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a hovel arch-shaped hybrid composite triboelectric generator
using carbon fiber reinforced polymers
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Abstract: With the diminution of energy sources and the need for
using cleaner energy, alternatives must be found. In addition, the
desire to supply energy to autonomous low-power electronics has
spurred interest in triboelectric materials. We have fabricated an arch-
shaped hybrid carbon fiber reinforced polymer (CFRP) composite
triboelectric device employing a curved upper copper electrode and a
flat lower polyimide layer, both of which are combined with CFRP
materials. This device can be used as a triboelectric energy
harvesting source for self-powered sensors that can be combined with
fibre reinforced composite based structures. We have been able to
produce a voltage up to 300 mV which can charge a capacitor to
250mV. The ability to combine triboelectric and CFRP materials
provides a new approach to integrate energy harvesting into
engineering structures and manufacture robust harvesting devices.

Introduction

Today, an increasing number of devices and sensors operate
wirelessly manner. The total number of connected devices
(‘Internet of Things’) is expected to be 80 billion by 2025, with
application domains ranging from healthcare, transport, cities,
and agriculture. [1]. However, such connected sensors often use
batteries as a source of energy. As a result, triboelectric energy
harvesters have attracted interest as a solution to avoid the use
of batteries to mitigate the need for their disposal and
management. Triboelectric energy harvesters are of interest since
they can convert mechanical energy into electrical energy as a
result of contact between two dissimilar materials [2]. The energy
produced can be collected and accumulated or directly used to
power a sensor (such as temperature, humidity, light or
acceleration) or other low-power electronic systems. For practical
applications, recent contributions include efforts to produce
energy from water waves using triboelectric nanogenerators [3,4].
Reference is also made to the work of Chen et al. [5] in which an
ultra-flexible triboelectric nanogenerator was developed for
biomechanical energy harvesting. Four different modes have
been studied to harvest energy using triboelectric technology [2],
these include the: (i) vertical contact-separation mode, (ii) contact

[a] Department of Mechanical Engineering, University of Bath, Bath,
BA2 7AY; E-mail: c.r.bowen@bath.ac.uk
[b] Science and Technology on Advanced Functional Composites

Laboratory, Aerospace Research Institute of Material and
Processing Technology, Beijing, 100076, People’s Republic of
China; E-mail: x_yan@outlook.com

[c] Mechanical Engineering Department, American University in Cairo,
Egypt

sliding mode, (iii) single electrode mode, and (iv) freestanding
triboelectric layer mode. In each case, the structure requires two
different materials, conductive or insulating, to ensure the
exchange of electrons to produce energy. In the contact-
separation mode, mechanical movements enable the contrasting
surfaces to be in cyclic contact thereby creating an electric charge.
The basic mechanism of the vertical contact-separation mode is
outlined in Fig.1.

To facilitate rapid contact and subsequent separation, numerous
research groups have considered arch-shaped triboelectric
nanogenerators [6, 7, 8, 9, 10, 11, 12, 13]. However, they often
employ a metal and a polymer, and relatively low strength and
stiffness materials. However, limited work has attempted to
combine ftriboelectric generators with advanced structural
composite materials, such as carbon fiber reinforced polymers
(CFRP). The aim of this work is to integrate triboelectric materials
with a high strength structural material with the potential to be
integrated in an entire structure or unit. This could enable the
integration of triboelectric harvesting systems in vehicles (such as
cars, trains, planes, etc.) or other structures, such as buildings
and bridges, where the vibrations causing strain can produce
effective contact-separation movements.

We have deliberately selected CFRP as the structural material in
this work since an intriguing characteristic of using CFRP
laminates is the potential to exploit the anisotropic thermal
expansion of the composite to tailor the laminate lay-up and
carbon fiber orientation to achieve the desired arch-shape and
mechanical properties of the triboelectric generator. The use of
anisotropic thermal expansion in CFRP has been used in the
design of smart structures [14] and piezoelectric based harvesters
[15], but has yet to be undertaken on triboelectric materials. This
is not possible with isotropic materials which are often used in
triboelectric devices [6, 7, 8, 9, 10, 11, 12, 13]. This paper aims to
present and describe an arch-shaped device composed of CFRP,
using copper and polyimide as the triboelectric materials for
energy generation.
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Figure 1. Schematic of the vertical contact-separation mode principle.



Evaluation of CFRP-triboelectric hybrids

Control test of initial triboelectric-materials

First, we examined the behavior of the triboelectric materials that
were selected for integration into CFRP. This involved
examination and characterisation of polyimide and copper using
the vertical contact-separation mode. Based on the work of Wang
et al. [16, 17] we created simple flat samples to test the effect, to
compare with the materials after integration with the CFRP
structure. This was considered since CFRP production involves
autoclaving at elevated temperatures at ~180°C and it would be
of interest to examine if such a processing temperature
subsequently influences the triboelectric behavior. Acrylic plates
were used as mechanical substrates and covered by the two
materials selected. This included copper (thickness of 100 pm)
and a polyimide (thickness of 50 um). The materials have been
chosen according to the triboelectric series [16] which ranks
materials with their tendency to loose or gain electrons based on
their polarity. They are ranked in such a way the copper is more
positively charged than the polyimide (Kapton). Since copper
layer is naturally conductive it did not require any electrode.
Commercially available Kapton sheets were already composed of
a thin layer of aluminum (30 nm) which acted as an electrode.

The copper and polyimide materials were contacted and
separated against one another by hand. To assess the output
energy generation, the material pair was used to charge a
capacitor while monitoring the voltage with time. As direct current
is needed for charging, a full wave rectifier was used to convert
the alternating current generated by the triboelectric device to
direct current. The maximum output voltage obtained was found
to be almost 0.8 V, see Fig.2.a. Moreover, the system was able
to charge a capacitor of 0.1 uF up to 15 V in 30s; see Fig.2.b.
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Figure 2. (a) Open-circuit voltage for the flat samples of copper and polyimide.
(b) Charging a 0.1 pF capacitor and schematic of the rectifying circuit.

Fabrication of arch-shaped triboelectric composite materials

Once an output signal is established, the next step was to
manufacture the integrated triboelectric device in the form of a
self-contained, arc-shaped prototype with CFRP being the
structural material. The upper layer of the triboelectric harvester
is curved to act like a spring to achieve contact separation for
triboelectric generation; as in Fig.1. The aim is to study the
behaviour of the different triboelectric materials once in contact
with carbon fibre reinforced polymers and to investigate the
influence of temperature and thermal expansion when the
materials are autoclaved at 180°C.

To estimate the curvature of the Cu-CFRP plate during curing, the
model developed by Timoshenko [18] pertaining to the analysis of
bi-metallic strips can be employed. The formulation, which is
based on the effective properties of the constituting layers,
predicts the curvature due to thermal expansion mismatch as:

6(a, —a,)(AT)(1+m)’

1
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Where p is the radius of curvature, a2 and a1 are the coefficients
of thermal expansion of the two layers, AT is the temperature
change, h is the total thickness of the plate, and the constants m
and n are given by:
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with h being the thickness of the individual layer and E being
Young’s modulus. Accordingly, the deflection at midpoint is given

by:
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where | is the length of the plate. A predicted deflection of 11.4
mm for a plate consisting of a copper layer and a CFRP, each
having thickness of 0.1 mm and a length of 75 mm when
subjected to a change in temperature of 180°C.

To manufacture the triboelectric-CFRP hybrids unidirectional
carbon fibre pre-impregnated with 135 g/m? was used. Sandpaper
was used to roughen the copper electrode surface to facilitate
contact and adhesion with the carbon fibre during the process.
Then, one layer of CFRP was applied on a flat sample of copper.
The Cu-CFRP samples were placed into an oven at 30°C for 3
hours to improve adhesion between the copper and the CFRP.
Finally, the composites were placed into an autoclave at a
temperature of 180°C and a pressure of 7 bar for 3 hours. As
predicted, we obtained arch samples of Cu/CFRP composite, the
copper being in the inner side of the curve (Fig.3). The
experimental bending obtained showed a deflection around 9.98
mm with a relative error of 9.9% between model and experiment.
Potential reasons for the difference can be changes in stiffness
and expansion with temperature [19].

mm CFRP
mm Copper

(b)
Figure 3. (a) Schematic showing the fibers’ orientation in relation
to the curvature. (b) Image of the curved Cu-CFRP combination
where sample width is ~75mm.

Since the copper triboelectric has a larger coefficient of thermal
expansion (CTE) than CFRP in the fibre direction (the 1-direction),
it tends to shrink more than the carbon fibre; see Table 1. This
behaviour corresponds to what we observe in our arch-shaped
device.
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Table 1. Materials properties. CFRP (T700 fiber type) in 1- and 2-direction
indicate longitudinal and transversal to fibers direction, respectively [20-23].

Material CTE (10°K™) Young’s modulus E
(GPa)

Copper 16.7 117

Kapton 20 2.5

CFRP (1-direction) 3.1 150

CFRP (2-direction) 24.7 150

Similar experiments were undertaken with polyimide to study the
behaviour of the material in contact with carbon fibres. Since the
Cu-CFRP was an arch-shape, the polyimide-CFRP section
should be flat, to create a structure as in Fig.1. Knowing the
thickness of the polyimide sheet (50 um), one layer of CFRP
would have been too thin to ensure the device’s strength. To
create a flat CFRP-polyimide sample we created a balanced
composite layup with three layers of fibres at 0°/90°/0° to achieve
a flat CFRP-polyimide sample with sufficient CFRP thickness to
achieve structural strength.

Using the same approach to estimate the curvature of the CFRP-
polyimide combination, we estimated the deflection to be only
0.04mm, which agrees well with the manufactured sample which
remained flat once removed from the autoclave. Initial testing of
the arch shaped CFRP-Cu and flat CFRP-polyimide indicated
poor triboelectric harvesting when the copper and polyimide
surfaces experienced contact-separation. This was thought to be
due to the fact that conduction carbon fibres in the CFRP could
be in direct contact with the copper and the polyimide, which
would affect the results by creating a short circuit. As a result, an
insulating ‘peel-ply’ (PP) layer was inserted between the CFRP
and both the triboelectric copper or polyimide layers; see Fig.4.
Peel ply is a porous fabric which plays the role of an insulator
allowing the epoxy resin to adhere to the copper and polyimide
materials but avoiding the carbon fibres from making direct
contact with them.

CFRP (0,2 mm)

|
. Peel Ply (0,1 mm)
|

Copper (0,1 mm)

Kapton (0,05 mm)

- Peel Ply (0,1 mm)
I cFRP (0,2 mm)

— 0op°

(b)

Figure 4. Schematic of samples with peel ply. (a) Top Cu-CFRP
layer. (b) Bottom CFRP-polyimide layer.



Study of the effect of triboelectric response of triboelectric-CFRP
combination

Fig.5 shows the open circuit output voltage collected from contact-
separation of the CFRP/PP/copper and CFRP/PP/polyimide
components. We observe that the voltage maximum value is
approximately 25 mV, which is less than the value obtained for
the control flat samples, due to difference in the contact area. For
the flat samples, the contact area was 64cm?, while for the
composites samples it was 3 cm?, indicating a similar voltage per
unit area and indicating that the high temperature processing of
the composite had not significantly affected the performance of
the triboelectric layers. Previous theoretical studies of triboelectric
nanogenerators have indicated that the output voltage was a
function of the contact area [17, 24] as:

Q o.x(t)
V=—-—(d t —
S.so( ot x(0) + &
With Q is the transferred charge, S is the triboelectric surface area,
x(t) is the time-dependence distance between the two
triboelectric materials, ¢, is the permittivity of free-space and d, is
the effective dielectric thickness.

25
20
15
10

5

Voltage (mV)

-5
-10
-15

0 5 10 15 20

Time (s)

Figure 5. Open-circuit voltage obtained with the CFRP insulated
samples.

Observation of the bonding between materials.

To ensure the triboelectric materials and the CFRP composite
were properly adhered together, cross sections of the
CFRP/PP/Cu and CFRP/PP/polyimide were prepared for optical
microscopy and the results are shown in Fig.6, indicating good
bonding between the individual materials.
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Figure 6. Optical microscopy images of the composite. (a) Cu-PP-CFRP layer.
b) CFRP-PP- polyimide layer.

Once the triboelectric performance of the copper and polyimide
integrated with CFRP was confirmed and the correct bonding of
the different layers together was confirmed it was then of interest
to consider the design and manufacture of a one-piece CFRP
triboelectric device. This would demonstrate the potential
triboelectric CFRP structures.

Design and manufacture of a single piece
CFRP-triboelectric device



(a) 1 layer (0)

Copper
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Figure 7. (a) Schematic of the one-piece triboelectric device. (b) Triboelectric
device in opened position. (c) In closed position.

To create this specific shape, we used silicon rubber stripes for
their ability to resist high temperatures. In this way, the device has
been put in the autoclave for 2 hours at 180°C and a pressure of
7 bar. The final device can be seen on figure 7.b) and c) .The one-
piece CFRP-triboelectric device has been designed on the basis
of the integration of the individual components in Fig.6.

(i) a lower planar layer of three layers of carbon fibers
with a balanced lay-up (0°/90°/0°) to maintain a flat
shape, peel ply for insulation and polyimide/Al

(ii) An upper layer of copper, peel ply and a single
layer of carbon fibers to exploit the anisotropic
thermal expansion of CFRP to create an arch
shaped to layer

(iii) Carbon fibre veins on each side of the triboelectric
electrodes provide the structure with flexibility to
allow the copper sheet to be pressed against the
polyimide without any resistance or risk of damage
(Fig.6.a)

When manually activated, this device produced an open circuit
voltage of almost 300mV, see Fig 8a,b. The charging rate of a
0.1uF capacitor is shown in Fig.8c.
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Figure 8. (a) Open circuit voltage obtained with the one-piece device. (b) Open
circuit voltage in a short time scale (c) Charge of a capacitor of 0.1uF.

Conclusions

We have combined structural composites and triboelectric
materials to fabricate an arc-shaped hybrid carbon fiber
reinforced polymer (CFRP) composite based triboelectric
device. The system employs the anisotropic thermal
expansion of CFRP to create a curved upper electrode made
of copper. A symmetric composite architecture is used to
create a flat lower polyimide electrode. This device aims to be
used as a triboelectric harvesting energy source for self-
powered structures. We have been able to manually produce
a voltage up to 300 mV which can charge a capacitor of 0.1uF
to 250 mV. Further improvements were conducted on a
second device, similar to the first one, in which glass layers
were added on the edge of copper to avoid mechanical friction



between the materials. The ability to combine triboelectric and
CFRP materials provides a new approach to integrate energy
harvesting into engineering structures and manufacture
robust devices.
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