foam shows
the highest charge generation capability when sliding with the conductive copper substrate, which is
much higher than other materials. Then, we selected foam and measured the change generation of
foam with sliding times. The surface voltage is almost linear with sliding times as shown in Figure 8.
Although the exact value of the detected surface voltage varies, this result is repeatable in a certain
range.

Table 1. Surface voltage caused by triboelectric charge before and after sliding five times.

Material Before Test (V) After Test
A B A B A B
Polyester Copper 98.9 112.2 51.5 125.0
Paper Copper 130.3 113.2 539.5 -13.6
Cotton Copper 124.9 116.3 355.3 169.0
Foam Copper 123.6 137.9 -2725.6 201.6
500 ; T |
ngrfffftjgj ﬂ*fi*f*ikifffiffé
— ~»-Condutor before friction
% '500“\\ ~<>~Foam before frictioin ]
£ 1000 ~ -A-Foam after friction |
§ ) A -®-Condutor after friction
§ -15001 T *\ b
§ -2000} ~__ |
A
-2500f T ]
~A
—30001 . :‘3 p 5

Friction Time (number)

Figure 8. Triboelectric property of foam.

In order to visualize the performance of WearETE, a number of LEDs were used to connect to
the energy harvester as shown in Figure 9. In the experiment, two WearETE (9 x 9 cm? and 14 x 21
cm?) were adopted to lighten 52 and 190 LEDs successfully, which have been shown in Figure 10.
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Figure 9. The Power Management Circuit for Powering a LED series.
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(a) (b)

Figure 10. (a) A single WearETE powers 52 LEDs at each pulse. (b) A larger version of WearETE can
power 190 LEDs.

3.2. System Performance

The WearETE system including the rectifier can harvest human motion to DC for powering
purpose. Due to the irregular feature of human motion, it is challenging to control the input power
as the same for all performed tests. In the experiment, we calibrate the system performance under
different human motion conditions, which is similar to previous human motion energy harvester
studies [27,28]. The energy harvesting in contact-separation motion mode is first validated. For
energy harvesting, the capacitor and the exciting frequency govern the harvested energy. The
capacitance generally influences the charging time constant and the output voltage. Thus, different
capacitors under different frequencies are tested to calculate the power that the WearETE system can
harvest and validate the system performance. The smaller the capacitance, the smaller the time
constant, the faster it is charged or discharged and vice versa. The frequencies are chosen based on
the nature of human motion which is less than 5 Hz. The power generated by WearETE during
contact-separation mode can be calculated by Equation (5). The input mechanical energy is measured
and calculated using the platform presented in Section III. Then the power efficiency is calculated by
Equation (10).

In the experiment, the accelerometer and the force sensor were precisely aligned to the backside
of the WearETE during calibration, aiming to protect the triboelectric materials (e-texture, foam) from
the impact caused by accelerometer and force sensor thin film. To acquire comparable results under
different frequencies, the two substrates of the triboelectric energy harvester were pressed under
repeated movement, which was validated using the force sensor. Under the stable tapping frequency,
the output voltage of the WearETE system is periodic.

The typically measured output voltage of the WearETE system along with the calibration sensor
data during contact-separation motion is shown in Figure 4. In this case, the motion frequency is 2
Hz. The results in this case show that the output peak voltage of the WearETE system with an area
of 10.16 x 10.16 cm? through contacting (first peak) and separation (second peak) are approximately
70 Vand 5.5V, respectively.

In order to estimate the system performance of the WearETE during motion, a number of
capacitors with different values, i.e., 0.22, 2.2, 4.7, 10 and 47 uF, are selected to test for charging under
different frequencies, i.e., 1, 2, 3 and 4 Hz. The voltage through the capacitors during charging by
WearETE system under 4 Hz are illustrated in Figure 11. The capacitor of 0.22 pF increases to 1 V
most fast but it oscillates most dramatically. The capacitor of 47 pF increases slowly but more stable
and discharges slowly as well. The results show that the voltage of the capacitors with larger
capacitance increases slower and more stable and vice versa. The output voltage of the capacitor of
47 uF during charging under different frequencies are shown in Figure 12. The results show that the
voltage of this large capacitor can be charged to 1 V in 100 s, which demonstrates the possibility in
practical application. When the motion frequency is stable, the capacitor can be charged up to a stable
value if the charging time is long enough.
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Figure 11. Charging different capacitors (0.22-47 puF) by WearETE under hand clapping movements
with 4 Hz frequency.
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Figure 12. Charging 47 pF capacitor by triboelectric energy harvester under hand clapping
movements with different frequencies (1-4 Hz).

In addition, the power efficiency for charging different capacitors with different frequencies was
also investigated in order to provide the estimation of the power generation due to frequencies of
human motion and influence of the storage capacitors in the AC-DC process for entire energy
harvesting system design. Figure 13 is to show how the output power changes with different input
frequency due to human motion, which will provide an estimation of the power generation due to
frequencies of human motion. The results show that higher load capacitance and input frequency
generally cause higher output power. The results of charging a 47 uF capacitor under different motion
frequencies are listed in Table 2. The input power is calibrated using the platform described in Section
2.5. In each experimental setting, i.e., different capacitances and frequencies, more than five sets of
output voltage data were measured. These data show that the input power in different experiments
are dispersed and varied in the range from 0.1 W to 1 W due to the irregular nature of human motion.
Under the same experiment settings with similar level of force measured by the force sensor, the
output power of larger capacitance or frequency during motion are much higher. It indicates that for
charging a capacitor, higher frequency generates more energy in the same time interval. The
conclusion is also applicable for charging a capacitor with higher capacitance. These trends are
illustrated in Figure 13. The output power increases with the capacitance as well as the input
mechanical frequency, which can provide the guidance in practical applications. Also, in the
experiment, the power efficiency increased within 3 Hz; whereas the efficiency at 3 Hz is higher than
that at 4 Hz due to the difference of the input power in these two cases. For charging a 47 uF capacitor,
the power efficiency of average input and output power can be as high as 24.94%.
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Figure 13. Average output power of charging different capacitors under hand clapping movements
under different frequencies.

Table 2. Average results of charging a 47 uF capacitor under hand clapping movements with different

frequencies.
Frequency Input Power  Output Power Efficiency
(Hz) (mW) (mW) (%)
1.0 3.6460 0.0802 2.1996
2.0 1.5351 0.1611 10.4918
3.0 1.3790 0.3439 24.9374
4.0 2.5519 0.4182 16.3891

In addition to the average results, Table 3 summarizes the maximum power generated in these
experimental settings with the capacitance of 0.22, 2.2, 4.7, 10, 47 pF under the frequency 1-4 Hz.
From the experiment results, charging a 47 uF capacitor can harvest the highest maximum power,
which is approximately 4.8113 mW, from the 4 Hz motion. The WearETE used in experiments has an
area of 10.16 x 10.16 cm?, which equals to 103.226 cm?. The maximum power density thus can be 46.6
puW/cm?2,

Table 3. Maximum output power of charging different capacitors under hand clapping movements
under different frequencies.

Maximum
Power (mW) 1Hz 2 Hz 3Hz 4 Hz
0.22 uF 0.0222 0.0220 0.0265 0.0542
22 uF 0.0725 0.1182 0.1093 0.1700
4.7 uF 0.1656 0.1974 0.2402 0.4299
10 pF 0.1883 0.5115 0.5608 0.8986
47 uF 0.8288 1.6001 2.5916 4.8113

In the experiment, we found that the power loss caused by the bridge rectifier was high. In this
study, since we focus on proposing and validating the proof-of-concept using low-cost materials and
manufacturing method for power generation for wearable electronics, we will consider the power
conditioning circuit design in the future work.

3.3. Harvesting Energy from Walking

During walking, people generally swing their hands to keep balance. Since the proposed
WearETE system can generate power from sliding motion, a validation experiment was developed
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to harvest energy from people swinging their hands during walking. In the experiment, the two
substrates of the WearETE were attached to the cloth on the side of body and front arm individually.
Then the energy harvester was assembled with the power management circuit. The output voltage
of the WearETE system is measured and recorded during walking. The power harvested during
human walking is generated by sliding the two tribomaterials of the energy harvester. Finally, the
output power is calculated based on the output voltage.

The output of the WearETE system for harvesting energy from walking is shown in Figure 14.
The output power harvested by WearETE during walking is 7.5248 uW. The results show the
possibility for harvesting energy during human walking. Compared to other similar systems with
energy harvester attached to the cloth [11], the WearETE system provides a reasonable performance
for human motion energy harvesting. In this study, we demonstrate the feasibility of using very low-
cost materials and fabrication methods for human motion harvesting.

80+
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Figure 14. Output voltage of WearETE during harvesting energy from human walking.

4. Conclusions

In this study, we developed a novel scalable wearable e-textile triboelectric energy harvesting
system for scavenging energy from daily human motion. The proposed energy harvester is scalable,
stretchable, and wearable. The proposed WearETE system is based on triboelectric energy harvesting
which is an emerging technique for kinetic energy conversion. The system adopts foam and e-textile
as the tribomaterials, which demonstrates the feasibility of using low-cost materials and fabrication
techniques for wearable energy harvester design. A platform for measuring and calculating power
efficiency is also established for measuring and calibrating random human motion. The results show
that the wearable triboelectric energy harvester can generate over 70 V output voltage which is
capable of powering over 52 LEDs simultaneously with a 9 x 9 cm? area. A larger version is able to
lighten 190 LEDs during contact-separation process. The WearETE system can generate the
maximum power up to approximately 4.8113 mW from human motion with the frequency of 4 Hz.
The maximum area power density can be approximately 46.6 uW/cm?. The average output power
harvested by WearETE system during slow walking is 7.5248 uW. The proposed WearETE system
show the possibility of powering wearable electronics during human motion using a wearable energy
harvester.

Acknowledgments: This study was supported by the National Science Foundation (Grant No. 1710862) and
Michigan Technological University. The authors are grateful to their support.

Author Contributions: X.L. and Y.S. conceived and designed the system and experiments, performed the
experiments, analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Green, P.L.; Papatheou, E.; Sims, N.D. Energy harvesting from human motion and bridge vibrations: An
evaluation of current nonlinear energy harvesting solutions. J. Intell. Mater. Syst. Struct. 2013, 24, 1494-1505.

2.  Delnavaz, A.; Voix, J. Energy harvesting for in-ear devices using ear canal dynamic motion. IEEE Trans.
Ind. Electron. 2014, 61, 583-590.



Sensors 2017, 17, x 14 of 15

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

Liang, J.; Liao, W.-H. Improved design and analysis of self-powered synchronized switch interface circuit
for piezoelectric energy harvesting systems. IEEE Trans. Ind. Electron. 2012, 59, 1950-1960.

Renaud, M.; Fiorini, P.; van Schaijk, R.; Van Hoof, C. Harvesting energy from the motion of human limbs:
The design and analysis of an impact-based piezoelectric generator. Smart Mater. Struct. 2009, 18, 035001.
Calio, R.; Rongala, U.B.; Camboni, D.; Milazzo, M.; Stefanini, C.; De Petris, G.; Oddo, C.M. Piezoelectric
energy harvesting solutions. Sensors 2014, 14, 4755-4790.

Wei, S.; Hu, H.; He, S. Modeling and experimental investigation of an impact-driven piezoelectric energy
harvester from human motion. Smart Mater. Struct. 2013, 22, 105020, doi:10.1088/0964-1726/22/10/105020.
Khaligh, A.; Zeng, P.; Zheng, C. Kinetic energy harvesting using piezoelectric and electromagnetic
technologies—State of the art. IEEE Trans. Ind. Electron. 2010, 57, 850-860.

Dai, D.; Liu, J. Hip-mounted electromagnetic generator to harvest energy from human motion. Front.
Energy 2014, 8, 173-181.

Halim, M.A.; Cho, H.; Salauddin, M.; Park, ].Y. A miniaturized electromagnetic vibration energy harvester
using flux-guided magnet stacks for human-body-induced motion. Sens. Actuators A Phys. 2016, 249, 23-31.
Carden, E.P.; Fanning, P. Vibration based condition monitoring: A review. Struct. Health Monit. 2004, 3,
355-377.

Pillatsch, P.; Yeatman, E.; Holmes, A. Real world testing of a piezoelectric rotational energy harvester for
human motion. J. Phys. Conf. Ser. 2013, 476, 012010, doi:10.1088/1742-6596/476/1/012010.

Fan, F.-R;; Tian, Z.-Q.; Wang, Z.L. Flexible triboelectric generator. Nano Energy 2012, 1, 328-334.

Li, X.; Huang, H.; Sun, Y. Tribowalk: Triboelectric dual functional wireless system for gait monitoring and
energy harvesting. In Proceedings of the 2016 IEEE 38th Annual International Conference of the
Engineering in Medicine and Biology Society (EMBC), Orlando, FL, USA, 1620 August 2016; pp. 4796—
4799.

Niu, S.; Wang, X.; Yi, F.; Zhou, Y.S.; Wang, Z.L. A universal self-charging system driven by random
biomechanical energy for sustainable operation of mobile electronics. Nat. Commun. 2015, 6,
doi:10.1038/ncomms9975.

Pu, X,; Li, L; Song, H.; Du, C.; Zhao, Z,; Jiang, C.; Cao, G.; Hu, W.; Wang, Z.L. A self-charging power unit
by integration of a textile triboelectric nanogenerator and a flexible lithium-ion battery for wearable
electronics. Adv. Mater. 2015, 27, 2472-2478.

Bai, P.; Zhu, G, Lin, Z.-H,; Jing, Q.; Chen, J.; Zhang, G.; Ma, J.; Wang, Z.L. Integrated multilayered
triboelectric nanogenerator for harvesting biomechanical energy from human motions. ACS Nano 2013, 7,
3713-3719.

Yang, W.; Chen, J.; Zhu, G.; Yang, J.; Bai, P.; Su, Y.; Jing, Q.; Cao, X.; Wang, Z.L. Harvesting energy from
the natural vibration of human walking. ACS Nano 2013, 7, 11317-11324.

Williams, M.W. Triboelectric charging of insulating polymers—Some new perspectives. AIP Adv. 2012, 2,
010701, doi:10.1063/1.3687233.

Matsusaka, S.; Maruyama, H.; Matsuyama, T.; Ghadiri, M. Triboelectric charging of powders: A review.
Chem. Eng. Sci. 2010, 65, 5781-5807.

Davies, D. Charge generation on dielectric surfaces. |. Phys. D Appl. Phys. 1969, 2, 1533-1537.

Seol, M.L.; Woo, ].H.; Lee, D.I; Im, H.; Hur, J.; Choi, Y.K. Nature-replicated nano-in-micro structures for
triboelectric energy harvesting. Small 2014, 10, 3887-3894.

Gungor, V.C.; Hancke, G.P. Industrial wireless sensor networks: Challenges, design principles and
technical approaches. IEEE Trans. Ind. Electron. 2009, 56, 4258—4265.

Vullers, R.; van Schaijk, R.; Doms, I.; Van Hoof, C.; Mertens, R. Micropower energy harvesting. Solid-State
Electron. 2009, 53, 684-693.

Park, C.H.; Park, ].K,; Jeon, H.S.; Chun, B.C. Triboelectric series and charging properties of plastics using
the designed vertical-reciprocation charger. . Electrost. 2008, 66, 578-583.

Diaz, A.; Felix-Navarro, R. A semi-quantitative tribo-electric series for polymeric materials: The influence
of chemical structure and properties. |. Electrost. 2004, 62, 277-290.

The TriboElectric Series. Available online: http://www.webcitation.org/6u4Z0szd8 (accessed on 8 October
2017)

Saha, C.R.; O’donnell, T.; Wang, N.; McCloskey, P. Electromagnetic generator for harvesting energy from
human motion. Sens. Actuators A Phys. 2008, 147, 248-253.



Sensors 2017, 17, x 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

Yang, B.; Yun, K.S. Piezoelectric shell structures as wearable energy harvesters for effective power
generation at low-frequency movement. Sens. Actuators A Phys. 2012, 188, 427-433.

Niu, S.; Liu, Y.; Zhou, Y.S.; Wang, S.; Lin, L.; Wang, Z.L. Optimization of triboelectric nanogenerator
charging systems for efficient energy harvesting and storage. IEEE Trans. Electron. Devices 2015, 62, 641—
647.

Zi, Y.; Lin, L.; Wang, J.; Wang, S.; Chen, J.; Fan, X.; Yang, P.K.; Yi, F.; Wang, Z.L. Triboelectric—Pyroelectric—
Piezoelectric Hybrid Cell for High-Efficiency Energy-Harvesting and Self-Powered Sensing. Adv. Mater.
2015, 27, 2340-2347.

Zhu, G.; Zhou, Y.S; Bai, P.; Meng, X.S,; Jing, Q.; Chen, J.; Wang, Z.L. A Shape-Adaptive Thin-Film-Based
Approach for 50% High-Efficiency Energy Generation through Micro-Grating Sliding Electrification. Adv.
Mater. 2014, 26, 3788-3796.

Zi, Y; Niu, S.;; Wang, J.; Wen, Z,; Tang, W.; Wang, Z.L. Standards and figure-of-merits for quantifying the
performance of triboelectric nanogenerators. Nat. Commun. 2015, 6, doi:10.1038/ncomms9376.

Beeby, S.P.; Tudor, M.].; White, N.M. Energy harvesting vibration sources for microsystems applications.
Meas. Sci. Technol. 2006, 17, R175-R195.

Mateu, L.; Moll, F. Appropriate charge control of the storage capacitor in a piezoelectric energy harvesting
device for discontinuous load operation. Sens. Actuators A Phys. 2006, 132, 302-310.

Wang, H.; Park, J.D.; Ren, Z.]. Practical energy harvesting for microbial fuel cells: a review. Environ. Sci.
Technol. 2015, 49, 3267-3277.

@ © 2017 by the authors. Submitted for possible open access publication under the
@ terms and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



