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ABSTRACT: Harvesting ambient mechanical energy from human body motion has attracted
great research interest. In this work, a power shirt based on triboelectrification and the
electrostatic induction effect between fluorinated ethylene propylene (FEP) and external
objects is demonstrated. This power shirt can effectively convert the ambient mechanical
energy into electric power, and the working mechanism is systematically discussed. A
maximum short-circuit current density of ∼0.37 μA/cm2 and a maximum peak power density
of ∼4.65 μW/cm2 were achieved. Simultaneously, 11 blue LEDs were lit by sliding the sleeve
and power shirt, indicating the potential application of the power shirt in clothes
ornamentation and risk warning. This study develops an efficient path for harvesting
human body energy and promoting the development of wearable electronics and smart
garments.
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■ INTRODUCTION

Human motion as an energy sources is generally ignored until it
is lost to age or death. However, recently, the harvesting of
ambient mechanical energy from the surrounding environment
has been attracting extensive research efforts, especially from
human motions such as limb movements, breathing, and heart
beating.1−4 The collected energy can be supplied for portable
or wearable electronics,5−7 which have seen significant
developments in the application fields of human health
monitoring, surgery tools, clothes ornaments, and so on,
aiming at building self-powered wearable electronic systems.
Many advances have been achieved in developing energy-
harvesting techniques based on different mechanisms, such as
electrostatics,8,9 piezoelectricity,10−14 and electromagnetics.15,16

The generation of electrostatic charges from mechanical
contact and separation is known as the triboelectric effect.
Nanogenerators based on the triboelectric effect (TENGs)
were recently invented to collect ambient energy or act as self-
powered sensors,17−20 and they have the advantages of high
efficiency, low cost, environmental friendliness, and universal
availability. Traditional contact-mode and sliding-mode TENGs
are composed of two separate components.21−23 Such
structures go against assembling within the human body,
limiting the TENGs’ applicability for human-body energy
harvesting. Consequently, it is highly desirable to develop
simple structured and highly efficient new type wearable
energy-harvesting devices.
In this work, we designed and fabricated a cloth-based power

shirt for harvesting energy from sliding motions such as arm

swinging. The working mechanism of the power shirt is based
on the change in induced charges between two electrodes due
to the change in relative position of two sliding layers.24,25

Compared to previous sliding-mode TENGs consisting of two
components, our power shirt features advantages such as having
a simple structure and being cloth-based and skin-friendly.
Simultaneously, a maximum short-circuit current density of
∼0.37 μA/cm2 and a maximum peak power density of ∼4.65
μW/cm2 were reached. Furthermore, 11 blue light-emitting
diodes (LEDs) arranged as an arrow and fastened on the cloth
were lit by sliding of the power shirt with arm-swinging motion,
showing the potential application in clothes ornamentation and
protecting pedestrians at night.

■ RESULTS AND DISCUSSION

The detailed fabrication process of the cloth-based power shirt
is schematically provided in Figure 1a. First, both a piece of
fluorinated ethylene propylene (FEP) film and a piece of nylon
cloth were covered with a silver (Ag) electrode on one side by
magnetron sputtering to form Ag@FEP and Ag@nylon
components. The Ag conductivity performance is illustrated
in Figure S1 (Supporting Information) with a relative scanning
electron microscopy (SEM) image of the Ag electrode surface,
which indicates highly stable performance even when subjected
to continuous bending for 24000 cycles. Then, the Ag side of
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the Ag@FEP component and the nylon side of the Ag@nylon
component were adhered to each other with double-sided
adhesive tape, and two conductive wires were drawn out from
the two Ag electrodes. Last, a piece of nylon cloth was adhered
to the Ag side of the Ag@nylon component as a protective
layer. An SEM image of the layer-by-layer structure of the
power cloth is provided in Figure 1b, showing that the total
thickness is ∼300 μm. Figure 1c shows a digital picture of a 10
cm × 10 cm piece of the cloth, demonstrating its excellent
flexibility.
The power-generation mechanism of the power shirt is based

on triboelectrification and electrostatic induction, as carefully
depicted in Figure 2. An external object, such as a piece of
nylon cloth, is made to slide with the FEP of the power shirt. In
the beginning, triboelectric charges are generated at the contact
surfaces, with negative charges (−Q) on the FEP surface and

positive charges (Q) on the external cloth. By fully sliding the
FEP and nylon cloth against each other, both surfaces of the
FEP and nylon cloth enter a charge saturated state. After the
friction from almost 20 cycles, the surface potential of the FEP
reached approximately −350 V and could remain in the
saturated state, as shown in Figure S2a,b (Supporting
Information). At this point, Q = |−Q|.26,27 The saturated
state can remain stable when the power shirt is operated, but
once in a nonoperating state, the surface potential of the nylon
with positive charges decays rapidly through neutralization with
free electrons in the air, as illustrated in Figure S2b (Supporting
Information).
The electricity-generation process can be divided into four

stages. In stage I, shown in Figure 2aI, two films are fully
mismatched, and the charges on the surfaces of both the FEP
and nylon enter a saturated state. As a result, the negative
charges on the FEP surface cause induced charges on the two
Ag electrodes. Positive charges (Qi) are induced on the top
electrode, whereas negative charges (−Qi) are induced on the
bottom electrode, Qi = |−Qi| < |−Q|.28−31 Stage I is in
equilibrium without charge transfer in the external circuitry. In
stage II, the nylon cloth with positive charges starts to slide
inward, and Qi and −Qi decrease with increasing effective
contact area, because of the electrostatic induction of positive
charge in the nylon cloth. As a result, induced current flows
through top electrode to the bottom electrode to maintain
electrostatic equilibrium, as shown in Figure 2aII. When the
nylon cloth and FEP reach an overlapping position, the charged
surfaces are fully in contact, and both positive charges on the
nylon cloth and negative charges on the FEP induce equal but
opposite charges on each electrode, reaching an equilibrium
state again. The device is then in stage III, which is shown in
Figure 2aIII. In stage IV, the nylon cloth starts to slide outward,
and then the electrostatic induction of positive charge weakens,
causing induced current to flow back from the bottom electrode
to the top electrode until electrostatic equilibrium is again
reached, as shown in Figure 2aIV.
According to this discussion, the change in relative positions

of the two sliding layers leads to a change in the induced
charges on the two electrodes, thereby driving the oscillation of
the charges between the two electrodes. One can treat such a
device as a capacitor,32−34 with capacitance given by
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where ε0 is the permittivity of a vacuum, εr is the relative
permittivity of nylon, d is the thickness of nylon cloth between
the two electrodes, and S is the surface area of the device. The
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Upon substitution of eq 1 into eq 2, we obtain
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where σ is the negative charge density on the FEP surface, w is
the width of the device, l is the length of the device, and x is the
displacement of the sliding nylon. Therefore, the transferred
charge, ΔQ, can be expressed as

σΔ = Δ = −Q C U wx (4)

Figure 1. Fabrication of the power shirt. (a) Schematic diagram of the
fabrication process of the power shirt. (b) Cross-sectional SEM image
of the power shirt. (c) Digital picture of a 10 cm × 10 cm piece of the
power shirt.

Figure 2. Working mechanism. (a) Schematic diagram illustrating the
electricity-generation process in a full cycle, from stage I to stage IV.
(b) Potential distribution of a power shirt in the sliding process
provided by the COMSOL simulation. (c) Total amount of charge
transferred provided by the COMSOL simulation.
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and the external current can, in turn, be expressed as
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The electric potential distribution and the charge transferred
between the two electrodes can be verified through a finite-
element simulation based on COMSOL Multiphysics software
and the above mathematical derivation. Figure 2b displays the
calculated results for the electric potential distribution during
the sliding process. As illustrated in Figure 2c, the total amount
of charge transferred between the two electrodes increases
linearly with the sliding displacement, which can be understood
in terms of eq 4.
The output performances of the power shirt were system-

atically measured. Specifically, a linear motor was utilized to
mimic the arm-swinging motion at different frequencies and
different displacements during the sliding process, as schemati-
cally shown in Figure S3 (Supporting Information).
Based on eq 4, it can be inferred that the output current is

directly determined by the sliding displacement and frequency.
Figure 3a shows the short-circuit currents of the power shirt
with different sliding displacements under a given sliding
frequency of 3 Hz. The peak value of the output short-circuit
current increased from ∼0.36 to ∼1.48 μA as the sliding
displacement was increased from 3 to 10 mm. At the same time,
it can be seen in Figure 3b that the peak value of the output
short-circuit current increased from ∼0.24 to ∼1.42 μA as the
sliding frequency was increased from 1 to 6 Hz for a given
sliding displacement of 5 mm, reaching a maximum short-
circuit current density of ∼0.37 μA/cm2.
The values of peak output short-circuit currents are related to

both sliding displacement and frequency. However, the total
amount of charge transferred is related to only the sliding
displacement. The total amount of charge transferred increased
linearly from ∼15.7 to ∼52.4 nC when the sliding displacement
was increased from 3 to 10 mm, as shown in Figure S4a

(Supporting Information) and Figure 3c. This result conforms
well with the COMSOL simulation results. On the other hand,
the total amount of charge transferred remained constant at
∼25.5 nC under different frequencies ranging from 1 to 6 Hz at
a given sliding displacement of 5 mm, as shown in Figure S4b
(Supporting Information) and Figure 3c.
Figure 3d displays the load peak current and power as a

function of the external load resistance at a given sliding
frequency of 5 Hz and displacement of 5 mm. It can be
confirmed that, with increasing load resistance, the load peak
current decreased step by step. On the other hand, the output
power value increased at first and then decreased. The load
peak power reached a maximum of ∼9.3 μW when the external
resistance was ∼25 MΩ, and a maximum peak power density of
∼4.65 μW/cm2 was achieved. Additionally, the corresponding
open-circuit voltage (Voc) with a maximum value of ∼22 V,
tested under the same conditions, is illustrated in Figure S5
(Supporting Information).
As a demonstration of scavenging irregular mechanical

energy, such as daily human motions, into electricity to
power ornamental electronics for clothes, our power shirt was
successfully used as a direct power source without an energy
storage system. As shown in Figure 4a, a device with an area of
10 cm × 10 cm was fastened to the shirt below the armpit,
which is a location that easily rubs with a sleeve. When the
sleeve was sliding with our power shirt, an arrow composed of
11 commercial blue LEDs connected in parallel was instantly
illuminated, showing the ornament for the cloth, as indicated in
Figure 4b and Video 1 (Supporting Information). Moreover,
the light emitted from the LEDs can show the positions of
pedestrians on dark nights, ensuring that pedestrians can be
seen and avoided by passing cars. When the LEDs were lit, the
peak currents went through them is ∼70 μA (Figure 4c). To
characterize the washable performance, which is a significant
factor to ensure the sustainable usage of an article of clothing,
the current performances before and after washing were

Figure 3. Electrical output performance. Short-circuit currents for the power shirt (a) under a given sliding frequency of 3 Hz with different sliding
displacements from 3 to 10 mm and (b) under a given sliding displacement of 5 mm with different sliding frequencies of 1−6 Hz. (c) Total amount
of charges transferred under different sliding displacements and different sliding frequencies. (d) Load peak output currents and peak power as
functions of the external load resistances at a given sliding frequency of 5 Hz and displacement of 5 mm.
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compared, as shown in Figure S6 (Supporting Information),
revealing the outstanding washable performance of the power
shirt.

■ CONCLUSIONS
In conclusion, we have designed and fabricated a simple,
lightweight, low-fabrication-cost, and cloth-based power shirt
based on triboelectrification between FEP and nylon and the
electrostatic induction effect. The detailed working mechanism
of the power shirt was carefully explored and discussed. The
power shirt had the ability to reach a maximum peak short-
circuit current density of ∼0.37 μA/cm2 and a maximum peak
power density of ∼4.65 μW/cm2. Furthermore, 11 blue LEDs
were lit by sliding the sleeve of the power shirt. Compared to
traditional sliding-mode TENGs with two separate compo-
nents, our power shirt, which integrates both electrodes in one
component, exhibits excellent applicability for human-body
energy harvesting, which has potential applications in clothes
ornamentation and risk warning.

■ EXPERIMENTAL SECTION
Fabrication of the Cloth-Based Power Shirt. First, both a piece

of fluorinated ethylene propylene (FEP) film (4 cm × 4 cm) and a
piece of nylon cloth (4 cm × 4 cm) were covered with silver (Ag)
electrode on one side by magnetron sputtering to form Ag@FEP and
Ag@nylon components. The magnetron sputtering current was 0.15
A, and the sputtering process lasted for 4 min. Then, the Ag side of the
Ag@FEP component and the nylon side of the Ag@nylon component
were adhered to each other with double-sided adhesive tape, after
which two conductive wires were drawn out from the two Ag
electrodes. Last, a piece of nylon cloth was adhered to the Ag side of
the Ag@nylon component as the protecting layer.
Characterization. The morphology of samples was probed by

high-resolution field-emission scanning electron microscopy (FEI
Nova NanoSEM 450). The surface potential of FEP was determined
with an electrometer (EST102, Huajing, Beijing, China). A linear
motor (RCH41 × 30D05A, Renishaw, Gloucestershire, U.K.) was
used to carry out the reciprocating friction movements. A piece of
nylon cloth was taken as an external object to slide with the power
shirt. The electrical output performances of the power shirt was
measured with a Stanford low-noise current preamplifier (model
SR570).
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electrode conductivity; surface potential of the FEP after 0−40
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