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Abstract

One of the main objectives of this thesis is to investigate the effect of the inclusion of
nanofibers on the global dynamical and mechanical properties of composite
laminates. For this aim, the natural frequencies, damping, interlaminar strength and
impact response of pristine and nanomodified composites are determined
experimentally and numerically using a finite element model. Experimental and
numerical results showed a significant effect of the nanofibers on the mechanical and
dynamic properties of the composites. Nanomodified composites demonstrated a
consistent increase in the damping, interlaminar strength ad impact resistance.
However, the variation in the natural frequencies was very small. This study expands
the knowledge about the macro mechanical and dynamical properties of composites
reinforced with nanofibers. Furthermore, it proposes finite element models to
simulate with high accuracy the mechanical and vibratory behaviour of pristine and
nanomodified composites. These findings are of great interest for the research
community and for industry as composite laminates reinforced with nanofibers could
be potentially used to improve the properties of the composite structures used in

aircrafts, wind turbines and other civil structures.

The other major objective of the thesis is to investigate the potential
applications of nanofibers as self-powered triboelectric sensors. The first triboelectric
triboelectric sensor was invented in 2012 and it has become one of the most
important innovations in the field of self-powered sensing technologies. As
compared to traditional sensors, triboelectric sensors are self-powered and do not
require and external power supply or battery to sense the mechanical stimulus. As a
result, they are maintenance free and energy independent, which results in important
cost-savings. In this work, the potential of two new classes of triboelectric sensors
for monitoring of pressures and impacts is demonstrated. To carry out this
investigation, the developed triboelectric sensors are subjected to controlled
pressures and impacts using the techniques of dynamic mechanical analysis and drop
weight impact tests, respectively. The experimental results proved that the sensors

generated electric responses are affected by the magnitude of the mechanical



stimulus and their amplitude increases linearly under stronger pressures/impacts.
Furthermore, the sensor electric responses show a large detection range, high
sensitivity, good reproducibility, and fast response time, which is essential for the
practical applications of the sensor. The main contributions of this study are the
development of two novel triboelectric nanogenerators and active sensors based on
polyvinyl fluoride nanofibers and their investigation for its potential use for
monitoring of pressures and impacts. The results of this work successfully
demonstrated that the developed triboelectric sensor measure dynamic pressures and
impacts in real time, which has important applications in monitoring systems, vehicle
safety, and touch screens. These findings are the utmost importance as the new
developed sensors could be utilized as sustainable and maintenance free sensors with

the advantages of easy fabrication and low-cost processing technology.

In conclusion, this thesis contributes to the knowledge about nanofibers in
terms of their applications to improve material and structural properties of composite
laminates and their use as two novel nanostructured sensors for detection and

measurement of pressures and impacts.
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Chapter 1

Introduction

1.1 Motivation

This thesis is dedicated to the effect of nanofibers on the properties of composite
laminated structures and their application as nanogenerators and self-powered

sensors for measuring different quantities like pressure and impact characteristics.

The first part of the thesis considers the use of electrospun nanofibers as
reinforcement for glass fibre epoxy composites. The impact of nanofibers on the
composite laminate is minimum as the weight of the nanofibers is very light, but the
mechanical and vibratory properties of the laminates can be significantly increased
with respect to that of the pristine material. The major motivations of the first part for
this research thesis are presented below:

i.  Vibrations are one of the most important motions as most structures vibrate
as a result of their use. Vibrations can be dangerous, and they are responsible
for a considerable number of failures and accidents in aircrafts, bridges and
other composite structures that fail because of large amplitude vibrations. For
example, the propagation of the delamination and other cracks is faster in
composite structures with large amplitude vibrations, which affects the
integrity of aircrafts, wind turbines and other composite structures. Therefore,
the control of the vibrations of composite structures is of critical importance
for the purposes of safety and structural maintenance. One of the methods of
suppressing vibrations in composite laminates is to increase the damping,
which can be achieved by the introduction of nanofibers in the ply interfaces
of the laminates [1]. This is of great interest for machines and structures in
which vibrations are a source of problems. Motivated by the above, we have
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investigated the effect of electrospun nanofibers on the vibratory behaviour of

composite laminates.

The main weak point of the composite laminates is their poor interlaminar
strength, which can result in invisible delamination failures. Due to the
delamination, the performance of the composite structures used in aircrafts,
wind turbines and other civil structures can be seriously affected and lose up
to 60% of their strength and stiffness [2]. Recently, researchers have
suggested an important number of methods to mitigate the delamination as
matrix-toughening [3], optimum stacking sequence [4] and stitching with
polymeric filaments [5]. Among the techniques that have been developed
over the years to mitigate the delamination problem, the reinforcement with
electrospun nanofibers [6-7] has proven to be one of the most effective thanks
to the strong bonding between the nanofibers and the composite laminas,
which results in a significant improvement of the mechanical properties of the
composites. In the fourth chapter of the present thesis, we have demonstrated
how the reinforcement with nylon nanofibers can be used to avoid the

delamination failures in composite laminates.

In those applications where the composite laminates are employed on outer
sides of structures (e.g. airplanes, wind turbines, etc.), impacts are a main
concern, and the delamination attributed to the impacts has been widely
investigated. One of the methods to reduce the delamination and improving
the resistance to impacts is the incorporation of nanofibers in the interlaminar
regions of composite laminates [8]. This can be used to develop composite
structures with higher resistance to impacts (e.g. bird strikes or hailstones),
which is important for the health of the composite materials used in aircrafts,
wind turbines and other civil structures. In the sixth chapter of this thesis, we
have investigated the effect of polycaprolactone nanofibers on the impact

response of glass fibre epoxy composite laminates.
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The second part of the thesis investigates the applications of nanostructured
triboelectric nanogenerators as self-powered active sensors. The first triboelectric
nanogenerator was invented in 2012 and therefore, it is a rather new topic which
needs a lot of research to demonstrate their important practical applications. As
compared to traditional sensors, triboelectric nanogenerators are self-powered and do
not require an external power supply or battery to sense the mechanical stimulus.
Therefore, they can be used as sustainable and maintenance-free sensors able to work
independently without any external power supply which results in important cost-
savings. In the present thesis, the potential of triboelectric nanogenerators as self-
powered sensors for pressures, impacts and velocities is demonstrated. The main

motivations of this research are summarized below:

iv.  Pressure sensors are required in thousands of everyday applications as
touchscreens, touchpads, microphones and medical devices. According to
their mechanism to convert the mechanical energy into electricity can be
generally divided into the following categories: piezoelectric [9-10],
capacitive [11], triboelectric [12-13], optical [14] and resistive sensors [15].
Among these approaches, the sensors based on the triboelectric effect have
attracted the most attention because they are self-powered and do not need a
battery or an external power supply to power the sensor. Therefore, they can
be used as sustainable sensors able to work independently without any
external power supply which results in important cost-savings. Furthermore,
the fabrication of triboelectric sensors is simple and low-cost as does not
require time-consuming and cost processing steps as annealing or electrical
poling. In the sixth chapter of the thesis, we demonstrate a novel self-
powered triboelectric sensor composed of polyvinylidene fluoride (PVDF)
and polyvinyl pyrrolidone (PVP) nanofibers, which can be easily

manufactured by electrospinning.

V. An impact sensor plays a critical role in vehicle safety, fast medical
assistance of elderlies and structural health monitoring. For example, in the
event of a car crash an impact sensor detect the collision to release an air-bag
for the protection of the passengers. In the case of falls in the elderly, an

14



Impact sensor can be used to inform about the accident and provide a fast-
medical assistance.

Other practical examples could be detection of impacts in hail storms, where
impacts are responsible for a considerable number of accidents in aircrafts,
wind turbines and other civil infrastructures. Therefore, the sensing of
Impacts is the vital importance as impacts can seriously affect the health and
safety of humans. In the chapter seven of the present study, we reported that a
novel triboelectric sensor can be successfully used for the detection and

measurement of impacts in real time.

vi. Composite structures as e.g. aircrafts, wind turbines or racing cars are
frequently subjected to numerous impacts. For example, aircrafts may collide
with birds during take-off and landing or get damaged due to the impact of
hailstones. These impacts harm the integrity of the composite laminates used
in their structures which results in delamination and other failures which are
usually very difficult to detect by visual inspections. Hence, the detection and
quantification of impacts is of vital importance for monitoring the health state
of composite structures. Recently, triboelectric sensors have been
demonstrated to detect touches, pressures, vibrations and other mechanical
motions with the advantages of being self-powered, maintenance-free and
easy to fabricate. However, there is no research focusing on the potential of
triboelectric sensors to monitor the impacts applied to composite structures.
In the chapter eight and nine of the present thesis, a self-powered triboelectric
triboelectric sensor is developed to measure strong energy impacts applied to
structures made of composite materials. This could be particularly beneficial
for the detection of bird strikes, hailstones and other high energy impacts in

aircraft composite structures.

1.2 Scope, objectives and contributions

Research on the mechanical and dynamic behaviour of composites reinforced with

electrospun nanofibers is still far from being completed, therefore, we have

15



investigated the mechanical and dynamical properties of nanomodified composites.

The main objectives of the first part of this thesis, which investigates the influence of

nanofibers on the mechanical and dynamical properties of composite laminates are

summarized below:

Study of the effect of nylon nanofibers on the vibratory properties of glass
fibre reinforced polymer composites. To address this study, composite beams
reinforced with and without nylon nanofibers are subjected to free vibration
tests with the aim to assess the influence of nylon nanofibers on the natural
frequencies and damping ratio.

Development of a simple finite element model to simulate with high accuracy
the vibration properties of nanomodified composites. For this purpose, the
natural frequencies and damping ratio of pristine and nanomodified

composites are simulated using transient analysis in ANSY'S workbench.

Study of the potential of nylon nanofibers to reduce the susceptibility of
delamination in composite laminates. To carry out this investigation, the
interlaminar shear strength of glass fibre epoxy composites reinforced with
and without nylon nanofibers is determined experimentally using the
international standard D2344.

Analysis of the delamination behaviour of pristine and nanomodified
composites using cohesive zone modelling in ANSYS workbench. For this
aim, the experimental force-displacement curves are simulated with the aim
to compare the delamination response of pristine and nanomodified

composites.

Investigation of the effect of polycaprolactone nanofibers in the impact
response of glass fibre reinforced polymer composites using a finite element
model. The main idea of this investigation is to demonstrate if the addition of
polycaprolactone nanofibers can be used to develop composite laminates with
higher resistance to impacts (e.g. bird strikes or hailstones), which is

16



important for the health of the composite materials used in aircrafts, wind

turbines and other civil structures.

The topic of the second part of the thesis relates to the applications of nanostructured
triboelectric nanogenerators as self-powered active sensors. Recently, various
approaches have been developed and applied for detection and measurement of
pressures and impacts in environment as per example piezoelectric sensors [16, 17],
capacitive sensors [18], optical sensors [19], acoustic sensors [20], and resistive
sensors [21]. However, most of these technologies require an external power supply
or battery to sense the mechanical stimulus which the disadvantages of no self-
powered operation, limited life-time and maintenance cost. In the present thesis, an
environmentally friendly and self-powered technology based on a triboelectric
nanogenerator is developed for the measurement of pressures and impacts. The main

objectives of this research work are detailed below:

vi.  This research investigates the potential applications of a novel triboelectric
nanogenerator based on polyvinyl fluoride (PVDF) and polyvinyl pyrrolidone
(PVP) nanofibers as self-powered pressure sensor. To address this study, the
technique of dynamic mechanical analyzer (DMA) is used to apply controlled
pressures to the triboelectric nanogenerator and a commercial oscilloscope is

utilized to measure the resultant electric signals of the nanogenerator.

vii.  This research also investigates the ability of the developed PVDF-based
triboelectric nanogenerator to detect and quantify impacts applied to
composite structures. To carry out this investigation, composite plates are
subjected to various impacts in the energy range between 2 J and 30 J using a
drop-weight impact machine. Then, the electric responses of the triboelectric
sensor adhered to the composites are measured in the form of voltage and
current. The idea is to study the changes in the resultant electric signals due to

the variations in the impact energy.

viii.  In the present thesis, we investigate the development of a novel triboelectric
nanogenerator prepared by a membrane of polyvinylidene fluoride (PVDF)

17



nanofibers and an ultra-thin layer of polypropylene (PP). Furthermore, our
research studies analyse the potential applications of the developed TENG as
self-powered impact sensor. For this aim, the triboelectric sensor is impacted
at various energies using a free-falling ball dropped from five different
heights. The idea is study if the electric responses of the nanogenerator are

affected by the magnitude of the impacts.

iX.  This investigation also demonstrates the potential of the developed PVDF-
based triboelectric sensor for monitoring impacts in composite structures like
e.g. aircrafts. For this study, composite plates equipped with a triboelectric
sensor are subjected to various impacts using a drop-weight impact machine
with velocities ranging from 4.6 to 11.6 km/h. Then, the sensor electric
responses are measured in form of voltage and current using a commercial
oscilloscope and digital multimeter respectively. The idea is to investigate if
the amplitude of the voltage and current signals is affected by the velocity of

the impacts.

1.3 Thesis outline

The thesis is made of two major parts: Chapters 3-5 are dedicated to the first part
which considers the influence of nanofibers on the mechanic and dynamic properties
of composite laminates. Chapters 6-9 are dedicated to the second part, which relates
to the applications of nanostructured triboelectric nanogenerators as self-powered

active sensors. The thesis is structured as follows:

Chapter 2 is a critical review of the research topic and provides and overview
of the previous research on the field. Initially, the chapter introduces the use
of electrospun nanofibers as reinforcement for composite laminates.
Therefore, the scientific results reported of the field of nanomodified
composites are analysed with the aim to study the effect of nanofibers on the

mechanical and dynamical properties of composite laminates. Finally, the

18



most relevant scientific results reported on the field of triboelectric
nanogenerators are presented and analysed with the aim to demonstrate the
potential applications of triboelectric nanogenerators as self-powered sensors
for pressures and impacts. As compared to traditional sensors, triboelectric
nanogenerators do not require an external power supply or battery to sense

the mechanical stimulus.

Chapter 3 investigates how nanofibers affect the vibration behaviour of the
composite laminates. In this chapter, we concentrate on the effect of nylon
nanofibers as these are particularly suitable to improve the properties of the
laminates because of their excellent properties. The reinforcement with
nanofibers is beneficial for purpose of reducing the vibration amplitude of
composite structures, which limit the propagation of cracks and other

irreversible damages.

Chapter 4 analyses the effect of nylon nanofibers on the delamination
behaviour of glass fibre epoxy composites. This is of great interest for the
industry as composite laminates reinforced with nylon nanofibers could be
potentially used to prevent the delamination failures in aircrafts, wind

turbines and other civil structures.

Chapter 5 examines the impact behaviour of glass fibre epoxy composites
reinforced with and without polycaprolactone nanofibers. This is of critical
importance as composites reinforced with polycaprolactone nanofibers could
be potentially used to develop composite structures with higher resistance to
impacts (e.g. bird strikes or hailstones), which is important for the health of

the composite mats used in aircrafts, wind turbines and other civil structures.

Chapter 6 suggests a novel triboelectric nanogenerator prepared by PVDF
and PVP fibers and tests its application as self-powered sensor, which detects

and follows the pressure changes in real time. This is the utmost importance

19



as pressure sensors are required in thousands of everyday applications as

touchscreens, touchpads, microphones and medical devices.

Chapter 7 presents a novel triboelectric nanogenerator based on
polyvinylidene fluoride nanofibers and a thin film of polypropylene, which
can be successfully used for real-time detection of small energy impacts. The
sensing of impacts is the vital importance as impacts plays a critical role in
vehicle safety, fast medical assistance of elderlies and structural health

monitoring.

Chapter 8 introduces a new approach to detect and measure the energy of the
impacts in composite structures using a self-powered triboelectric sensor. The
findings of this work demonstrate that triboelectric sensors can be used for
real-time detection of impacts in composite structures as aircrafts, wind
turbines or bridges, which has important applications for the detection of bird
strikes, hailstones and other high energy impacts in aircrafts and civil

structures.

Chapter 9 introduces a new approach to detect and measure the velocity of
the impacts applied to composite structures using a self-powered triboelectric
sensor. The detection and quantification of impacts is of vital importance for
monitoring the health state of composite structures such as aircrafts or wind

turbines.

Chapter 10 presents the most important conclusions and provides the

recommendations for further research.
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Chapter 2

Literature review

2.1 Applications of nanofibers as reinforcement for composite

laminates

In the last years, the scientific community showed a considerable interest on the
potential of electrospun nanofibers as reinforcement for composite laminates. For
example, the authors of [1-3] demonstrated that the incorporation of nanofibers in the
interlaminar regions of composite laminates can be used as a potential approach to
mitigate the delamination. Other practical uses of interleaving with nanofibers is to
increase the resistance to impacts [4, 5] or avoid the propagation of cracks [6]. Thus,
the incorporation of electrospun nanofibers into the interfaces of composite laminates
possesses a great potential to improve the mechanical and dynamic properties of

composite laminates.

Nanofibers fabricated by electrospinning are considered as a promising

candidate for composite reinforcement due to the following aspects:

= The high porosity of the nanostructured membranes allows the resin flow
easily through them, which makes a solid bonding between the nanofibers
and the epoxy resin.

= The membranes of interconnected nanofibers can be easily dispersed in
the interlaminar regions of the composite laminates, which is the critical
importance to improve the material properties of the laminates.

= The weight of the membranes of nanofibers is very light (just a few grams
per square meter), which makes a negligible impact on the overall weight
of the laminates.

= The very high surface area to volume ratio of the nanofibers enhances the

load transfers between the matrix and the fibres.
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= The dimensions of the composites are not affected by the incorporation of
nanofibers due to the small size of the nanofibers.

= The addition of nanofibers in the interlaminar regions of the laminates can
increase significantly some mechanical and dynamical properties of the

composites.

In this review, the use of electrospun nanofibers as reinforcement for
composite laminates is reviewed and discussed. Therefore, the scientific results
reported of the field of nanomodified composites are analysed with the aim to study
the effect of nanofibers on the mechanical and dynamical properties of composite

laminates.

2.1.1 Effect of nanofibers on the vibratory behaviour

It is well known that the propagation of delamination and other failures in
composite laminates is strongly affected by the vibratory of the composite laminates.
Therefore, vibrations are responsible for a considerable number of accidents in
aircrafts, bridges and other composite structures that fail (are destroyed) due to large
amplitude vibrations. One of the methods to reduce the vibrations and avoid the
propagation of cracks is to increase the damping of the composite laminates which
can be achieved by the incorporation of electrospun nanofibers into the interlaminar
regions of composite laminates. Thus, it is of vital importance to investigate the

effect of electrospun nanofibers on the vibratory behaviour of composite mats.

Recently, several papers have investigated the effect of nanofibers on the
natural frequencies of composite laminates. For example, Shiuh-Chuan Her et al. [7]
analysed the natural frequencies on composites reinforced with and without carbon
nanotubes. This work reports that the natural frequencies of epoxy composites
increase a 7% due to the addition of carbon nanotubes. G. Balaganesan et al. [8]
analysed the natural frequencies on pristine and clay nano-modified composites. The

results reveal that natural frequencies of glass fibre composites can be increased up
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to 12% due to the addition of clay nanofibers. Other authors as [9, 10] observed very
small changes in the natural frequencies due to the incorporation of carbon
nanofibers and nanotubes in composites. In general, it can be said that the change of
the natural frequencies attributed to the reinforcement with nanofibers depends on

the content and type of nanofibers interleaved.

Alternatively, other authors incorporated nanofibers on the interlaminar regions
of composite laminates with the aim to increase the damping ratio. For example,
Jihua Gou et al. [9] and Naser Kordani et al. [10] reported a 200% and 108%
increase of the damping ratio of composite laminates interleaved with carbon
nanotubes with respect to the damping of pristine composites. K.T.B. Padal et al.
[11] showed that the damping ratio of epoxy composites reinforced with jute
nanofibers is a 70% higher as compared to the damping ratio of the virgin panels. In
summary, the vast majority of the published studies demonstrate that there is a
significant increase of damping ratio due to the incorporation of nanofibers in the
composite laminates. This can be attributed to the fact that nanofibers improve the
load transference between the fibres and the epoxy resin, giving the nano modified
composites a higher damping ratio. Thus, the interleaving with nanofibers is an
effective method to increase the damping ratio and to reduce the vibration amplitudes

of the structures.

Although some authors have studied the vibration behaviour of nanomodified
composites mainly based on experimental method [7-11], there are only a few
attempts to model the vibratory behaviour of nanomodified composites using finite
element analysis [12, 13]. Special attention deserves the works of Rafiee and
Moghadam [12] which attempt to develop a multi-scale finite element method to
simulate the vibration behaviour of polymers reinforced with and without carbon
nanotubes. Their results show a considerable growth of the natural frequencies due to
the addition of carbon nanotubes. Other authors as Ribeiro [13] suggested a finite
element model (FEM) to simulate the first three vibration modes of carbon

nanotubes. In conclusion, it can be said that there are only a couple studies that
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investigate numerically the effect of nanofibers on the vibration behaviour of

composite laminates.

In the last years, the dynamic properties of composite materials reinforced with
carbon nanofibers and nanotubes have been widely studied. However, only one study
has investigated the vibratory behaviour of composites reinforced with electrospun
nanofibers. Table 2.1 presents a summary of the results from these this study dealing
with the vibratory behaviour of composite laminates reinforced with electrospun
nanofibers. In [14], R. Palazzetti et al. found that the damping of carbon fibre
composite panels reinforced with nylon nanofibers is about 60% higher than the
damping of pristine panels. Additionally, the first natural frequency of the glass fibre
epoxy composites shows a very small increment due to the incorporation of nylon
nanofibers. To date, the vibratory behaviour of composite laminates reinforced with
electrospun nanofibers has been poorly investigated. Therefore, there is an urgent
need to explore the effect of electrospun nanofibers on the natural frequencies and

damping ratio of composite laminates.

Reference Laminate Nanofiber Amount Variation

[14] Carbon fibre PA 25 pm + 60%

Table 2.1 Effect of electrospun nanofibers on the damping ratio

2.1.2 Effect of nanofibers on the delamination behaviour

In this section, the influence of polymer nanofibers on the delamination behaviour of
composite laminates is analysed. To address this, it is explored the influence of
electrospun nanofibers on three material properties which are related to
delamination: (i) Mode | energy release, (ii) Mode Il energy release rate and (iii)

Interlaminar shear strength.

The Mode | and Il energy release rates are the most common and effective

approach to investigate delamination behaviour of composite laminates [1-3].
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Therefore, most of the studies on the field of nanomodified composites have
analysed the delamination behaviour of pristine and nanomodified composites using
this approach. The main differences between both experimental tests is the way of
applying the load. The load is applied in normal and parallel direction to the plane of

the crack in Mode | and Mode 11, respectively.

Alternatively, the interlaminar shear strength can also be used to analyse the
delamination behaviour of composite laminates. In this test, the load is applied to a
very short beam which generates dominant shear stress on the interlaminar region,
where the nanofibers are laid. The composite specimens used in the test are very

small which reduces considerably the material expenses and saves experimental time.

(i)  Effect of nanofibers on the mode | energy release rate

In this section, the influence of polymer nanofibers on the mode | energy release rate
of composite laminates is analysed. To address this task, the scientific results
reported on the field of composites reinforced with polymeric nanofibers are
analysed with the aim to understand the effect of nanofibers on the energy release

rates of the composites.

The mode | critical energy release rates for composite specimens reinforced
with and without nanofibers are determined by the international standard ASTM
D5528 [15]. During the tests, the force and displacement curves of the composite
specimens are recorded with the aim to calculate the critical and propagation energy

release rates of the pristine and nanomodified composites.

Table 2.2 presents the results from ten publications of the field of study. The
table indicates that eight papers (80% of the total) show that the addition of
nanofibers into the laminates cause a significant increment of the energy release rates
in the range between 13% and 158% [16-23]. In the other two papers (20% of the
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total), the incorporation of nanofibers results in a reduction of the mode | energy
releases rates [24, 25]. As a result, the papers indicate that the presence of nanofibers
in the ply interfaces of the laminates generally increase the energy release rate.
Therefore, the interleaving with electrospun nanofibers is an effective method to
prevent the delamination failures in composite laminates. The mode | toughness of
the composite laminates reinforced with nanofibers is strongly influenced by these
factors: manufacturing process of the nanocomposite, mechanical properties of
nanofibers, number of nanofibers, and class of fabric. The changes in mode |
toughness from +158 % to -27 % can be explained by the fact that the fabrication
procedure, types of nanofibers, amount of nanofibers and type of fabrics used in the

preparation of these nanomodified composites are completely different.

Reference Laminate Nanofiber Amount Variation
[16] Carbon fibre PSF 1% + 158%
[17] Carbon fibre PA 1.8 g/m? +137%
[18] Carbon fibre Phenoxy 70 pm +98%
[19] Glass fibre SBS 22 g/m? +90%
[20] Glass fibre PCL 15 g/m? +50%
[21] Carbon fibre PVDF 30 pm + 44%
[22] Carbon fibre PA 70 um +23%
[23] Carbon fibre PVB 4.5 g/m? +13%
[24] Glass fibre TEOS NA -12%
[25] Carbon fibre PVA 7.1 g/m? -27%

Table 2.2 Effect of electrospun nanofibers on the mode | energy release rate

The literature indicates that several types of nanofibers have been used to
enhance the mode | energy release rates of composite laminates. For example, the
authors of [17, 22] utilized nylon nanofibers to increase the energy release rates of
carbon fibre epoxy composites. On the other hand, other researchers used other type
of nanofibers to reinforce the composite laminates as polysulfone [16], phenoxy [18],
styrene butadiene styrene [19], polycaprolactone [20], polyvinylidene fluoride [21]
or polyvinyl butyral [23]. Additionally, it is important to mention that all studies
found on the literature used a very small amount of nanofibers (below 22 g/m?) to

improve the mode | energy release rates of the composite laminates.
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The increment of the energy release rate of the composite laminates has been
attributed to various mechanisms discovered by the authors. For example, T. Brugo
et al. [17] indicates that the incorporation of nylon nanofibers in the interlaminar
regions of carbon fibre composites increase in a 137% the mode | energy release rate.
This behaviour is explained by the fact that nanofibers block the propagation of the
crack along the ply interfaces. Therefore, the crack is forced to follow another longer
and tortuous path, which results in an increment of the energy required to propagate
the crack. S. Heijden et al. [19] reports that the energy release rate of carbon fibre
epoxy composites reinforced with styrene butadiene nanofibers is a 90% higher as
compared to the energy release rate of the pristine specimens. This important
increment of the energy release rate is attributed to the presence of significant
bridging phenomena between the nanofibers and the composite laminas, which
makes the nanofibers act as bridges to link the two adjacent composite plies. S.
Alessi et al. [22] shows that carbon fibre epoxy composites reinforced with thin
membranes of nylon nanofibers possess a 23% higher energy release rate with
respect to neat specimens. This behaviour is due to the strong adhesion between the
nanofibers and the epoxy resin, which results in higher energy release rates for the
nanomodified samples. In general, it can be said that various reinforcing mechanisms
has been reported in the literature with the aim to explain the increment of the energy

release rates in the nanomodified composites.

On the other hand, other authors utilized a finite element model (FEM) to
investigate the influence of nanofibers on the energy release rates in opening mode.
For example, H. Saghafi et al. [21] simulated numerically the fracture behaviour of
composites reinforced with thin and thick membranes of polyvinyl fluoride
nanofibers. The results suggested that the interleaving with thin and thick membranes
of nanofibers leads to 42% and 98% enhancement of the mode | energy release rate,
respectively. G. Giuliese et al. [26] developed a cohesive zone model (CZM) to
model the fracture response of composites reinforced with different configurations of
nylon nanofibers. The results demonstrated that the opening mode energy release

rates are strongly affected by the morphology of the nanofibers.
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In summary, the vast majority of results reported on the literature demonstrates
that the incorporation of a very small amount of nanofibers in the ply interfaces of
glass and carbon fibre epoxy laminates can be used to enhance significantly the mode

| energy release rate.

(i)  Effect of nanofibers on the mode Il energy release rate

The aim of this paragraph is to explain how the addition of polymer nanofibers can
be used to improve the mode Il energy release rate of the composite laminates.
Therefore, some research results published on the topic of nanomodified composites
are presented and reviewed with the aim to understand the effect of nanofibers on the

energy release rates of the composites.

Most of the studies found on the literature use the international standard ASTM
D7905 [27] to determinate the mode Il energy release rate of the pristine and
nanomodified composites. During the experiment, the force and displacement curves
of the pre-delaminated composite beams are recorded with the purpose to calculate

the critical energy release rate in sliding mode.

Table 2.3 summarizes the experimental results from ten publications in the
scientific field. The table shows that nine of the papers (90% of the total) reported a
clear increment (above the 20%) of the sliding mode energy releases rates when the
nanofibers are interleaved in the composite laminates [18-20, 23, 28-31]. On the
other hand, the other paper (10% of the total) show that the addition of nanofibers
involves a small decrement of the mode Il energy release rate [23]. Therefore, most
of the papers indicate that the reinforcement with electrospun nanofibers increases
the energy release rate. Hence, it is demonstrated that the interleaving with
electrospun nanofibers is an effective method to prevent the delamination failures in

composite laminates.
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Reference Laminate Nanofiber Amount Variation

[28] Glass fibre PA 25 g/m? +109%
[19] Glass fibre SBS 22 g/m? +100%
[20] Glass fibre PCL 15 g/m? +81%
[29] Carbon fibre PVDF 5% +57%
[23] Carbon fibre PAI 4.1 g/m? + 56%
[30] Glass fibre TEOS 2.5 g/m? +56%
[18] Carbon fibre Phenoxy 70 pm +31%
[31] Carbon fibre Silk 5% + 30%
[23] Carbon fibre PES 3.6 g/m? + 20%
[23] Carbon fibre PVB 4.3 g/m? - 8%

Table 2.3 Effect of electrospun nanofibers on the mode Il energy release rate

Table 2.3 indicates the nanofibers which have been previously employed to
improve the mode Il energy release rate of the composite laminates. Furthermore, the
table also includes the amount of nanofibers interleaved in the specimen and the type
of composite laminate. H. Saghafi et al. [28] analysed the influence of nylon
nanofibers on the interlaminar properties of unidirectional glass fibre epoxy
composites. The results show that the addition of a minimum amount of nylon
nanofibers in the composite interfaces increase the mode Il energy release rate by
109%. K. Magniez et al. [29] demonstrated that the mode Il energy release rate of
carbon fibre composite epoxy reinforced with polyvinyl fluoride nanofibers is a 57%
higher as compared to the neat panels. It is worthy to note that the weight fraction of
the nanofibers in the nanomodified composites is very small (5%). G. Beckermann et
al. [23] investigates the mode Il energy release rate of polyvinyl butyral
nanomodified and pristine composites. The results indicate that the incorporation of
polyvinyl butyral nanofibers in the interfaces of carbon fibre epoxy composites
decrease an 8% the energy release rate with respect to the neat panel. In general,
most of the studies prove that the incorporation of electrospun nanofibers can be used

to enhance the mode 11 energy release rate of composite laminates.

Similar results are found on [26, 32], where the authors investigated
numerically the effect of nanofibers on the energy release rates of pristine and
nanomodified composites. In [32], the authors developed a cohesive zone model to
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simulate the fracture behaviour of composites modified with nylon nanofibers. The
results show that the addition of nylon nanofibers in the interlaminar regions of
carbon composite laminates increased an 11% the energy release rate in sliding
mode. Other studies as [26] used a cohesive zone model to simulate the fracture
response of composites reinforced with different configurations of nylon nanofibers.
The results demonstrated that the energy release rates are strongly affected by the

morphology of the nanofibers.

In conclusion, most of the studies indicate that a very small amount of
nanofibers induce a generous increment of the mode Il energy release rates of the
composite laminates. The increment of the energy release rate in the composite
specimens is attributed to the same reinforcing mechanisms presented in the section
above. In [19, 20], the critical energy release rate is increased because of the
modification of the crack path during the delamination process. In other words, the
nanofibers hinder the propagation of the crack along the ply interfaces, and the crack
is forced to follow another longer and harder path. In [28], the energy release rate is
increased thanks to the presence of significant bridging phenomena between the
nanofibers and the two adjacent composite plies, which induces an increment of the
residual interlaminar fracture toughness. In [18], the authors attributed the
compatibility between the epoxy resin and the polymer nanofibers as one of the main
reasons to explain the increment of the energy release rate in the nanomodified
composites.

(iii)  Effect of nanofibers on the interlaminar shear strength

In this section, the effect of electrospun nanofibers on the interlaminar shear strength
of composite laminates is considered. For this aim, the ISO 14130 [33] and the
ASTM D2344 [34] international standards are used to determinate the bending
behaviour of the pristine and the nanomodified composites. During the bending tests,
the load is applied to a very short composite beam to generate shear stresses on the

interlaminar regions where nanofibers are interleaved.

33



Table 2.4 summarises the results found on the literature. In [30], it is shown
that the incorporation of tetra ethyl orthosilicate into the interlaminar regions of glass
fibre epoxy composites results in an increment of the interlaminar shear strength of
105%. In [35], our research group demonstrated that the interlaminar shear strength
of unidirectional glass fibre epoxy composites increased a 27% due to the addition of
nylon nanofibers. Other studies as [37] showed small increments of 11% due to the

presence of polyacrylonitrile nanofibers in carbon fibre composites.

Reference Laminate Nanofiber Amount Variation
[30] Glass fibre TEOS 2.5 g/m? + 105%
[35] Glass fibre PA 25 g/m? +27%
[36] Glass fibre TPU N/A + 18%
[37] Carbon fibre PAN N/A +11%
[18] Carbon fibre Phenoxy 70 um + 0%

Table 2.4 Effect of electrospun nanofibers on the interlaminar shear strength

In summary, most of the papers show that the interleaving with nanofibers has
a positive effect on the composite laminates. This can be explained because the
electrospun nanofibers enhance the transference of load from the epoxy to the fibres,
reducing the stress concentrations on the interlaminar regions [37].

As stated above, many authors have extensively investigated how the
incorporation of electrospun nanofibers into the ply interfaces of composite
laminates can be used to mitigate the delamination. For example, the papers
published by [1, 2] demonstrated that the addition of electrospun nanofibers in
composite laminates can be used to increase the mode | energy release rate. Similar
results are reported by [3], indicating that mode Il energy release rate of composite
laminates can be increased considerably due to the incorporation of electrospun
nanofibers. Up to now, most of the publications about the delamination behaviour of
nanomodified composites have investigated about the influence of electrospun
nanofibers on the mode | and Il energy release rates [1-3, 16-25, 28-31]. However,
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only a few studies focus on the influence of electrospun nanofibers on the

interlaminar shear strength of glass fibre epoxy composites [35-37].

2.1.3 Effect of nanofibers on the impact behaviour

Aircrafts, wind turbines and other structures made of composite laminates are
frequently subjected to impacts. For example, aircrafts may collide with birds during
take-off and landing or being damaged due to the impact of hailstones. These
impacts damage the integrity of the composite laminates used in the structures, which
results in delamination and other irreversible damages. One of the ways to prevent
the delamination cones formed by the impacts is the incorporation of electrospun
nanofibers in the interlaminar regions of composite laminates. In this section, the
effect of electrospun nanofibers on the area damaged in composites by low velocity

impacts is analysed.

Table 2.5 summarises the results from some publications found on the
literature. From the table, it can be observed that most of the papers (80% of the
total) reported an important reduction of the area damaged when nanofibers are
interleaved in the composites [20, 38-40] and only one of the papers (20% of the
total) showed that the addition of nanofibers causes an increment of the area
damaged because of low velocity impact [41]. Therefore, many of the publications
demonstrated that the incorporation of nanofibers in the interfaces of laminates is an

effective method to reduce the area damaged because of low velocity impacts.

Reference Laminate Nanofiber Amount Variation
[38] Glass fibre PA+PCL 30 pum - 59%
[20] Glass fibre PCL 15 g/m? - 50%
[39] Carbon fibre PA 1.7 g/m? - 46%
[40] Glass fibre PCL 30 pum - 26%
[41] Glass fibre TEOS 8.2 g/m? +9%

Table 2.5 Effect of electrospun nanofibers on the area damaged by impact
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Recently, several papers have investigated the effect of electrospun nanofibers
on the impact response of composite laminates. For example, P. Akangah et al. [39]
compared the impact response of carbon fibre laminates reinforced with and without
nylon nanofibers. The results reveal that the area damaged because of low velocity
impacts decreases considerably (up to 46%) because of the presence of nylon
nanofibers. H. Saghafi et al. [38] demonstrated that the incorporation of a mixture of
polycaprolactone and nylon nanofibers into the interlaminar regions of glass fibre
epoxy composites reduce a 59% the area damaged because of the impact. The
reinforcement mechanism is attributed to the fact that the nanofibers are linked with
the two adjacent composite laminates, which avoids the delamination cones. Other
authors as [42, 43] suggested that the interleaving with polyvinylidene fluoride and
polyacrylonitrile nanofibers is not a good choice for toughening the epoxy and

enhancing the impact response of glass fibre composites.

Additionally, other researchers have investigated the impact response of
pristine and nanomodified composites using finite element analysis. For example, the
authors of [44] investigated the impact behaviour of polymers interleaved with and
without carbon nanotubes using a multi-scale finite element model. The results of
this work revealed a considerable increase of the impact resistance of the carbon
nanomodified polymers as compared to the pristine panels. In our paper [45], we
developed a cohesive zone model to simulate the impact response of composites
reinforced with and without polycaprolactone nanofibers. The results of our work
show that the polycaprolactone nanomodified laminates are a 40% less damaged by

the impacts as compared to the pristine specimens.

In general, most of the studies show that there is a significant reduction of the
delamination due to the incorporation of electrospun nanofibers in the ply interfaces
of composite laminates. Thus, it is demonstrated that the addition of electrospun
nanofibers is an effective method to enhance the impact response of structures made

of composite laminates.
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Up to date, most of the studies have investigated the effect of electrospun
nanofibers on the fracture toughness in opening and sliding mode [1-3], on the
tensile strength [46, 47], and the compression strength after impact [48]. However,
there are still very few works to report about the effect of electrospun nanofibers on

the impact behaviour of composite laminates.

On the other hand, only a few authors have simulated the impact behaviour of
nanomodified composites using finite element analysis. For example, the authors of
[44] investigated the impact behaviour of polymers interleaved with and without
carbon nanotubes using a multi-scale finite element model. The results of this work
show an improvement of the impact resistance of the carbon nanomodified polymers
as compared to the pristine panels. Therefore, there are very few attempts to simulate
numerically the influence of nanofibers on the impact behaviour of composite

laminates.

2.1.4 Conclusions

In this section, the use of electrospun nanofibers as reinforcement for composite
laminates is reviewed and discussed. The vast majority of the papers found in
literature show that the incorporation of nanofibers in laminates can bring significant
benefits from the mechanical and dynamical points of view. The impact of
nanofibers on a laminate is minimum as the weight of the nanofibers is very light,
but the mechanical and dynamical properties of the composites can be significantly
increased compared with that of the pristine material. Research on the mechanical
and dynamic behaviour of composites reinforced with nanofibers is still far to be
completed; therefore, we investigate the mechanical and dynamical properties of

nanomodified composites.
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2.2 Applications of nanofibers as triboelectric nanogenerators

and sensors

This part of the literature review reports some recent progress in the application of
triboelectric nanogenerators as self-powered sensors. Initially, we introduce the
working mechanism and basic principles of triboelectric nanogenerators. After that,
the scientific results reported of the field of triboelectric nanogenerators are analysed
with the aim to demonstrate the potential of triboelectric nanogenerators as self-

pOWEI’Ed Sensors.

Nanogenerator is a device that converts environmental energy (e.g. wind
energy, thermal energy or water energy) into electricity. According to its operating
principle, a nanogenerator can be generally classified into the following categories:
piezoelectric [49, 50], triboelectric [51, 52] and pyroelectric [53] nanogenerators.
Among them, the piezoelectric and triboelectric nanogenerators can convert
mechanical energy into electricity and pyroelectric nanogenerators can be used to
harvest thermal energy from a time-dependent temperature fluctuation. Among the
various kinds of nanogenerators, triboelectric nanogenerators have recently attracted
considerable attention among the research community because of their high energy

conversion efficiency, self-powered mechanism, low-cost and easy fabrication.

In the last years, triboelectric nanogenerators (TENGS) have been extensively
reported for its potential applications in the field of energy harvesting [54-58], which
is of great value especially for powering mobile electronics by the harvesting of
green energy. On the other hand, the electric signals generated from the
nanogenerator are proportional to the magnitude and frequency of the mechanical
stimulus and can be used as self-powered active sensors to measure multiple
mechanical stimulus as pressures [59-61], vibrations [62, 63], human body motions
[64, 65], environmental changes [66-68] and more. Hence, one of the main
applications of triboelectric nanogenerators is to serve as sustainable sensor able to

work independently without any external power supply.
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2.2.1 Operation principle of the nanogenenerators

The working principle of triboelectric nanogenerators is based on the contact
electrification and electrostatic induction [69, 70]. The contact electrification occurs
when two materials with different electron affinities are brought into contact with
each other, which induce positive and negative charges in the surfaces of the
contacted mats. The amount of charge transferred between the two materials is
related to the area of the materials in contact and their differences in electron
affinities [71]. The electrostatic induction takes places when the two materials with
opposite and equivalent triboelectric charges are separated, which result in a dipolar

moment and a strong potential difference.

Fig. 2.1 shows a schematic description of the mechanism of generation of
electricity, which is commonly known as vertical contact separation mode. At the
original state, there is not contact between the two triboelectric materials of the
nanogenerator, which results in no potential difference between the two electrodes
(Fig. 2.1 (a)). Under a pressing force, the two frictional materials are brought into
contact which each other, which generate net negative charges on the surface of the
electronegative mat and net positive charges on the surface of the electronegative
positive mat (Fig. 2.1 (b)). This is attributed to a natural phenomenon entitled contact
electrification in which a material becomes electrically charged after it gets into
contact with a material with different polarity. Since the triboelectric charges are
generated on the surface of the triboelectric materials, charges with opposite signs
coincide at almost the same plane in the contact state, which results in no electric
potential difference between the top and bottom plate of the triboelectric
nanogenerator. Subsequently, upon releasing of the pressing force, the two frictional
materials are separated, and the relative position of the positive and negative
triboelectric charges will change in the TENG device, which will create a potential
drop between the top and bottom plate of the triboelectric nanogenerator (Fig. 2.1
(c)). As a result, the free electrons in one electrode will be driven to flow to the other
electrode through an external load with the aim to reach the electrostatic equilibrium

in a process known as electrostatic induction. In this way, the mechanical energy
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applied to the nanogenerator is converted into electricity by the conjunction of the
physical processes of contact electrification and electrostatic induction.

(a) Initial state (b) Contact state (c) Separation state

+ + + 4+ 4+

+ + + + + + + + + + + + + + + +_+ +

Copper electrodes PVDF nanofibers PVP nanofibers

Fig. 2.1: Schematic diagram of the working mechanism of the nanogenerator: (a)
Configuration of the nanogenerator in the original state. (b) Nanogenerator configuration
during the pressure and (c) after the pressure.

2.2.2 Output performance enhancement of the nanogenerators

It is well known that there are numerous ways to increase the electric responses of a
triboelectric nanogenerator. The aim of this paragraph is to present and discuss the
different methods used to enhance the performance of TENGs. The voltage outputs

of a triboelectric nanogenerator can be given by:

_ad

V= (1)

€o

Where o is the density of triboelectric charges, d is the distance between the
frictional layers and &) is an electric constant denominated vacuum permittivity.
Therefore, the voltage output of a TENG can be increased due to the increment of
two parameters: the density of triboelectric charges and the separation between the

oppositely charged surfaces.

The first way to enhance the performance of the TENG is the selection of two
triboelectric materials with strong tendency to lose and gain triboelectric charges
during the frictional process. Table 2.6 represents the triboelectric series which is a

general classification of the materials according to its ability to lose and gain
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triboelectric charges. The materials at the top of the series show a strong tendency to
gain electrons and become negative charged while the materials at the bottom easily
lose electrons and become positively charged. As a result, the materials at the top of
the list gain triboelectric charges, when they are in contact with materials from the
bottom table. The further away the materials are from each other on the series, the
more triboelectric charges are exchanged, which results in an increment of the
triboelectric effect. Thus, the selection of the right triboelectric materials plays a
critical role on the generation of triboelectric charges and electric responses of the
nanogenerator. In general, the material choices for fabricating TENGs are huge as all
materials present in our lives presents triboelectrification effect and can be

candidates for fabricating a TENG.

The second approach to achieve high electric responses is through the
modification of the surface morphology of the frictional material. The surface
morphologies of the TENG can be modified by physical and chemical techniques
which can be used to create nanofibers or surfaces with different topographies such
as strips, cubes, and pyramids. The electric responses of the triboelectric
nanogenerator are strongly affected by the contact surfaces between the frictional
materials. Therefore, an increment of the contact area of the frictional materials is an

effective way to increase the electric responses of the triboelectric nanogenerators.

The third way to improve the performance of a triboelectric nanogenerator is
by optimizing the structural design of the nanogenerator. The periodic contacts and
separations of the frictional materials from the triboelectric nanogenerator are of
critical importance for enhancing the generation of electricity. To achieve this,
TENGs with different structural designs as the spacer structure [72], arch-shaped
structure [73] or spring-supported structure [74] have been developed with the aim to
increase the contact and separations between the frictional materials and maximize
the electric responses of the nanogenerators. Thus, it can be said that the structural
design plays a very important role in the enhancement of the TENG output

performance.
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Polytetrafluoroethylene
Polytrifluorochlorethylene
Polyvinylidene fluoride (PVDF)
Polyvinyl chloride
Polyimide
O Polypropylene
Polyethylene
Polystyrene
Polyvinyl chloride
Polychloroether
Polyacrilonitrile
Natural rubber
Polychlorobutadiene
Polyvinylbutiral
Polyurethane
Polyisobutylene
Polyester
Polyvinyl alcohol
— Polymethyl methacrylate
Silver
Copper
Wood
Steel
Cotton
Paper
Aluminium
\ 4 Silk
Wool
Polyamide 66
Polyamide 11
Polyvinylpirrolidone (PVP)
Polyformaldehide

Negative

9AIsOd

Table 2.6 Triboelectric charges for some commonly triboelectric materials.

In general, it can be concluded that there are different approaches to improve
the performance of the TENGs. In this regard, the ability of the materials to
exchange triboelectric charges, the area of contact between the frictional materials
and the structural design of the triboelectric nanogenerator are of critical importance
to enhance the electric responses of the devices. These are the reasons why we used
triboelectric materials which are on the far ends of the triboelectric series and have a

large contact surface to fabricate the triboelectric nanogenerators.
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2.2.3 Applications as self-powered active sensors

A triboelectric nanogenerator is a device that converts mechanical energy as
produced by small scale physical action into electricity [75]. The amplitude and
frequency of the output signal of the nanogenerator is dependent on the magnitude of
the mechanical stimuli. As a result, the mechanical stimuli (e.g. pressure, vibration,
impact, etc) could be measured by analysing the generated electric output signals.
The focus of this review is to analyse the applications of triboelectric nanogenerators
as self-powered active sensors for pressures [76-79], impacts [86-88] and velocities
[96-98]. The main advantage of active sensors is that they do not need an external

power source or battery to drive the device.

(i)  Self-powered pressure sensors

As stated above, the electric response of a TENG is strongly affected by the pressure
of the mechanical stimuli. As a result, the first straightforward application for
TENGSs would be monitoring of external pressure applied on the TENG, which have
many potential applications in thousands of everyday applications as touchscreens,

medical devices, health monitoring, and so on.

In the last years, TENGs has been widely reported for their potential
applications as self-powered pressure sensors. F.R. Fan et al. [76] was the first one to
demonstrate the practical applications of triboelectric nanogenerators as high
sensitivity self-powered pressure sensors. For the purpose, the authors measured the
electric responses of a PDMS based triboelectric nanogenerator due to gentle
pressures induced by a water droplet (3.6 Pa) and the falling of a piece of feather (0.4
Pa). The results proven that the nanogenerators were sensitive to the small pressures
applied by the water droplet and the feather and showed electric responses of
approximately 0.3 V. Furthermore, this paper also analysed the effect of the frictional
materials contact area on the electric responses of the nanogenerator. For the

purpose, the researchers fabricated four types of triboelectric nanogenerators with
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different types of polymer micropatterned arrays: film, lines, cubes and pyramids.
The results showed that the devices patterned with geometric features (lines, cubes
and pyramids) showed from five to ten times larger electric responses than the film
patterned nanogenerator, under the same mechanical pressure. This behaviour is
attributed to the larger contact area of the devices with patterned geometric features,
which improve the generation of triboelectric charges in the triboelectric

nanogenerator.

K.Y. Lee et al. [77] developed a triboelectric nanogenerator which consists of a
polymeric sheet of polytetrafluoroethylene (PTFE) and a metal film of copper
patterned with hemispheres. In the design of the TENG, polytetrafluorethylene and
copper were chosen as frictional materials to form the TENG due to their strong
ability to gain and lose triboelectric charges, respectively. The hemispheres-array
structure of the copper film was introduced in the nanogenerator with the aim to
increase the area of contact between the frictional mats, which would help to increase
the electric response of the TENG. Furthermore, the paper demonstrated the potential
applications of the developed triboelectric nanogenerator as self-powered sensor. For
the purpose, a commercial mechanical motor was used to apply controlled pressing
forces to the nanogenerator. The results showed that the voltage outputs increase
from 6 V to 25 V as the pressing forces increases between 1 N and 50 N. This
behaviour can be explained by the increment of the contact area under stronger
compressive forces, which increases the generation of triboelectric charges. In
conclusion, the authors of [77] developed a self-powered pressure sensor using a
triboelectric nanogenerator, which can measure a large range of pressing forces

between 1 N and 50 N.

G. Zhu et al. [78] invented an ultrasensitive self-powered pressure sensor using
a fluorinated ethylene propylene based triboelectric nanogenerator. The layer of
fluorinated ethylene propylene (FEP) is chosen thanks to its high ability to gain
triboelectric charges, which is caused by their large amount of fluorine on the
material. From the results, it can be observed that the voltage output increases under

stronger pressures and finally saturates at 50 V, when the contact pressure
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approaches 10 kPa. Furthermore, the graph shows that the sensor is very sensitive to
pressures in the low-pressure region (< 150 Pa). However, the sensitivity decreased
significantly in the pressure region between 150 Pa and 10000 Pa. In the author’s
opinion, this is a very normal phenomenon for any pressure sensor as the linear
relationship between the electric response and the pressing force can only hold
within a certain range of pressing force. In summary, the paper successfully
demonstrated that a FEP-based triboelectric nanogenerator can be used to measure

pressures in a wide measurement range between 0 and 10 kPa.

B. Yu et al. [79] reported a new class of self-powered pressure sensor using a
triboelectric nanogenerator made of nanofibers. Polyvinylidene fluoride (PVDF) and
poly(3-hydroxybutyrate-co-3-hydro-xyvalerate) (PHBV) nanofibers were chosen as
frictional materials to form the TENG because both materials are located at both ends
of the triboelectric series. The polymer nanofibers are prepared by electrospinning
because it is a simple and economic way to produce membranes with a dense
population of triboelectric nanofibers [80]. Furthermore, the high contact surface of
the nanostructured membranes will improve the generation of the triboelectric
charges, which is beneficial to increase the electric responses of the nanogenerator.
From the results, it can be observed that the voltage outputs of the triboelectric
nanogenerator increased from 240 V to 550 V in the pressure range between 0 MPa
and 25 MPa. A similar behaviour is observed for the current outputs of the
nanogenerator which increased from 20 pA to 45 pA when the pressures are
increased in the same pressure range. In conclusion, it can be said that the
nanostructured triboelectric nanogenerator demonstrated an excellent performance to

measure pressures in a wide measurement range between 0 and 25 MPa.

(i)  Self-powered impact sensors

An impact sensor plays a critical role in vehicle safety, fast medical assistance of
elderlies and structural health monitoring. For example, in the event of a car crash an
impact sensor detect the collision to release an air-bag for the protection of the

passengers. In the case of falls in the elderly, an impact sensor can be used to inform
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about the accident and provide fast-medical assistance. Other practical examples
could be detection of impacts in hail storms, where impacts are responsible for a
considerable number of accidents in aircrafts, wind turbines and other civil
infrastructures. Therefore, the detection of impacts is of vital importance as impacts

can seriously affect the health and safety of humans.

In the last years, only a few works reported for the potential applications of
triboelectric nanogenerators as self-powered impact sensors [86-88]. K. Dai et al.
[93] developed a new class of PDMS-based triboelectric nanogenerator with the aim
to test its application as self-powered acceleration sensor. Performance test on this
high g acceleration sensor is carried out by the machete hammer test, which is the
most widely used high acceleration test. The results from the experiment indicate that
the voltage and the current outputs increase proportionally from 10 V (5 pA) to 100
V (17.5 pA) as the impact acceleration increases in the range between 2600 - 16000
g. Furthermore, the voltage and current outputs show a high sensitivity of 1.8 mV/g
in a very large measurement range up to 16000 g. It is also important to mention that
a clear linear relationship between the acceleration of the impacts and the electric
outputs of the triboelectric nanogenerator is observed with a high Pearson coefficient
0f 0.999, which is beneficial for practical applications of the sensor. In summary, this
paper introduces a new self-powered triboelectric sensor for strong impact detection
which can be potentially used for detection and measurements of high acceleration
impacts in military equipments and vehicle safety (e.g. car crash or detonation of

missiles).

C. Xiang et al. [88] invented an original self-powered acceleration sensor for
detection of impacts using a triboelectric nanogenerator. In the design of the TENG,
a film of polydimethylsiloxane (PDMS) and polyethylene (PET) are chosen as
negative and positive frictional triboelectric materials due to their distinct electronic
affinities. Furthermore, the contact surface of PDMS film is increased by the
incorporation of pyramids with the aim to increase the generation of triboelectric
charges and electric responses of the nanogenerator. With the aim to the test the

performance of the TENG as self-powered acceleration sensor, a shaker is used to
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apply vibrations with different accelerations in the range from 1.44 m/s? to 5.69 m/s>.
The experimental results indicate that the voltage outputs are strongly influenced by
the acceleration and a linear increase between 1.5 mV and 7.5 mV is observed as the
acceleration of the impact raises from 1.44 m/s? to 5.69 m/s>. Furthermore, the
voltage output shows high reproducibility, linearity and sensitivity in the
experimental measurement range between 1.44 m/s? to 5.69 m/s>. In summary, it can
be said that the developed triboelectric nanogenerator could be potentially used for a
wide spectrum of applications as national defence, vehicle safety, military

equipments and so on.

The author of this thesis [87] invented a novel nanostructured triboelectric
generator composed of polyvinyl fluoride (PVDF) and polyvinyl pyrrolidone (PVP)
nanofibers and suggested and evaluated its potential for application as impact sensor
for the detection and quantification of small energy impacts. PVDF and PVP
nanofibers are chosen to design the triboelectric nanogenerator because both
materials are situated at both ends of the triboelectric series, which induces a strong
polarity difference that enhances the generation of triboelectric charges. The
experimental test used to evaluate the sensitivity of the triboelectric nanogenerator to
impacts is carried out by a simple impact test, in which a free-falling ball is dropped
on the nanogenerator at various energy impacts. The results show that increasing the
energy of the impact from 0.02 to 0.2 J leads to increase of the voltage output of the
triboelectric nanogenerator from 4 V to 24 V. Furthermore, the relation between the
voltage output and the energy of the impact is approximately linear, which suggests
the possible application of the developed TENG as an impact measurement sensor, as
this simplifies the analysis of the sensor electric responses. This work demonstrates
that a novel triboelectric nanogenerator based on electrospun nanofibers can be
successfully used for the detection and quantification of small energy impacts in the

energy range between 20 to 200 millijoules.

B. Zhang et al. [86] proposed a triboelectric nanogenerator based on the
interaction between a mercury droplet and a membrane of polyvinyl fluoride

nanofibers. The mercury droplet and the membranes of polyvinyl fluoride nanofibers
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are purposely chosen because of their strong tendency to lose and gain triboelectric
charges, respectively. More importantly, a membrane of polymeric nanofibers is
utilized to enhance the effective contact area and improve the output performance of
the TENG. To verify the effect of the impact height on the nanogenerator electric
responses, a free-falling ball impact test is used to evaluate the sensitivity of the
sensor to impacts at different heights in the range between 10 and 100 cm. The
results show that the voltage outputs of the triboelectric nanogenerator increase from
1.8 V to 10 V as the impact height increases from 10 cm and 100 cm. Furthermore, a
strong linear relationship between the height of the impacts and voltage outputs can
be observed for the entire measurement range, which is positive for the practical
applicability of the device. In summary, it can be said that the developed triboelectric
nanogenerator showed an excellent performance to detect and evaluate the impacts

applied by the free-falling ball.

(iii)  Self-powered velocity sensors

Velocity measurements are essential in many modern industrial applications in
automation, transportation, robotics, etc. Recently, TENGs has been widely reported
for their potential applications as self-powered velocity sensors. For example, Q. Jing
et al. [94] proposed a self-powered velocity sensor based on a Kapton-based TENG
which can detect various rotational velocities in the range 100-500 rpm. To fabricate
the triboelectric nanogenerator, Kapton is used as electronegative material due to
their high tendency to steal electrons and generating triboelectric charges during the
frictional process. The experimental results reveal that the voltage outputs increase
gradually from 10 V to 30 V as the rotational speeds raise from 100 rpm to 500 rpm.
Moreover, the electric responses show an excellent reproducibility for repetitions of
the same rotatory velocities, which is of critical importance for the practical
applications of the sensor. The results of this work demonstrate the applications of
triboelectric nanogenerators to develop velocity sensors for multiple industrial

applications.
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Other authors as Y. Xi et al. [95] developed a freestanding triboelectric
nanogenerator which consist of a layer fluorinated ethylene propylene (FEP) and
investigated its applications as self-powered wind sensor. To address this task, an
industrial ventilator is used to apply wind on the triboelectric nanogenerator at six
different speeds. The results show that the current output increase from 0.45 to 1.8
uA, when the wind speed is increased between 5 m s™' and 13 m s™'. Moreover, it can
be observed that the output current signals were varied with the wind speeds almost
linearly. This excellent linear relationship indicates that the triboelectric
nanogenerator could be practically used for measuring the magnitude of wind speeds,

which can have significant potential applications as self-powered wind-speed sensor.

Recently, several papers have investigated the applications of triboelectric
sensors as self-powered active sensors for velocities [96-98]. However, there are no
previous studies to report about the potential of triboelectric sensors for detection and

measurement of impact velocities in composite structures.

2.2.4 Conclusions

In this section, the applications of triboelectric nanogenerators as self-powered active
sensors are revised and discussed. As compared to traditional sensors, triboelectric
nanogenerators do not require an external power supply or battery to sense the
mechanical stimulus with the advantages of self-powered operation, environmentally
friendly and maintenance-free. In this review, we introduce the working mechanism
and basic principles of these devices. Furthermore, the scientific results reported of
the field of triboelectric nanogenerators are presented, discussed and analysed with
the aim to demonstrate the potential of triboelectric nanogenerators as self-powered

sensors for pressures, impacts and velocities.
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Chapter 3
The effect of Nylon nanofibers on the vibratory properties

of Glass Fibre Composites

Vibrations affect the working condition and health of the composite
structures used in aerospace, automotive and civil engineering. One of
the methods to mitigate the vibrations is the incorporation of
electrospun nanofibers in the interfaces of composite mats. Thus, it is
important to study how nanofibers affect the vibration behaviour of
the composite structures. In this chapter, we concentrate on the effect
of nanofibers as these do not change the size and the weight of the
structure, but on the other hand they do have an effect of the vibratory
characteristics of the whole structure. Nylon nanofibers are
particularly suitable to improve the properties of the laminates
because of their excellent properties which include high heat
resistance, good adhesion with epoxy resin and excellent mechanical
characteristics. The aim of this chapter is to study the effect of nylon
nanofibers on the vibratory behaviour of glass fibre reinforced
polymer composites. For this purpose, the natural frequencies and
damping ratio of composite beams with and without nylon nanofibers
are determined by a free vibration test. The results show that the
incorporation of nylon nanofibers increase the damping significantly,
however it does not affect the natural frequencies. Therefore, this
chapter demonstrates a new strategy to suppress vibrations in
composite structures by the interleaving of nylon nanofibers.
Furthermore, a three-dimensional finite element model is developed to
analyse the vibratory behaviour of pristine and nanomodified
composites. To address this study, the natural frequencies of
composite beams with and without nylon nanofibers are simulated
using modal and transient analysis in ANSYS Workbench. The natural
frequencies extracted from the modal analysis do not agree with the

frequencies measured experimentally. However, the natural
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frequencies calculated using transient analysis show a very good
agreement with the available experimental data. Thus, transient
analysis is suggested to simulate the vibration behaviour of the
pristine and nylon nanomodified composites. Eventually this chapter
also proposes a simple finite element model based on transient
analysis to simulate with high accuracy the vibratory behaviour of

pristine and nanocomposites.

3.1 Introduction

Composite laminates reinforced with polymeric electrospun nanofibers are attracting
increasing attention among the scientific community due to their superior material
properties [1-5]. It is well known that the incorporation of electrospun nanofibers into
the interfaces of composite laminates can drastically change/improve some material
properties. For example, the inclusion of polycaprolactone nanofibers in the
interfaces of composite laminates can be used to increase the mode | fracture
toughness up to 50% [6]. The introduction of tetraethyl orthosilicate electrospun
nanofibers in the epoxy resin of glass fiber composites was found to enhance the
interlaminar shear strength up to 15% [7]. Core-shell polyamide nanofibers can be
used to prepare flame-retardant polymer nanofibers [8], which can be potentially
used to develop composite laminates with enhanced flame retardancy. Thus,
electrospun nanofibers offer great potential to improve some structural properties of

composite mats [9,10].

In the last years, the dynamic properties of composite laminates have been
widely studied because of their applications in delamination detection [11] and
structural health monitoring [12]. However, there is still very little research on the
effect of nanofibers on the dynamic and vibratory properties of composites
reinforced with electrospun nanofibers. For example, the authors of [13] investigated
the effect of nylon nanofibers on the damping ratio of carbon fibre epoxy
composites. The results showed that the addition of nylon nanofibers caused an
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increment of 60% in the damping ratio. Similar results are reported on [14], where
the damping of carbon fibre epoxy composites is strongly affected due to the
incorporation of carbon nanotubes. To date, the vibratory behaviour of composite
laminates reinforced with electrospun nanofibers has been poorly investigated.
Therefore, there is an urgent need to explore the effect of electrospun nanofibers on
the vibratory behaviour of composite laminates.

Vibrations are responsible for a considerable number of failures and accidents
in aircrafts, bridges and other composite structures that fail because of large
amplitude vibrations. For example, the propagation of the delamination and other
cracks is faster in composite structures with large amplitude vibrations, which affects
the integrity of aircrafts, wind turbines and other composite structures. Therefore, the
control of the vibrations of the composite structures is the critical importance for the
purposes of safety and structural maintenance. One of the methods of suppressing
vibrations in composite laminates is to increase the damping, which can be achieved
by the introduction of nanofibers in the ply interfaces of the laminates. This is of
great interest for machines and structures in which vibrations are a source of
problems. Therefore, it is the vital importance to investigate the effect of electrospun

nanofibers on the damping of composite mats.

In this chapter, the influence of nylon nanofibers on the vibratory properties of
glass fibre reinforced polymer composites is considered. For that purpose, composite
beams without nanofibers (known as pristine) and with nylon nanofibers (known as
nano) are subjected to free vibration tests. Subsequently, the vibration signals of the
pristine and nano composites are acquired through a commercial accelerometer. The
signals are further analysed to evaluate the natural frequencies and the damping ratio
of the two types of specimens. The main goal is to assess the influence of nylon
nanofibers on the natural frequencies and damping ratio of the glass fibre epoxy
composite beams. To the best of our knowledge, this work is the first attempt to
study the vibratory behaviour of glass fibre epoxy composites reinforced with nylon

nanofibers.
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Although some authors have studied the vibration behaviour of nanomodified
composites mainly based on experimental method [15, 16], there are only a few
attempts to model the vibratory behaviour of nanomodified composites using finite
element analysis. Special attention deserves the works of Rafiee and Moghadam [17]
which attempt to develop a multi-scale finite element method to simulate the
vibration behaviour of polymers reinforced with and without carbon nanotubes. Their
results show a considerable growth of the natural frequencies due to the addition of
carbon nanotubes. Other authors as Ribeiro [18] suggested a finite element model
(FEM) to simulate the first three vibration modes of carbon nanotubes. Therefore,
there are only a couple studies that investigate numerically the effect of nanofibers

on the vibration behaviour of composite laminates.

Historically, most structural vibration models are performed by modal analysis
and they assume linearity of the structure and the material. Modal analysis can
provide an acceptable approximation for most cases of homogeneous materials.
However, composites and especially nanomodified ones are characterized by a well-
expressed nonlinear behaviour due to their heterogeneous nature [19-21]. As a result,
neglecting their inherent nonlinear behaviour can potentially lead to serious
miscalculations in the modelling and the estimation of their properties. Thus, this
study suggests a new finite element model based on transient analysis, which

considers the complex nonlinear behaviour of the laminates.

In the second part of the chapter, a new finite element model based on transient
analysis is suggested to simulate the vibrational behaviour of pristine and
nanocomposites. For this aim, the natural frequencies and damping ratio of
composite beams with and without nylon nanofibers are simulated using transient
analysis. The results obtained from the numerical simulations show a good
agreement with the experimental data available. Thus, transient analysis is
recommended as a simulation tool to model the vibration properties of pristine and

nanocomposites.
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Furthermore, the thesis investigates numerically the influence of nylon
nanofibers on the vibration behaviour of glass fibre epoxy composites. To address
this, the natural frequencies and damping of composite beams without nanofibers and
with nylon nanofibers are compared. The results are in good agreement with the
experiments and reveal that the addition of nylon nanofibers in glass fibre epoxy
composites do not affect the natural frequencies. However, a strong increase of the

damping ratio can be clearly seen due to the incorporation of nylon nanofibers.

The main contributions of the chapter are threefold: Firstly, the chapter
expands the knowledge about the influence of nylon nanofibers on the natural
frequencies and damping of glass fibre epoxy composites. Secondly, the chapter
demonstrates that the interleaving with nylon nanofibers increase the damping of the
composite laminates. This can be beneficial for purposes of reducing the amplitude
of the vibrations, which have important applications for composite structures in
which vibrations are a source of problems. Lastly, the chapter demonstrates that a
simple finite element model based on transient analysis can be used to simulate with

high accuracy the vibratory behaviour of pristine and nanomodified composites.

The rest of the chapter is organised as follows: The second section is devoted
to the fabrication of pristine and nylon nanomodified composites. The third section
explains the free vibration test used to assess the natural frequencies and damping of
the composite beams. The fourth section introduces the finite element model used to
simulate the pristine and nylon nanocomposites. The fifth section presents, analyses
and discusses the results obtained from the experimental and numerical tests.
Eventually the paper ends with some conclusions about the finite element model and

the vibratory properties of nanomodified of glass fibre epoxy composites.

3.2 Fabrication of glass fibre composites with and without

nylon nanofibers
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This section describes the fabrication of the glass fibre/epoxy composites reinforced
with and without nylon nanofibers. Figure 3.1 (a) illustrates the composite lay-up of
the pristine and nanomodified composites used in this study. Pristine composites
(without nylon nanofibers) were manufactured by hand lay-up of ten layers of
unidirectional glass fibre epoxy prepreg, as detailed in Figure 3.1 (a). The composite
specimens are prepared with dimensions of 168 mmx32 mmx3 mm and stacking
sequence [0,90,0,90,0]s. After the lay-up, the composite beams are cured using a
vacuum bag in an autoclave at 150° for about one hour, as indicated in the supplier’s
specifications. The heating rate employed in the curing was 2 °C/min and the

pressure was 6.4 bars.
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Figure 3.1 Composite lay-up of the (a) pristine and (b) nano modified composites.

The nano composites (with nylon nanofibers) are also manufactured by hand
lay-up with identical composite prepregs, number of layers, dimensions, ply
orientations, and curing process as the pristine composites. However, eight layers of
nylon nanofibers are interleaved at each of the composite interfaces (excluding the
central one), as shown in Figure 3.1 (b). The layers of nanofibers are located at each
interface excluding the central one because the sample beams are tested in clamped-
clamped configuration, and therefore the impact induces primarily flexural-type of
loads, which induces bending stresses and strains that become negligible in the mid-

composite interface. Consequently, it was considered unnecessary to interleave the
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less-stressed middle composite interface. It is also important to mention that the
weight fraction of nylon nanofibers in the nanomodified composites is very small
(less than 1%). Therefore, the effect of the nanofibers on the thickness and weight of

the composites laminates is negligible.

The layers of nylon nanofibers are prepared by the electrospinning technique
[22]. This procedure was chosen because is an easy and low-cost technology to
prepare nanofibers with a wide variety of morphologies [23]. For the preparation of
the nylon nanofibers, nylon in the form of pellets and a solvent mixture of formic
acid and Chloroform were used. The first step in the preparation of the nanofibers
was to dissolve the polymer nylon in a solution of formic acid and chloroform (50:50
v/v) at a concentration of 14% wi/v. Secondly, the polymer solution was transferred
to an electrospinning apparatus for producing nanofibers. Finally, the electrospinning
of nanofibers was carried out using the following conditions: applied voltage 23 kV,
feed rate 0.3 mL/h per needle, needle-tip to collector distance 10 cm, room
temperature, relative humidity of 40%. Finally, a very thin membrane of nylon

nanofibers with a thickness of 25 pum is obtained.
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Figure 3.2 Scanning electron microscope (SEM) image of the nanostructured membranes
of nylon (a) and fibre diameter distribution of nylon nanofibers (b).

The scanning electron microscope (SEM) image of the electrospun nanofibers
[24] is given in figure 3.2 (a) and the fibre diameter distribution is presented in figure
3.2 (b). The SEM image shows a dense population of nylon nanofibers which are

free of defects and shows random orientations. The diameter of the nanofibers was

68



measured on the basis of the SEM image using image-processing software Image J
1.45s. The fibre diameter distribution was determined by measuring the diameter of
100 fibres of the nanostructured membrane. The nanofibers mean diameter of nylon
was measured to be ~200 nm. The diameter has a heavy tailed distribution which is
skewed to the right thus indicating that the diameter is somewhere between 100 and
250 nm with a probability of about 65% (see figure 3.2 (b)).

The nanofibers are kept under vacuum over Diphosphorus pentoxide at room
temperature overnight to remove residual solvents before being hand-interleaved into
the laminate during the lay-up. The procedure to evacuate air from the nanofibrous
material with the aim to enable a good resin infiltration into the nanofibrous material
is the vacuum treatment. The vacuum treatment to evacuate air is carried out during
the curing. It is also important to note that the content of nylon nanofibers in all the
nanomodified composites is the same. This can be explained by the fact that the
concentration of the chemical solutions and processing parameters used to prepare

the membranes of interconnected nylon nanofibers is the same.

3.3 Vibration Testing

The aim of this section is to describe the vibration tests used to obtain the natural

frequencies and the damping ratio of the pristine and nanomodified composites.

A free vibration test is used to obtain the vibration response of the pristine and
nanomodified composites. A schematic description of the experimental procedure is
given in Figure 3.3 and can be divided into three steps. First, composite beams of
168 mm long, 32 mm wide and 3 mm thick are fixed at both ends using a test rig. It
should be noted that all the measurements were taken on the same test rig to ensure
the same clamped-clamped boundary conditions for all the tests. Second, an external
excitation (sharp impact) is applied to the middle of the composite beam using a
modal hammer. Third, the vibration signals of the composite specimens are recorded
for 0.5 s at a sampling rate of 5 kHz using a commercial accelerometer (RT-440
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portable analyzer, SKF, Gotemburgo, Sweden). It is worthy to note that the
accelerometer was strictly placed in the same position for all experiments (60 mm
from the left support and mounted on the top surface of the composite beam as
shown in Figure 3.3). Furthermore, the procedure was repeated ten times to obtain a

multiple number of realizations for each specimen.
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Figure 3.3 Schematic representation of the free vibration test used to obtain the vibration
signals of the pristine and nanomodified composites.

The free vibration responses of the pristine and nanomodified composites are
used to obtain the natural frequencies and the damping ratio. The first five natural
frequencies of the composite beams were determined applying the Fast Fourier
Transform [25, 26] on the recorded free vibration signals. The distinct peaks in the

resulting spectrum are assumed to indicate the natural frequencies.

Additionally, the damping ratio of the composite specimens was also
calculated using the time domain of the free decay acceleration signal by the
Logarithm Decrement method [27, 28]. For the purpose, two peaks of the free decay

acceleration signal are used to calculate the logarithmic decrement ¢ using equation

).
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Where vy, is the acceleration of the first peak and y, was the acceleration of the
second peak, taken n waves later. Subsequently, the damping ratio { was calculated

from the logarithmic decrement using equation (3).

1
(=—T7— (3)

1+ (5

The free vibration test was repeated ten times to obtain a multiple number of
realizations for each specimen. The standard deviation for the natural frequencies
from the ten measurements are practically zero, the values of the peaks did not
change. Furthermore, ten specimens made of glass fibre epoxy composite identical in
size, number of layers and stacking sequence are tested. Five of these are pristine
(non-interleaved) and the other five are nylon modified. The standard deviation
across the samples is a bit bigger but it is still less than 2%. So, the experimental
results obtained in this experiment are rather stable and can be considered

reliable/credible.

3.4 Finite Element Modelling

The finite element model used to simulate the geometry of the pristine and
nanomodified composite laminates is developed using the software ANSYS
Composite Prep-post. The layers of the composite laminates are modelled one by one
including the ply thickness, stacking orientations, materials and other heterogeneous
features for each of the layers. The vibration properties of the composites with and
without nylon nanofibers are determined by modal and transient analysis in ANSYS
Workbench. The free vibratory response was excited applying a short-time impulse

force of ten Newtons for 0.1seconds.
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The element type used in the finite element model is Shell 181. This is a four-
noded element with six degrees of freedom at each node: translations in the x, y and
z directions, and rotations about the X, y and z axes. This element was selected
among a wide variety of elements due to its high accuracy and minimum
computations time. Further information about the characteristics of the element Shell
181 can be found on the reference [29].

Abbreviation Magnitude Units
E: 44 GPa
E;=Es 11 GPa
G12=Ga3 4.5 GPa
Gz 0.5 GPa
V23 0.28 Dimensionless
V13= V12 0.1 Dimensionless
) 2000 Kgm?3

Table 3.1 Material constants used to simulate the layers of the composite ply

The pristine composite beams are modelled using the same materials,
dimensions, number of layers and ply orientations as those of the experimentally
manufactured composite beams (see section 3.2). The material constants used to
simulate the unidirectional layers of glass fibre and epoxy resin (known as composite
ply) are given in Table 3.1, where E is the young modulus, G is the shear modulus, v

is the poison’s ratio and p is the density of the material [24].

Abbreviation Magnitude Units
Ei=E;=E; 3.6 GPa
G2 = G13 = G23 1.6 GPa
V12 = V13= V23 0.35 Dimensionless
() 1160.0 Kg m?

Table 3.2 Material constants used to simulate the layers of the nano ply

The nanomodified composite beams are simulated using the same materials,
dimensions, number of layers, and ply orientations as the pristine composite model

however eight layers made of nylon nanofibers and epoxy resin are modelled into the
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composite interfaces. These layers are allocated in all ply interfaces of the composite
laminates excluding the middle interface. The material properties of uniform and
continuous layers of nylon nanofibers and epoxy resin are calculated according to the
rule of mixture as indicated in references [30-31]. Based on the estimations of [32,
33], it is assumed that the fractional volume of epoxy resin and nylon nanofibers in
the interlaminar regions of the nanomodified composites is 80% and 20%,
respectively. For the estimation of the properties, the properties of the interlaminar
regions are calculated using the properties of nylon and epoxy resin, which are
provided by the materials supplier. The interlaminar properties used to simulate the
ply interfaces based on nylon nanofibers and epoxy resin (known as nano ply) are
shown in the Table 3.2.

3.4.1 Model Refinement

The criteria employed to select the number of elements of the mesh is the
convergence [34]. According to this criterion, the convergence is achieved, when the
natural frequencies of the composite laminates do not change with the increase of the
number of elements. Thus, it is considered that the number of the elements is
appropriated when the values of the first five natural frequencies remain constants

with the increase of the number of elements.

Figure 3.4 displays the first five natural frequencies as a function of the number
of elements. A considerable change in the natural frequencies is observed when the
number of elements increases from 88 to 936. On the other hand, the natural
frequencies do not change when the number of elements varies between 936 and
1547. On the basis of these results, it can be said that the natural frequencies remain
constants as the number of elements increases from 936 to 1547. Therefore, 936
elements are selected for all the numerical simulations with the aim to achieve high

accuracy for minimum computations time.
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Figure 3.4 Natural frequencies as a function of the number of elements.

The results from the Figure 3.4 also show that the changes of the natural
frequencies are not the same for the different modes. A considerable change in the
natural frequencies is observed for the Modes 1, 4 and 5. Meanwhile, the changes of
the natural frequencies for the Modes 2 and 3 are quite small. Therefore, it can be
said that some modes are more sensitive to fluctuate with the variations of the
element size. In general, it can be observed that the changes in all the natural
frequencies are negligible after 936 elements. Thus, a mesh with 936 elements is
used to simulate the vibratory behaviour of pristine and nanomodified composites as

shown in Figure 3.5.

Figure 3.5 Image of the mesh with 936 elements used to simulate the composites.
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3.4.2 Model Verification

To carry out this investigation, the natural frequencies of pristine and nanomodified
composites are simulated numerically using a modal and transient analysis. In
general, modal analysis based on the assumption that the behaviour of the composite
specimens is linear, while transient analysis assumes that the behaviour of the
composite beams is nonlinear.

Pristine Nano
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I Experiment Il Experiment
Il Modal I Modal

3000 3000 -
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Figure 3.6 Comparison between the natural frequencies obtained experimentally and

numerically using modal analysis.

To verify the results of the finite element model, the natural frequencies
calculated using the numerical simulations are compared with the natural frequencies
measured experimentally. The idea is to evaluate the differences between the
simulated values and the experimental ones. Figure 3.6 displays the natural
frequencies measured experimentally and numerically using modal analysis for the
pristine and nanomodified composites. From the graph, it can be observed that some
natural frequencies extracted from the modal numerical analysis are very different to
the experimental results. These differences can be explained by the well-defined
nonlinear behaviour of the composite beams, which is attributed to the multiple

layers and anisotropic structure of the laminates. Therefore, modal analysis is not
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suggested to simulate the vibratory properties of the pristine and nanomodified

composites.

Tables 3.3 and 3.4 show the natural frequencies obtained experimentally and
numerically using modal analysis and the corresponding percentage errors. The
results given in the table show that the first natural frequency is the most precise one,
while the average value of the percentage of error for the other frequencies are about
13 %. Therefore, it is concluded that the natural frequencies obtained numerically in
the simulation do not have a good agreement with the experimental ones.
Accordingly, modal analysis is not suggested as a simulation tool for the natural
frequencies of the pristine and nanomodified composites. As stated above, modal
analysis is not appropriate for these types of composites due to the material
heterogeneous structure, which is attributed to their material discontinuous nature in
terms of being made of multiple layers, nanostructured regions and anisotropic

unidirectional layers of glass fibre/epoxy and nanofibers.

. Experimental Modal Percentage Error
Frequencies
(Hz) (Hz) (%)
f1 484.5 502.6 3.6
f2 930.9 1071.0 13.1
fa 1373.8 1252.0 9.7
fa 1857.5 2457.2 24.4
fs 2303.8 2514.7 8.4

Table 3.3 Comparison between modal and experimental frequencies for pristine composite.

. Experimental Modal Percentage Error
Frequencies

(Hz) (Hz) (%)
f1 498.8 533.3 6.5
f2 965.9 1098.5 12.1
fa 1434.8 1301.5 10.2
fs 1929.0 2543.8 24.2
fs 2399.3 2601.5 7.8

Table 3.4 Comparison between modal and experimental frequencies for nano composite.
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In general, modal analysis provides an acceptable approximation to calculate
the natural frequencies on most occasions however composite specimens are
characterized by a well-defined non-linear behaviour and modal analysis is not

suitable to analyse the dynamical behaviour of these composites.

Figure 3.7 also shows the first five natural frequencies obtained experimentally
and numerically using transient analysis for the pristine and nanomodified
composites. The natural frequencies calculated numerically by the transient analysis
are in good agreement with the experimentally obtained ones. Therefore, it can be
said that transient analysis gives a much better agreement with the experimentally
measured natural frequencies as compared to the modal analysis. These differences
are due to the nature of the analysis; modal analysis assumed a linear behaviour for
the composite beams while transient analysis assumed a nonlinear behaviour.
Accordingly, transient analysis is suggested to simulate the free vibratory behaviour

of the pristine and nylon interleaved composites.
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Figure 3.7 Comparison between the natural frequencies obtained experimentally and

numerically using transient analysis.

In conclusion, this study proves that using transient vibration analysis rather
than modal analysis results in more precise prediction of the vibratory behaviour of
pristine and nanomodified composites. This can be attributed to the multiple layers

and anisotropic structure of the composite specimens, which results in a well-defined
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nonlinear behaviour. Thus, transient analysis is suggested to simulate the vibratory

properties of glass fibre epoxy composites with and without nylon nanofibers.

3.5 Results and Discussion

This section analyses the effect of nylon nanofibers on the natural frequencies and
damping of glass fibre epoxy composite laminates. The section is divided in two
parts. The first part is devoted to the effect of nylon nanofibers on the natural
frequencies, while the second part investigates the effect of the same nanofibers on

the damping ratio.

3.5.1 Effect of nylon nanofibers on the natural frequencies

The effect of nylon nanofibers on the natural frequencies of the composite laminates
is analysed experimentally in this section. To address this problem, the natural
frequencies of the composite beams without nanofibers are compared to the natural

frequencies of composite beams with nylon nanofibers.

Pristine Nylon Variation
Mode

(Hz) (Hz) (%)
1 484.5 498.8 2.9
2 930.9 965.9 3.6
3 1373.8 1434.8 4.2
4 1857.5 1929.0 3.7
5 2303.8 2399.3 4.0

Table 3.5 Experimental variation of the natural frequencies due to nylon nanofibers

Table 3.5 presents the first five natural frequencies of the composite beams with and
without nylon nanofibers. Moreover, the table also includes the variation of the

natural frequencies caused by the incorporation of the nylon nanofibers. The change
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of the natural frequencies is pretty small and within the range of the experimental
and measurement error but since it is consistent one might assume that it is caused by
the introduction of the nanofibers. Whether this is caused by the thickness change or
the change of another property like e.g. the stiffness, it is not clear. It must be pointed
out that the thickness change is miniscule in the nano range, so it is unlikely to cause
frequency change, through the change of the mass or its distribution.

To evaluate the effect of nylon nanofibers on the natural frequencies of glass
fibre epoxy composites, the natural frequencies of the composite beams without
nanofibers (known as pristine) and with nanofibers (known as nano) are compared.
The variation of the natural frequencies due to the incorporation of nylon nanofibers

is calculated using the equation (4):

(4)

Variation (%) = (fnano _ fpmtme) x 100

fpristine

Where frano are the natural frequencies associated to the nanomodified
composites and fuirgin are the natural frequencies of the pristine beams. The natural
frequencies of the composites interleaved with nylon nanofibers show a slight
variation respect to the pristine specimens. Table 3.5 indicates that the presence of
nylon nanofibers in the glass fiber composites varies the natural frequencies in the
range between 2.9% and 4.0%. Thus, the variations in all the natural frequencies are
rather small and inconclusive as these changes are lower than 5% (region of

experimental measurement error).

These findings are in line with other results reported in the literature. For
example, Shiuh-Chuan Her et al. [35] analysed the natural frequencies on composites
reinforced with carbon nanotubes. This work reports up to 7% increase of the natural
frequencies of epoxy composites due to the addition of carbon nanotubes. The same
paper also indicates that the variation of natural frequencies depends on the content
of carbon nanotubes. G. Balaganesan et al. [36] analysed the natural frequencies on
pristine and clay nano-modified composites. The results reveal that natural
frequencies of glass fibre composites can be increased up to 12% due to the addition

of clay nanofibers. Other authors as [37] observed very small changes in the natural
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frequencies due to the incorporation of carbon nanofibers in composites. In general,
it can be said that the change of the natural frequencies depends on the content and
type of nanofibers interleaved. In one of our research publications [38], we
investigated the influence of polycaprolactone nanofibers on the natural frequencies
of glass fibre epoxy composites. The results revealed that the first five natural
frequencies of the glass fibre epoxy composites are barely affected by the
interleaving of polycaprolactone nanofibers as the miniscule changes of the natural

frequencies below 5% are in the range of the experimental and measurement error.

In this particular case, the changes on the natural frequencies as a result of the
interleaving with nylon nanofibers are negligible (less than 5%). The very little
changes in the frequencies can be by explained by the fact that the changes on the
composite stiffness and mass due to the incorporation of nanofibers are very small.
As shown in equation (5), the natural frequencies are directly proportional to the

stiffness k and inversely proportional to the mass m.

_1k
T 2mim

fn (5)

The stiffness of nylon nanofibers is lower than the stiffness of glass fibres, thus it is
expected that these nanofibers will not improve the overall composite stiffness.
Furthermore, the interleaving with nylon nanofibers does not change the mass of the
specimens. Therefore, it can be concluded that the natural frequencies of
nanomodified composites will be very much the same as the natural frequencies of

the pristine composites.

Pristine Nylon Variation
Mode

(Hz) (Hz) (%)
1 484 510 5.0
2 1032 1060 2.6
3 1334 1392 4.2
4 1896 1918 11
5 2488 2490 0.1

Table 3.6 Numerical variation of the natural frequencies due to nylon nanofibers
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Furthermore, the effect of nylon nanofibers on the natural frequencies of glass
fibre epoxy composites is investigated numerically. For this aim, the numerical
natural frequencies of glass fibre epoxy composites with and without nylon

nanofibers are simulated using transient analysis.

The natural frequencies for the pristine and nanomodified composites are
shown in Table 3.6. The results show that the natural frequencies of the pristine and
nanomodified composites are almost the same. The small changes of the natural
frequencies can be attributed to the small influence of nylon nanofibers in the global
stiffness and mass of the composites. The stiffness of nylon nanofibers is much
smaller than the stiffness of glass fibres, thus it is expected that these nanofibers will
not improve the overall stiffness. Furthermore, the changes in mass due to the
incorporation of nylon nanofibers are minuscule. Therefore, it can be concluded that
the natural frequencies of the nanomodified composites are very much the same as

the natural frequencies of the pristine composites.

The variations of the five natural frequencies due to the incorporation of nylon
nanofibers are in the range from 0.1% to 5.0% (see table 3.6). Thus, the addition of
nylon nanofibers in the glass fibre composites has a small impact on the natural
frequencies. In general, the changes of the first five natural frequencies are rather
small and inconclusive as these changes are within the region of the precision of the
experiments. Thus, the numerical results show a negligible increase in all frequency

modes due to the addition of nylon nanofibers.

In conclusion, it can be said that the changes of the natural frequencies depend
on the properties of the nanofiber interleaved. For these practical cases, the effect of
the nylon nanofibers on the natural frequencies is miniscule and inconclusive as

these variations are in the region of experimental and measurement error.
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3.5.2 Effect of nylon nanofibers on the damping ratio

The damping ratio is a measure of the amount of energy which a material can
dissipate. Therefore, materials with a higher damping ratio are expected to dissipate
more energy. This is beneficial as high damping materials can be used to reduce the

vibration amplitudes in structures and alleviate the effect of resonances.

In this section, the effect of nylon nanofibers on the damping ratio of glass fibre
composite laminates is analysed. To address this, the damping ratio of composite
laminates with and without nylon nanofibers is compared. Table 3.7 compares the
damping ratio of the pristine and nanomodified composites. Furthermore, the table
also includes the variation of damping caused by the reinforcement with nylon
nanofibers. The results show that the damping of the nanomodified modified
composites is higher respect to the damping of the pristine panels. As a result, the
interleaving with nylon nanofibers increase the damping ratio of the glass fibre

epoxy composites in a 36 %.

Pristine Nano Variation
(dimensionless) (dimensionless) (%)
Nylon 0.0121 0.0165 36

Table 3.7 Effect of nylon and polycaprolactone nanofibers on the damping

Our results are in good agreement with other results published previously. For
example, the authors of [13] found that the damping of carbon fibre composite panels
reinforced with nylon nanofibers is about 60% higher than the damping of pristine
panels. Other studies conducted by Jihua Gou et al. [37] and Naser Kordani et al.
[14] reported a 200% and 108% increase of the damping ratio of composite laminates
interleaved with carbon nanotubes with respect to the damping of pristine
composites. The authors of [15] showed that the damping ratio of epoxy composites
reinforced with jute nanofibers is a 70% higher as compared to the damping ratio of
the virgin panels. In [38], we investigated the effect of polycaprolactone nanofibers

on the damping ratio of glass fibre epoxy composites. The results show that the
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damping ratio is increased a 6% due to the incorporation of polycaprolactone
nanofibers on the interlaminar regions of the composites. In general, it can be said
that the incorporation of nanofibers in composites increases the damping because the
nanofibers are able to dissipate energy, giving the nano modified composite a higher

damping ratio.

According to our results, the addition of nylon nanofibers in the interlaminar
regions of glass fibre composites increases the damping ratio considerably. The
increase of the damping can be explained by the fact that nanomodified composites
have larger interface area as compared to the pristine composites. Therefore, the
increase of the area of the interfaces is expected to increase the energy which is

dissipated.

Furthermore, we investigate numerically the damping ratio of pristine
composites (without nanofibers) and nanomodified composites (with nylon
nanofibers). For the purpose, the damping of glass fibre epoxy composites with and

without nylon nanofibers is simulated using transient analysis.

Pristine Nano Variation
(dimensionless) (dimensionless) (%)
Damping 0.0035 0.0046 31

Table 3.8 Effect of nylon nanofibers on the damping ratio

The damping ratio of the composite laminates with and without nylon
nanofibers is shown in Table 3.8. The table shows that the damping of the pristine
increase from 0.0035 to 0.0046 due to the incorporation of nylon nanofibers in the
glass fibre epoxy composites. The increase of the damping ratio can be explained by
the fact that the incorporation of nanofibers in the composite specimens increases the
interface area between the epoxy resin and the fibres. Therefore, the nanomodified

composites are able to dissipate more energy as compared to the pristine specimens.
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To analyse the effect of nylon nanofibers on the damping of glass fibre epoxy
composites, the damping ratio of the composite beams without nanofibers (known as
pristine) and with nanofibers (known as nano) are compared. For this aim, the
variations of damping caused by the addition of nylon nanofibers are studied through

equation (6).

Variation (%) = (("‘”‘" _ Q’”‘““) x 100 (6)

Zpristine

Where (hano IS the damping of the nanomodified composites and (pristine 1S the
damping of the pristine specimens. The increment of the damping ratio because of
the incorporation of nylon nanofibers corresponds to a 31% (see table 6.3). Thus, the
addition of nylon nanofibers in the glass fibre composites causes a strong increment
on the damping ratio.

The results from the numerical simulations agree with the experimental
observations in the sense that both results show a significant increase of 31% and
36% of the damping, respectively. Therefore, it can be concluded qualitatively that
the incorporation of nylon nanofibers in the interfaces of glass fibre composites lead
to a significant increase of the damping ratio. This is beneficial as high damping
materials can be used to reduce the vibration amplitudes in structures and to alleviate
the effect of resonances.

As a conclusion, it can be said that the interleaving with electrospun nanofibers
causes a significant increase in the damping. The individual effect depends of course
on the type of nanofiber used, but so far, most of studies report a significant increase
in the damping as result of nanofibers. In this study, it is demonstrated that the
reinforcement with nylon nanofibers increase the damping ratio of glass fibre
composites in a 36 %. This can be potentially used to reduce the amplitude of the
vibrations of composite structures such as aircrafts, wind turbines, or bridges, which

is important to avoid the propagation of the cracks.
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3.6 Conclusions

Vibrations are one of the most important motions as aircrafts, wind turbines, bridges
and other composite structures vibrate while being in use. Thus, it is very important
to analyse the influence of nylon nanofibers on the natural frequencies and damping
of glass fibre epoxy composites, as these characteristics are rather important for the
purposes of designing structures. In this chapter, we have investigated
experimentally and numerically the vibration properties of composites reinforced

with and without nylon nanofibers.

Based on the experimental and the numerical results, the following conclusions
about the vibratory behaviour of pristine and nanomodified glass fibre epoxy

composites can be drawn.

Nylon nanofibers did not affect the natural frequencies of the nylon
nanomodified specimens. The frequencies underwent very small changes which can
be considered within the range of the noise and the numerical errors. Thus, in terms
of natural frequencies the vibratory behaviour of the nanomodified specimens is the
same as the behaviour of the pristine ones. On the other hand, the natural frequencies
of the nanomodified laminates are not supposed to change as the stiffness and mass
of the composite specimens do not undergone significant changes due to the

interleaving with nylon nanofibers.

The damping ratio considerably increased due to the incorporation of nylon
nanofibers according to both the experiments and the numerical modelling. The
experimental results showed an increment of 36% in the damping ratio of the
nanomodified specimens while the numerical simulations reported a 31% increase.
This can be explained by the larger interface area between the nanofibers and the
epoxy matrix, which is expected to improve the dissipation of energy. From these
results it is concluded that the nylon nanomodified composite materials dissipate

much more energy than pristine ones. This can be potentially used for purposes of
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reduction of the vibration amplitudes, which limit the propagation of cracks and
other irreversible damages.

The small variations of the natural frequencies in the nanomodified composites
combined with the damping increase can be used for designing structures from the
nanomodified material which will retain the working frequency range of the original
structure (made of the pristine composite) while increasing the damping. This can be
beneficial for purposes of reducing the vibration amplitude and alleviating the effect

of resonance.

In conclusion, this study contributes to and furthers the knowledge about the
effect of nylon nanofibers on the global dynamic behaviour of glass fibre epoxy
composites in two aspects. It suggests a simple finite element model to simulate the
vibratory properties of pristine and nanomodified composites with a good accuracy.
It also establishes some general trends in the dynamic behaviour of nylon modified
composites as compared to the pristine composites. These can be potentially used to
improve the dynamic/vibratory properties of aircrafts, wind turbines and other
composite structures by the interleaving with nylon nanofibers.
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Chapter 4
The effect of Nylon nanofibers on the delamination

behaviour of Glass Fibre Composites

The main weak point of the composite laminates is their poor

interlaminar strength, which can result in delamination. One of the

techniques to prevent the delamination is the incorporation of

electrospun nanofibers in the interlaminar regions of the composite

laminates. The aim of the present chapter is to investigate

experimentally and numerically how nylon nanofibers can be used to

prevent the delamination failures of glass fibre epoxy composites. To

address this study, the interlaminar shear strength of composite beams

with and without nylon nanofibers is determined experimentally by

the short beam method [14]. The results show that the interlaminar

strength of the glass fibre epoxy composites increases quite

substantially from 50.2 MPa to 63.81 MPa due to the incorporation of

nylon nanofibers. Therefore, nylon modified glass fibre epoxy

composites are less susceptible to delamination than pristine

specimens. Furthermore, the chapter proposes a three-dimensional

finite element model to simulate the delamination behaviour of

pristine and nanomodified composites. For the purpose,

interlaminar shear strength of composite beams with and without

nylon nanofibers is simulated using cohesive zone modelling in Ansys

Workbench. The numerical results are in good agreement with the

experimental ones and confirm that the interlaminar shear strength of

pristine and nanomodified composites increases quite notably from
51.5 MPa to 63.1 MPa. The findings of this chapter are of great

interest for the industry as composite laminates reinforced with nylon

nanofibers could be potentially used to prevent the delamination

failures in aircrafts, wind turbines and other civil structures.
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4.1 Introduction

Structures made of composite laminates are extensively used in aircrafts, wind
turbines and other industrial applications due to their high strength-to-weight ratio
and stiffness. On the other hand, the laminates used are susceptible to delamination
failures, which are barely visible from the outside and may seriously affect to the
performance of the structures. As consequence of the delamination, the composite
structures used in aircrafts, wind turbines and other civil structures can lose up to
60% of their strength and stiffness and still remains visible unchanged [1]. Thus, it is

of critical importance to prevent the delamination in composite laminates.

Recently, researchers have suggested an important number of methods to
prevent the delamination as matrix-toughening [2, 3], optimum stacking sequence
[4], reinforcement with nanofibers [5, 6] and stitching with polymeric filaments [7].
Among these techniques, the incorporation of electrospun nanofibers in the
interlaminar regions of composite laminates is attracting a wide interest from the
research community. The main advantage of the interleaving with electrospun
nanofibers is that the strong bonding between the nanofibers and the composite
laminas, makes a significant improvement of the mechanical properties of the

composites.

Nylon nanofibers prepared by electrospinning are particularly suitable to
improve the interlaminar properties of the laminates due to their excellent
mechanical properties as compared to other electrospun polymers nanofibers and
good adhesion with epoxy resin. Moreover, the high melting temperature of nylon
allows the nanofibers to maintain their morphology during the curing process of the
laminate, which is necessary for the bridging reinforcing mechanism. However, these
enhancements which nylon nanofibers are expected to bring in composite laminates

still have to be tested and proven.

92



In the last ten years, many authors have investigated experimentally how the
incorporation of electrospun nanofibers into the ply interfaces of composite
laminates can be used to mitigate the delamination. For example, the paper published
by [8] demonstrated that the addition of phenoxy nanofibers in carbon fibre
laminates increase the mode | energy release rate by a 325%. Similar results are
reported by [9], indicating that mode 11 energy release rate of composite interleaved
with nylon nanofibers is a 400% higher as compared to the pristine ones. Up to now,
most of the publications have investigated about the influence of electrospun
nanofibers on the mode I and Il energy release rates [10-13]. However, only a few
studies focused on the influence of electrospun nanofibers on the interlaminar shear

strength of glass fibre epoxy composites.

Additionally, other authors have studied the delamination behaviour of pristine
and nanomodified composites using finite element analysis. For example, H. Saghafi
et al. [15] developed a cohesive zone model (CZM) to simulate numerically the
fracture behaviour of composites reinforced with thin and thick membranes of
polyvinyl fluoride nanofibers. The results of this work suggested that the interleaving
with thin and thick membranes of nanofibers leads to 42% and 98% enhancement of
the mode | energy release rate, respectively. G. Giuliese et al. [16] proposed a
cohesive zone model to model the fracture response of composites reinforced with
different configurations of nylon nanofibers. The results demonstrated that the
opening mode energy release rates are strongly affected by the morphology of the
nanofibers. F. Moroni et al. [17] suggested a cohesive zone model to simulate the
fracture behaviour of composites modified with nylon nanofibers. The results show
that the addition of nylon nanofibers in the interlaminar regions of carbon composite

laminates increased an 11% the energy release rate in sliding mode.

The delamination failures of composite laminates are commonly simulated
with a cohesive zone model. The simulation introduces the fracture by adopting
softening relationships between the traction and separations of the cohesive elements
and a critical fracture energy that is required to break apart the interface surfaces

[18]. Different cohesive laws are defined in the literature for a better representation
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of the fracture phenomena. The bilinear traction separation laws are normally used to
simulate a brittle fracture, while the exponential cohesive laws are typically used to
model a ductile fracture. In our simulations, the bi-linear traction separation law is
used to simulate the delamination behaviour of the pristine and nanomodified
composites because the experimental force/displacement curves present a
predominantly brittle fracture.

In this chapter, the effect of nylon nanofibers on the delamination behaviour of
glass fibre epoxy composites is considered. To address this study, fracture load and
interlaminar shear strength of composite laminates with and without nylon
nanofibers are determined using the international standard ASTM D2344 [14]. The
experimental results indicate that the fracture load for the pristine and nanomodified
composites is 1301.6 N and 1862.5 N, respectively. Therefore, the interlaminar shear
strength is increased from 50.2 MPa to 63.8 MPa due to the incorporation of nylon
nanofibers. As a result, it can be concluded that nylon nanomodified glass fibre
epoxy composites are less susceptible to delamination failures as compared to the

pristine panels.

Furthermore, the chapter introduces a finite element model to simulate the
delamination behaviour of pristine and nylon nanomodified composites. For the
purpose, the interlaminar shear strength of the composite beams with and without
nylon nanofibers are simulated using cohesive zone modelling in Ansys Workbench.
The numerical results are in good agreement with experimental results and indicate
that the interlaminar shear strength of the pristine and nanomodified composites is
51.5 MPa and 63.1 MPa, respectively. Thus, the developed cohesive zone model is
recommended as a simulation tool to model the delamination behaviour of pristine

and nanomodified composites.

The most important finding of this chapter is to demonstrate experimentally
and numerically that the interleaving with nylon nanofibers could be used to bring
down the susceptibility of delamination in composite structures. This is of utmost

importance for the aeronautic industry as composite structures with high interlaminar
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strength are desired to avoid the delamination failures of the composite structures.
Additionally, the chapter demonstrates that a cohesive element model can be used
successfully to simulate with high accuracy the delamination behaviour of pristine

and nylon nanomodified composites.

The rest of the chapter is organized as follows: Section 2 gives a brief overview
of the fabrication of the composite beams with and without nylon nanofibers. The
short beam method utilized to determine experimentally the interlaminar shear
strength of the composite specimens is introduced in Section 3. The cohesive zone
model used to simulate the pristine and nylon nanomodified composites is presented
in Section 4. The fifth section presents, discusses and analyses the results obtained
from the experimental and numerical testing. In the last section, some conclusions

are offered.

4.2 Preparation of the composite beams

The aim of this section is to explain the preparation of the composite beams used to
determinate the apparent interlaminar shear strength of the glass fibre/epoxy
composites interleaved with and without nylon nanofibers. The composite specimens
made of pristine and nylon nanomodified composites are prepared in accordance
with the ASTM D2344 standard. As suggested by the standard guidelines, the
dimensions of the pristine and nanomodified composite beams are 18 mm long, 6

mm wide and 3.2 mm thick.

Composites without nylon nanofibers (known as pristine) consist of ten layers
of unidirectional glass fibre/epoxy prepreg. The staking sequence of the laminates is
[0,90,0,90,0]s for a total of ten layers. After the pile up, the panels are cured in
autoclave using the following curing conditions: a high temperature of 150 °C for
one hour, a heating rate of 2 °C/min and a pressure of 6.4 bars. Eventually, seven

specimens of composite beams with the following dimensions (18 mm long, 6 mm
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wide and 3.2 mm thick) are cut from a large composite lamina by using a wire

cutting saw.

Composites with nylon nanofibers (in this chapter referred to as nano) are also
manufactured with the same mats, number of composite layers, dimensions, ply
orientations and curing process as the pristine composites. However, eight layers of
nylon nanofibers are located at each of the composite interfaces (excluding the
central one). The dimensions of the seven nanomodified composite beams are the
same ones as the pristine beams. The layers of interconnected nylon nanofibers are
prepared using the technique of electrospinning. This procedure is selected because it
is a simple and economic approach to prepare a wide variety of polymer nanofibers.
Further information about the preparation of nylon nanofibers via electrospinning

can be found on [19].

4.3 Experimental study

Due to the poor interlaminar properties of the composite laminates, delamination is
the most frequent and dangerous failure mode of the composite structures [20]. The
presence of delamination may arise during the manufacturing process (e.g. by
insufficient wet of the fibres) or during the service (e.g. bird strikes or impacts with
hailstorms). An important material property used to assess the susceptibility to

delamination of composite laminates is the interlaminar shear strength.

The analysis of the interlaminar shear strength for the pristine and nylon
nanomodified composites is performed in accordance with the international standard
ASTM D2344 [14]. Figure 4.1 shows a schematic description of the three-point
bending test used to measure the interlaminar shear strength of the composite
specimens. Initially, the composite beams are aligned equidistant to the two side
supports of the bending machine (Instron 5966) as indicated by the standard. The two
side supports are free to rotate, allowing free lateral motion of the specimen.
Subsequently, the composite beams are loaded in the centre of the beam by the
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loading nose of the testing machine at a constant crosshead rate of 1.0 mm/min. The
load is increased until the composite specimen breaks with the aim to obtain the

force-displacement curves of the composite specimens.

Loading nose

v

[ @

»
< >

Span between supports

Figure 4.1 Schematic description of the three-point bending test used to
measure the interlaminar shear strength

A force-displacement curve is obtained for each composite specimen. As the
flexure load increases, the deflection of the composite specimen is increased linearly
until a maximum load is achieved. At this point, the applied force drops dramatically
which indicates that the composite specimens have failed. The apparent interlaminar
shear strength of the composite beams is calculated for each specimen based on the
equation 7, where F is the fracture load, b is the composite width and h is the

composite thickness.
T=—X-— (7

During the experiment, seven composite specimens of each configuration (pristine

and nano) are tested with the aim to verify the reproducibility of the results.

4.4 Numerical study
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In this section, the cohesive zone model (CZM) used to simulate the delamination
behaviour of the composite beams with and without nylon nanofibers is introduced.
The simulations are performed using cohesive zone modelling in the commercial
software Ansys Workbench. The pristine and the nanomodified composite beams are
modelled with the same dimensions, number of layers and ply orientations as the

experimentally manufactured composite beams.

The composite laminas of unidirectional glass fibre/epoxy layers are simulated
using the element type Solid 185 and the material properties are given in table 3.1,
where E is the young modulus, G is the shear modulus, v is the poison’s ratio and p is
the density of the material [21]. The composite interfaces of the pristine and the

nylon nanomodified composite are modelled using cohesive elements.

Damage Initiation

Tn,t
A —> Damage Evolution
TI"I tmax
KO
Tnyta ——————————————————————
Q 1
a :
\Z \\ i
o : -'
0 5n‘t* ()n=ta Ont Onyt

Figure 4.2 Schematic of the bi-linear traction separation law used to simulate the interfaces.

The bi-linear traction separation law used to simulate the delamination
behaviour of the pristine and nanomodified composites is presented in figure 4.2
[22]. This cohesive law is chosen because it fits reasonably well to a predominantly
brittle fracture, for which the force/displacement curve presents an initial maximum

peak followed by and exponential-like decay. In the triangular figure, Tnt represents
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the traction of the cohesive element, Jn is the displacement of the cohesive element
and K° is the initial stiffness of the cohesive element, which determinates the slope of
the force-displacement curve before force drop and the beginning of crack
propagation. When the displacement of the cohesive element is dn® , the stiffness and
traction of the element are reduced to K* and Tn 2. Therefore, it can be said that when
a certain level of displacement is reached, the stiffness and the traction of the

cohesive elements are progressively reduced until complete separation is obtained.

The composite interfaces of the pristine and nanomodified composites are
modelled using cohesive elements given in table 4.1, where T, ™ are the maximum
normal and tangential traction respectively, ont denotes the normal and the
tangential displacement at the completion of the debonding, and the parameter o is
the ratio between the displacement at which the linearity changes (6”) and the critical
displacement (¢°), which can be used to calculate the normal and tangential stiffness
K% of the cohesive element using equation 8.

max

KQ, == 8
n,t a 67(,;"1: ( )

The subscripts “n” and “t” stand for the normal and tangential states and the

superscript “c” indicates the critical displacement, at which complete separation is

achieved.
Parameter Abbreviation  Pristine Nano Units
Maximum normal traction T 45 73 MPa
Normal displacement at debonding O’ 0.00005 0.00004 m
Maximum tangential traction Tmex 45 49 MPa
Tangential displacement at debonding o 0.00005 0.00009 m
Ratio a 0.11 0.05

Table 4.1 Cohesive zone parameters used to simulate the ply interfaces in
the pristine and nanomodified composite.

Since the maximum traction (T™®), displacement at debonding (0°), and
cohesive stiffness (K° cannot be determined by experimental tests, these values are

determined through a comparison of the experimental and numerical force-
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displacement curves, allowing for an estimation of the unknown material properties
for the cohesive zone model. The first parameter to be identified in the cohesive zone
model is the initial stiffness K° determined by progressively increasing its value until
the elastic part of the numerical and experimental force-displacement curves
coincide. Once the stiffness is established, a value of the maximum traction (T™®) is
determined by progressively increasing T™ until no deviation from the linearity is
left before the fracture peak. Finally, the other cohesive parameters (e.g.
displacement at debonding (6°) and ratio) are identified by trial-and-error process in
order to reproduce as closely as possible the data in the non-linear region of the

experimental force-displacement curve.

4.4.1 Model Verification

To verify and validate the results obtained in the cohesive element model, the finite
element results are compared with the experimental data available. Table 4.2
indicates the interlaminar shear strength measured experimentally and numerically
for the pristine and nanomodified laminates. From the table, it can be appreciated
that the numerical results show the same trend as the reported experimental results
and the interlaminar strength increases for the nanomodified samples. Furthermore, it
should be noted that the interlaminar strength measured experimentally is in very
good agreement with the interlaminar strength calculated in the numerical

simulations, which comes to further validate the results of the numerical simulations.

Sample Experimental Numerical
Pristine 50.2 MPa 51.5 MPa
Nano 63.8 MPa 63.1 MPa

Table 4.2 Comparison between experimental and numerical interlaminar shear strength in
pristine and nanomodified composites.

4.5 Results and Discussion
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In this chapter, the delamination behaviour of the nylon nanomodified specimens as
compared to the pristine ones is examined. Initially, the international standard ASTM
D 2344 [14] is performed to measure the interlaminar shear strength of the pristine
and nanomodified composites. Subsequently, the delamination behaviour of the
pristine and nanomodified composites is simulated using cohesive zone modelling
via ANSYS Workbench 17.2. The following paragraphs present, analyses and

discusses the results obtained in the experiments and numerical simulations.

2000

1500

1000 +

Force (N)

500 —— Exp - Pristine
—— Exp - Nano
FEM - Pristine
FEM - Nano
0 T T T
0.0 0.3 0.6 0.9 1.2

Displacement (mm)

Figure 4.3 Force-displacement curves of pristine (a) and nanomodified (b) composites.

Figure 4.3 illustrates the experimental and numerical experimental force-
displacement curves obtained for the composite laminates reinforced with and
without nylon nanofibers. From the figure, it can be clearly seen that the fracture
load of the pristine composites is approximately 1300 N and the fracture load of the
nylon nanomodified composites is around 1700 N. Thus, the load required to initiate
fracture in the nanomodified composites is a 23 % higher as compared to the pristine
panels. Additionally, the figure shows that the numerical curves for the pristine and
nanomodified composites are in very good agreement with the experimental ones,
where the force-displacement curves presents an initial maximum peak followed by
an exponential-like decay. It is worth to note that the failure mode for the composites
with and without nylon nanofibers is multiple shear. Therefore, the cracks appear in

the interlaminar regions of the pristine and the nanomodified laminates.
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Figure 4.4 shows the seven force-displacement curves obtained for the pristine

and nylon nanomodified composites. The curves show good repeatability for the

seven specimens of pristine and nylon nanomodified specimens. Therefore, the

average values and standard deviations for the fracture loads of pristine and

nanomodified composites are 1302 = 101 N and 1683 £ 63 N, respectively. Thus, the

relatively low deviations confirm the good repeatability of the experimental results.
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Figure 4.4 Repeatability of the force-displacement curves for the pristine (a) and nylon

nanomodified (b) composites.

(b)

Table 4.3 shows the average interlaminar shear strength for the seven pristine

and nanomodified composites. The experiments showed that the interlaminar

strength for the pristine composite specimens is 50.2 + 4.0 MPa. However, this value

increased to 63.8 £ 2.5 MPa for the nylon nanomodified composite specimens. This

can be explained by the fact that the nylon nanofibers stitch the different laminas of

the composite (bridging mechanism) [23]. Thus, nanofibrous mats act as bridges

between the different laminas of the laminate due to their good adhesion with the

epoxy resin.

Pristine Nano Units
Experiments 50.2+4.0 63.8+25 MPa
Simulations 51.5 63.1 MPa

Table 4.3 Interlaminar strength for the composites with and without nylon nanofibers
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To evaluate the effect of nylon nanofibers on the delamination behaviour of
glass fibre epoxy composites, the variation of the interlaminar shear strength due to

the incorporation of nanofibers is calculated using equation 9:

T — Tpristi
% Variation = ( nano ””S“"e> x 100 9)

Tpristine

Where tnano IS the interlaminar strength of the nanocomposites and zpristine IS the
interlaminar strength of the pristine composites. The variation of the interlaminar
shear strength in glass fibre epoxy composites caused by the inclusion of nylon
nanofibers is 21 %. Therefore, composites reinforced with nylon nanofibers are less

susceptible to delamination than pristine panels.

Similar results have been reported in the literature. Liu et al. [24] reported that
the interlaminar shear strength of glass fiber composites is increased a 18% due to
the incorporation of thermoplastic polyurethane nanofibers. Zhao et al. [25]
demonstrated that the incorporation of tetra ethyl orthosilicate electrospun nanofibers
in the ply interfaces of glass fiber composites enhanced the interlaminar shear
strength up to 105%. Other studies as [26, 27] also reported increments of 11% and
10% in the interlaminar strength of carbon fiber composites because of the inclusion
of nanofibers of polyacrylonitrile and nylon, respectively. According to these results,
it can be concluded that the interleaving with electrospun nanofibers has a significant

impact on the interlaminar strength.

The numerical interlaminar shear strengths as per table 4.3 are 51.5 MPa and
63.1 MPa for the pristine and the nanomodified laminates respectively. The CZM
results given show that the presence of nylon nanofibers in the composites increases
the interlaminar shear strength with 18.4 %. According to these results, it can be
concluded that the incorporation of nanofibers has a significant impact on the
interlaminar strength. As indicated by [26], the increase in interlaminar strength is
attributed to the ability to dissipate energy of the nanofibers as they transfer load

toward the fibers, reducing stress concentrations.
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In summary, this section investigates how the addition of nylon nanofibers
changes the interlaminar shear strength of glass fiber composites. The findings of this
study suggest that composites reinforced with nylon nanofibers possess higher
interlaminar shear strength as compared to pristine composites. This discovery is of
utmost importance as it demonstrates that the incorporation of nylon nanofibers into
the ply interfaces of composite laminates can be used to bring down the likelihood of

delamination.

4.6 Conclusions

The idea of this chapter is to analyse the effect of nylon nanofibers on the
delamination behaviour of glass fibre epoxy composites. This is done experimentally
and also by a simulation model. For the purpose membranes of interconnected nylon
nanofibers are interleaved into the interlaminar regions of glass fibre epoxy
composite laminates with the aim to prevent delamination. To verify the effect of
nylon nanofibers on the delamination behaviour of glass fibre epoxy composites, the
interlaminar shear strength of the pristine and nanomodified composites is
determined experimentally by a short beam method and numerically using a cohesive
zone model. Based on the experimental and numerical results, the following

conclusion can be drawn:

The experimental results indicate that fracture load of the pristine composites is
1302 N, while the fracture load of the nanomodified composites is 1683 N.
Therefore, the nanomodified composites require a 22 % more load to initiate the
fracture as compared to the pristine specimens. Thus, the interleaving with
electrospun nanofibers could be used to develop composite laminates with less
susceptibility to fracture. Additionally, the experiments show that the interlaminar
strength of the composite laminates increase from 50.2 MPa to 63.8 MPa due to the
reinforcement with nylon nanofibers. This significant increment in the interlaminar

strength can be explained by the presence of significant bridging phenomena
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between the nanofibers and the composite laminates. Hence, composite laminates
interleaved with nylon nanofibers are less prone to delamination than the pristine

ones.

Furthermore, the delamination behaviours of pristine and nanomodified
laminates are tested numerically using a finite element model. Both the experiments
and the finite element modelling confirmed the increase of the interlaminar strength
as a result of the modification with nylon nanofibers. The increase obtained
numerically was 18% which agrees well with the 21% increase from the
experimental study. Thus, one can conclude that nylon nanofibers can be used for

improving the delamination resistance of glass fibre epoxy laminates.

For the future, the authors plan to continue the investigation of interleaving
with nanofibers for the purposes of delamination prevention and restriction. In this
line an investigation of the effect of nanofibers on the delamination caused by low
velocity impacts in pristine and nanomodified laminates. This will be done
experimentally and numerically while in the same time the FEM investigation will be
done to bring more understanding about the impact behaviour of nanomodified glass

fibre epoxy laminates.

References

[1] G. Minak, R. Palazzetti, I. Trendafilova and A. Zucchelli, Localization of a
delamination and estimation of its length in a composite laminate beam by
the VSHM and pattern recognition methods, Mech Compos Mater., 46 (2010)
387-394.

[2] S. Yadav, V. Kumar, S. Verma, Fracture toughness behaviour of carbon fibre
epoxy composite with Kevlar reinforced interleave, Mater Sci Eng B, 132
(2006) 108-12.

105



[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

D. Wong, L. Lin, P. McGrail, T. Peijs, P. Hogg, Improved fracture toughness
of carbon fibre/epoxy composite laminates using dissolvable thermoplastic
fibres, Compos Part A, 41 (2010) 759-67.

E. Fuoss, P. Straznicky, C. Poon, Effects of stacking sequence on the impact
resistance in composite laminates - part: parameter study, Compos Struct., 41
(1998) 67-77.

T. Brugo, R. Palazzetti, The effect of thickness of Nylon 6,6 nanofibrous mat
on Modes I-1l fracture mechanics of UD and woven composite laminates,
Compos Struct, 154 (2016) 172-8.

L. Daelemans, S. Heijden, |. Baere, H. Rahier, W. Paepegem, K. Clerck,
Nanofiber bridging as a toughening mechanism in carbon/epoxy composite
laminates interleaved with electrospun polyamide nanofibrous veils, Compos
Sci Technol., 117 (2015) 244-56.

T. Yang, C. Wang, J. Zhang, Toughening and self-healing of epoxy matrix
laminates using mendable polymer stitching, Compos Sci Technol., 72 (2012)
1396-1401.

H. Zhang, A. Bharti, Z. Li, S. Du, E. Bilotti, T. Peijs, Localized of carbon/
epoxy laminates using dissolvable thermoplastic interleaves and electrospun
fibres, Compos Part A: Appl Sci Manuf., 79 (2015) 116-26.

L. Daelemans, S. Heijden, L. Baere, H. Rahier, W. Paepegem, K. Clerck,
Using aligned nanofibers for identifying the toughening micromechanisms in
nanofiber interleaved laminates, Compos Sci Technol., 124 (2016) 17-26.

L. Liu, Y. Liang, G. Xu, H. Zhang, Z. Huang, Mode I interlaminar fracture of
composite laminates incorporating with ultrathin fibrous sheets, J Reinf Plast
Compos., 27 (2008) 1147-62.

J. Zhang, T. Yang, T. Lin, C. Wang, Phase morphology of nanofiber
interlayers: critical factor for toughening carbon/epoxy composites, Compos
Sci Technol., 72 (2012) 256-262.

106



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

K. Shivakumar, S. Lingaiah, H. Chen, P. Akangah and G. Swaminathan, L.
Russell, Polymer nanofabric interleaved composite laminates, AIAA J., 47
(2009) 1723-9.

R. Palazzetti, X. Yan, A. Zucchelli, Influence of geometrical features of
electrospun nylon 6,6 interleave in the CFRP laminates mechanical
properties. Polym Compos., 35 (2014) 137-50.

ASTM D2344 2344M, Standard test method for short-beam strength of
polymer matrix composite materials and their laminates, Annual Book of
ASTM Standards (2000).

H. Saghafi, S. Ghaffarian, T. Brugo, G. Minak, A. Zucchelli, H.A. Saghafi,
The effect of nanofibrous membrane thickness on fracture behaviour of
modified composite laminates — a numerical and experimental study, Compos
Part B, 101 (2016) 116-23.

G. Giuliese, R. Palazzetti, F. Moroni, A. Zucchelli, A. Pirondi, Cohesive zone
modelling of delamination response of a composite laminate with interleaved
nylon 6,6 nanofibres, Compos Part B, 78 (2015) 384-392.

F. Moroni, R. Palazzetti, A. Zucchelli, A. Pirondi, A numerical investigation
on the interlaminar strength of nanomodified composite interfaces, Compos
Part B, 55 (2013) 635-641.

K.C. Gopalakrishnan, R.R. Kumar, S.A. Lal, Cohesive zone modelling of
coupled buckling — Debond growth in metallic honeycomb sandwich
structure, J Sand Struct Mater., 14 (6) 679-693.

C. Garcia, J. Wilson, 1. Trendafilova and L. Yang, Vibratory behaviour of
glass reinforced polymer (GFRP) interleaved with nylon nanofibers, Compos
Struct., 176 (2017) 923-923.

W. Ding, Delamination analysis of composite laminates, PhD thesis,

University of Toronto, Canada, 1999.

107



[21]

[22]

[23]

[24]

[25]

[26]

[27]

H. Saghafi, Mechanical behaviour of flat and curved laminates interleaved by
electrospun nanofibers, PhD thesis, University of Bologne, Italy, 2013.

G. Alfano, M.A. Crisfield, Finite element interface models for the
delamination analysis of laminated composites: Mechanical and
computational issues, Int J Numer Methods Eng., 50 (2001) 1701-1736.

L. Daelemans, S. Heijden, I. Baere, H. Rahier, W. Paepegem and K. Clerck,
Damage resistant composites using electrospun nanofibers: a multiscale
analysis of the toughening, ACS Appl Mater Interfaces, 8 (2016) 11806-18.

L. Liu, Z. Huang, C. He, X. Han, Mechanical performance of laminated
composites incorporated with nanofibrous membranes, Mater Sci Eng. A,
435-436 (2006) 309-17.

Y. Zhao, T. Xu, X. Ma, M. Xi, D. Salem and H. Fong, Hybrid multi-scale
epoxy composites containing conventional glass microfibers and electrospun
glass nanofibers with improved mechanical properties, J Appl Polym Sci.,
132 (2015) 42731.

K. Molnar, E. Kostakova, L. Meszaros, The effect of needleless electrospun
nanofibrous interleaves on mechanical properties of carbon fabrics/epoxy
laminates, Express Polym Lett., 8 (2014) 62-72.

B. Beylergil, M. Tanoglu and E. Aktas, Enhancement of interlaminar fracture
toughness of carbon fiber epoxy-composites using polyamide-6,6 electrospun
nanofibers, J Appl Polym Sci, 134 (2017) 45244.

108



Chapter 5
The effect of Polycaprolactone Nanofibers on the impact

behaviour of Glass Fibre Composites

In this chapter, the impact behaviour of glass fibre epoxy composites
interleaved with and without polycaprolactone nanofibers is
examined. For this aim, pristine and nanomodified composite beams
are impacted at 24 J and 36 J using a drop weight impact machine.
The experimental results show that the interleaving of GFRC with
polycaprolactone nanofibers can significantly decrease the area
damaged by impact. Additionally, a finite element model is proposed
to simulate the impact behaviour of composite laminates with and
without polycaprolactone nanofibers. The numerical results show a
good agreement with available experimental data and prove that
composites reinforced with polycaprolactone nanofibers experience
less damage when subjected to the same impact as the pristine
composites. The findings of this chapter reveal that the incorporation
of polycaprolactone nanofibers in glass fibre composite mats can be
successfully used for reducing the delamination and improving the

impact resistance of structures made of composite mats as aircrafts.

5.1 Introduction

The interleaving with nanofibers has attracted considerable attention in the
composite community because it can improve the mechanical and physical properties
of traditional fibre reinforced composites [1, 2]. For example, Hamed Saghafi et al.
[3] investigate the effect of nylon nanofibers on the interlaminar properties of glass
fiber/epoxy laminates. The results reveal that the addition of nylon nanofibers
increased 62% and 109% the mode | and mode Il energy releases rates respectively.
Other works as [4] reported that the maximum stress of carbon fibre composites is
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significantly enhanced (with an increment of 35%) due to the incorporation of nylon
polymer nanofibers into the composite laminates. Up to date, most of the studies
have investigated the effect of electrospun nanofibers on the fracture toughness in
opening and sliding mode [5, 6], on the interlaminar shear strength [7], on the tensile
strength [8], and the compression strength after impact [9]. However, there are still
very few works to report about the effect of electrospun nanofibers on the impact

behaviour of composite laminates.

On the other hand, only a few authors have simulated the impact behaviour of
nanomodified composites using finite element analysis. For example, the authors of
[10] investigated the impact behaviour of polymers interleaved with and without
carbon nanotubes using a multi-scale finite element model. The results of this work
show an improvement of the impact resistance of the carbon nanomodified polymers
as compared to the pristine panels. Therefore, there are very few attempts to simulate
numerically the influence of nanofibers on the impact behaviour of composite

laminates.

Recently, various kinds of polymeric nanofibers have been used for improving
the mechanical properties of composite laminates such as polysulfone [11],
polyvinylidene fluoride [12], polyvinyl alcohol [13], phenoxy [14], and nylon [15].
Polycaprolactone nanofibers are also a good choice for improving the properties due
to their high compatibility and strong adhesion with epoxy resin. Furthermore, there
are no numerical studies to investigate the influence of polycaprolactone nanofibers

on the impact response of glass fibre epoxy composites.

In this chapter, the effect of polycaprolactone nanofibers in the impact response
of glass fibre composites is analysed. For this purpose, a finite element model is used
to evaluate the impact behavior of composites with and without polycaprolactone
nanofibers. The numerical results obtained are compared to the experimental results
published by [16] and they show quite good agreement regarding the impact
damaged area of the pristine and the nano modified specimens. Both the

experimental and the numerical results show that the incorporation of
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polycaprolactone nanofibers in the composite interfaces significantly enhances the
impact damage resistance of the glass fiber composites. On the basis of these results
it can be concluded that composites reinforced with polycaprolactone nanofibers are

less prone to impact damage than the pristine composites.

The main contribution of this chapter is to demonstrate that the addition of
polycaprolactone nanofibers can be used to develop composite structures with higher
resistance to impacts (e.g. hailstones), which is important for the health of the
composite mats used in aircrafts, wind turbines and other civil structures.
Furthermore, a finite element model is developed for the first time to simulate the

impact response of composites interleaved with polycaprolactone nanofibers.

The rest of the chapter is organized as follow: The next paragraph (section 2)
provides an overview of the preparation of the specimens interleaved with and
without polycaprolactone nanofibers. The third section introduces the impact test
utilized to analyze the impact response of the pristine and nanomodified specimens.
The fourth section introduces and verifies the numerical model used to simulate the
impact response of the composites with and without polycaprolactone nanofibers.
Section 5 present and discusses in detail the results from the experimental and
numerical simulations. Eventually the chapter ends with some conclusions about the
finite element model and the impact properties of nanomodified of glass fibre epoxy

composites.

5.2 Fabrication of glass fibre epoxy composites with and

without polycaprolactone nanofibers

This section describes the fabrication of the glass fiber/epoxy composites
reinforced with and without polycaprolactone nanofibers. Figure 5.1 illustrates the
composite lay-up of the pristine and nanomodified composites used in this study.

Pristine composites (without polycaprolactone nanofibers) were fabricated by hand
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lay-up of eight layers of unidirectional glass fiber epoxy prepreg, as detailed in
Figure 5.1 (a). The composite specimens are prepared with dimensions of 168 mm x
100 mm x 3.1 mm and stacking sequence [0,90,0,90]s. After the lay-up, the
composite beams are cured using a vacuum bag in an autoclave at 150° for about one
hour, as indicated in the supplier’s specifications. The weight fractions of the glass
fiber and epoxy resin are 78.6% and 21.4%, respectively, for the pristine composites.

The nano composites (with polycaprolactone nanofibers) are also manufactured
by hand lay-up with identical composite prepregs, number of layers, dimensions, ply
orientations, and curing process as the pristine composites. However, six layers of
polycaprolactone nanofibers are interleaved at each of the composite interfaces
(excluding the central one), as shown in Figure 5.1 (b). It is also important to
mention that the effect of the nanofibers on the final thickness of the composites is
negligible (less than 1%). Additionally, the difference in weight for the pristine and
nanomodified composites due to the incorporation of polycaprolactone nanofibers is
also negligible. Therefore, the weight fraction of polycaprolactone nanofibers in the

nanomodified composites is very small (less than 1%).

Figure 5.1. Composite lay-up of the (a) pristine and (b) nanomodified composites.

The layers of polycaprolactone nanofibers were prepared by the
electrospinning technique [17]. This procedure was chosen because is an easy and

low-cost technology to prepare polycaprolactone nanofibers with a wide variety of
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morphologies. For the preparation of the nanofibers, polycaprolactone pellets are
dissolved in a solvent mixture of formic acid and acetic acid (60/40) at 15% wi/v.
Subsequently, the chemical solution is transferred to a syringe to be spun using the
following operational conditions: a high voltage of 23 kV, a feed rate of 0.9 mL/h,
and a needle tip-collector distance of 15 cm. As a result, an ultrathin layer of
interconnected polycaprolactone nanofibers is obtained, as depicted in Figure 5.2.
The scanning electron microscope (SEM) image is adapted from [16] and shows a
dense array of polycaprolactone nanofibers distributed randomly in the membrane.
The diameter of the polycaprolactone nanofibers is 275 nm, with a standard deviation
of 75 nm.

Figure 5.2. Scanning electron microscope (SEM) image of polycaprolactone nanofibers as
spun, adapted from figure in [16].

5.3 Impact tests

Low velocity impact tests were conducted in a drop-weight impact machine equipped
with a piezoelectric sensor on the tip of impactor for measuring the impact force and
a laser device to determinate the position of the impact. A detailed description of the
impact machine can be found in [18]. The impactor consists of a hemispherical head
with a diameter of 12.7 mm and a weight of 1.22 kg. The composite beams are
placed in a clamping fixture equipped with four rubber pins and impacted at
controlled energies of 24 J and 36 J. During the impacts, an electromagnetic braking
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system is used with the aim to avoid multiple collisions. Each impact was repeated
three times for the pristine and nanomodified configurations.

The reason why the impact tests are performed on composite beams with
smaller size than the conventional impact specimens are because of the increased
preparation time for the nanomodified composites. | would like to point out that the
preparation of one only membrane of nanofibers using a conventional
electrospinning machine (not an industrial equipment) takes about 4-5 hours.
Therefore, eight working days are needed to prepare one composite plate reinforced
with eight membranes of nanofibers. Furthermore, it is also worth noting that the
impact response of composite specimens is mainly affected by the sample thickness
of the composite beams, which is constant for the pristine and nanomodified

specimens, and not for the length and width of the composite beams.

5.4 Finite element modelling for impact behaviour of

composite laminates beams

This paragraph presents the finite element model used to simulate the impact
response of the composite beams with and without polycaprolactone nanofibers. For
this aim, composite beams with the same characteristics of the manufactured
composite specimens are modelled using ANSYS composite PrepPost. The pristine
and the nanomodified composite beams are modelled with the same dimensions (168
mm x 100 mm x 3.1 mm), number of layers and ply orientations as the beams
manufactured experimentally. The unidirectional glass fibre/epoxy layers are
simulated using Solid 185 type elements and the material constants which are
indicated in table 5.1. The composite interfaces made of epoxy resin in the pristine
composite and polycaprolactone nanofibers in the nano composite are modelled

using cohesive elements.
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Constant Definition Value Unit

Ex Young’s Modulus X direction 45 GPa
Ey Young’s Modulus Y direction 10 GPa
E. Young’s Modulus Z direction 10 GPa
Uxy Poisson’s Ratio XY 0.3 Dimensionless
Vyz Poisson’s Ratio YZ 0.4 Dimensionless
Vxz Poisson’s Ratio XZ 0.3 Dimensionless
Gyy Shear Modulus XY 5 GPa
Gy Shear Modulus YZ 3.8 GPa
Gy Shear Modulus XZ 5 GPa

Table 5.1 Material constants used to simulate the layers of unidirectional glass
fibre epoxy plies supplied by ANSYS Workbench Engineering Data.

Figure 4.2 represents the cohesive zone model used to simulate the initiation
and the evolution of damage in the pristine and the nano-modified laminates. The
cohesive model is based on the bilinear model proposed by Alfano and Crisfield
[19]. From the figure, it can be deducted that the stiffness of the cohesive elements
(K% is constant under small element displacements (<&nt"). However, the stiffness of
the cohesive elements (K') decreases progressively, when the level of displacement
is above dn . The figure also shows that the initiation of the damage is defined by the
displacement at maximum cohesive traction (5n"), therefore for small displacements
below &n;" it is considered that there is no delamination/damage. As the material is
non-damaged, the stiffness is constant and equal to the original stiffness of the
material. When the displacement of the elements is above &n¢, the damage
progresses with the increase of the displacement dnt and accordingly the stiffness

goes down with a factor of (1-Dm) as indicated in the equation shown in Figure 4.2.

The relation between the traction (Tnt) and the displacement (dnt) of the

cohesive elements can be defined using the following equation (10).
~— =1 = Dp)Kn: (10)

Where Kn; represents the initial stiffness of the cohesive element and (1- D) is a
factor reduction of the stiffness due to the damage. The subscripts “n” and “t” refer

to the normal and the tangential states. When the composites are undamaged, the
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damage parameter (Dm) is O and the value of the stiffness is equal to the original
stiffness. When the composites are damaged, the D, is between the two values 0 to 1
and the stiffness goes down as indicated in equation (10). Therefore, the level of
damage is defined by the reduction of the stiffness. The value of Dm =1 corresponds

to complete debonding which corresponds to the critical displacement n°.

The corresponding cohesive parameters used to simulate the delamination
between the composite interfaces for the pristine and the nano-modified composites
are indicated in Table 5.2. The parameter alpha is defined as the ratio of dnt* to dn:°
(see Figure 4.2) and can be used to calculate ont*. This is of the utmost importance as
the area under the triangle 0, ont*, Tnt™™ on Figure 4.2 corresponds to the energy
needed to initiate delamination and the area under the triangle nt*, ont", Tnt 2 iS
associated with the energy for the damage propagation. The non-dimensional
weighting parameter (betha) assigns different weights to the tangential and normal
displacements, where we have assumed that the tangential and normal displacement

contributes to the delamination (mixed mode debonding).

Parameter Abbreviation  Pristine Nano Units

Maximum normal traction T 5 2.8 MPa
Normal displacement at debonding O’ 0.00027 0.00035 m

Maximum tangential traction Tmex 5 2.8 MPa
Tangential displacement at debonding o 0.00027 0.00035 m
Ratio a 0.02 0.015 DI
Non-dimensional parameter B 1 1 DI

Table 5.2 Cohesive zone parameters used to simulate the ply interfaces made of
epoxy resin (pristine) and polycaprolactone nanofibers (nano).

Since the maximum traction (Tmax), displacement at debonding (Jc), and ratio
of 0* and o¢ («) cannot be determined by experimental tests, these values are
determined through a comparison of the experimental results with the numerical
simulations of the same tests, allowing for an estimation of the unknown material
properties for the cohesive zone model. By definition, the area under the triangle (see

Figure 4.2) corresponds to the critical interlaminar fracture energy for the glass fiber
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composites. Therefore, the numerical critical fracture energy for the pristine and
nano composites is 675 J/m? and 490 J/m?, respectively. These results are in the

range of other composite laminates with similar characteristics.

The damage initiation law used in the numerical simulations is based on the
Puck failure criteria [20]. According to this criterion, damage initiation is related to a
certain value of stiffness reduction. In this study, the Puck criterion was used for
modelling the interface delamination for the four failure modes of damage initiation
related to the fibers and the matrix. These four modes are Tensile Fiber Failure
Mode, Compressive Fiber Failure Mode, Tensile Matrix Failure Mode, and

Compressive Matrix Failure Mode.

The damage evolution law utilized in the numerical simulations is based on the
instant stiffness reduction. The stiffness reduction is used to define how the
composite interfaces are degraded because of the damage. Accordingly, this stiffness
reduction can vary between 0 and 1, where 0 indicates no reduction in the stiffness
and 1 is associated with complete stiffness loss. In this study, we have assumed that
there is an 80% reduction of stiffness reduction due to the delamination/damage for

the four modes of damage.

5.4.1 Experimental Model Verification

To verify the results obtained using the finite element model and to validate the
model, the finite element results are compared with the experimental results obtained
in the paper of Saghafi et al. [16]. It is important to note that the composite beams
manufactured experimentally are the same size and subjected to the same impacts as
in the model. The numerical and the experimental results are presented in Table 5.3.
The table represents the damaged area on the laminated beams with and without
polycaprolactone nanofibers as a result of the impact with energies of 24 J and 36 J.
From the table, it can be seen that the numerical results show the same trend as the

reported experimental results and the delaminated area decreases for the nano
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modified samples for both cases of impact. Furthermore, it should be noted that the
experimentally measured damaged area is in very good agreement with the damaged
area obtained in the numerical simulations, which comes to further validate the

results of the numerical simulations.

Energy Sample Experimental [16] Numerical
o1 ] Pristine 0.000170 m? 0.000175 m?
Nano 0.000125 m? 0.000126 m?
363 Pristine 0.000260 m? 0.000275 m?
Nano 0.000197 m? 0.000196 m?

Table 5.3 Area damaged (mm?) in pristine and nano modified
composites due to the 24 J and 36 J energy impacts.

5.5 Results and Discussion

The aim of this section is to analyze the effect of polycaprolactone nanofibers on the
impact damage resistance of glass fiber composite laminates. For this study, the
finite element model introduced in Section 5.4 is used to simulate the damage caused
by impacts with energies of 24 J and 36 J in the pristine and nano modified
composite beams. It is important to note that the force-displacement curves shown in
Fig. 5.3 represent the impact excitation of the composite specimens, which is taken
from the studies of Saghafi et al. [16] where the same composite beams (made of the
same number of layers, same materials and same size) are subjected to the same

impact loadings.

The composite beams are subjected to impacts using energies of 24 J and 36 J,
as detailed in Figure 5.3. The figure shows that the experimental and numerical
force-displacement curves for the same energy impacts are very close to each other.
Therefore, it can be concluded that the total impact energy used in the experiments
and numerical simulations is the same. From the figure, the peak forces and
displacements for the 24 and 36 J energy impacts can be clearly observed. Therefore,
according to our simulations, the peak force increases from 3795 to 4821 N when the
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energy of the impact varies between 24 and 36 J. The mechanical impacts are located
at the centre of the specimen and each impact is applied at the same location for each
test. The composite beams are fixed using clamp-clamp boundary conditions.
Therefore, the composite specimens are clamped using fixed supports at both ends of

the composite beams.
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Figure 5.3 Comparison between the experimental and numerical force-
displacement curves for the energy impacts at 24 J and 36 J.

The results obtained in the drop weight impact test are shown in Figure 5.4.
The composite specimens reinforced with polycaprolactone nanofibers and the
pristine ones are subjected to controlled energy impacts at 24 J and 36 J. As seen in
the pictures, the area damaged because of the low velocity impacts is smaller for the
nanomodified composites. From the figure, it can be clearly seen that the area
damaged as a consequence of the 24 J impact is 170 mm? and 125 mm? for the
pristine and nanomodified composites, respectively. The same trend of reduction of
the damaged area is observed for the energy impact at 36 J, where the nanomodified
composite shows a significant reduction (24 %) with respect to the pristine beams of
the delaminated area due to the impact. The reduction of the damaged area is
attributed to the fact that polycaprolactone nanofibers absorb energy during the

impact, which is beneficial to dissipate the energy of the impact.
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Figure 5.4 Results obtained in the drop-weight impact test. Area damaged after
the energy impact at 24 J and 36 J for the pristine and nano composites [16].
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Figure 5.5 Results obtained in the cohesive element model. Area damaged after
the energy impact at 24 J and 36 J for the pristine and nano composites.
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The results obtained using the finite element model simulations are illustrated
in Figure 5.5. The legend scale on the left refers to the level of damage in the
composite specimen, where the strong blue colour (0%) represents the undamaged
area of the composite and the red colour (100%) represents the severely damaged
area of the composite. The green colour in between (50%) corresponds to damage
states, which are in between the above two, the non-damaged and the severely
damaged states, where the composite specimens are partially damaged. From the
simulations, it can be clearly appreciated that nano composites are less damaged than
the pristine panels for the two cases investigated (24 and 36 J). Therefore, it can be
concluded that according to the finite element modelling and experiments, the
incorporation of polycaprolactone nanofibers reduces the delaminated area by about
35% for the two energy levels at 24 and 36 J. This can be attributed to the good
adhesion between polycaprolactone nanofibers and epoxy resin and the formation of
heterogeneous separated phases on the composite interfaces, which increases the
energy dissipation [21]. Additionally, the figure also shows that the most severe

damage in the composite is located in the impacted zones (red area).

The experimental results show that the area damaged as result of the 24 J
impact is 0.000170 and 0.000125 m? for the pristine and nano composites,
respectively [16], and our numerical simulations confirm that the damaged area
decreases from 0.000175 to 0.000126 m? as a result of the incorporation of
polycaprolactone nanofibers. The same trend of reduction of the delaminated area is
found for an impact with 36 J energy, where the area damaged in the composite
laminates decreased by around 28% due to the reinforcement with polycaprolactone
nanofibers. Therefore, the results obtained experimentally and numerically confirm
that the composites reinforced with polycaprolactone nanofibers are less susceptible

to impact damage than pristine panels.

Similar results have been reported previously in other works. For example, Ref.
[22] reported that the addition of nylon nanofibers to the interfaces of carbon fibre

epoxy composites significantly increased the threshold impact force (the force to
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cause initiation of impact damage) up to 60%. Additionally, the same study shows
that the impact damage area decreases considerably due to the interleaving with
nylon nanofibers. Other works, such as [23], indicated that the incorporation of a
mixture of polycaprolactone and nylon nanofibers into the composite ply interfaces
could decrease the impact damage area by up to 59.3% in glass fibre epoxy
composites. Other authors, such as [24, 25], suggest that the interleaving with other
electrospun nanofibers -polyvinylidene fluoride and polyacrylonitrile nanofibres- is
not a good choice for toughening epoxy and improving the impact damage resistance

of glass fibre/epoxy laminates.

In conclusion, it can be said that the interleaving with polycaprolactone
nanofibers decreases the impact damage area in glass fibre epoxy composites quite
significantly by more than 30%. This can be attributed to the higher dissipation of
energy during the impact of the nano modified composites with respect to the pristine
samples. This discovery is of the utmost importance for structures made of composite
materials (e.g., aircrafts or wind turbines), where the impacts caused by bird strikers

or hailstorms are a main concern.

5.6 Conclusions

The impact resistance of materials is very important in a lot of industries, including
aircraft design and production. In the last years, various kinds of polymeric
nanofibers have been used for enhancing the impact response of composite laminates
such as polysulfone, polyvinylidene fluoride, polyvinyl alcohol, phenoxy, and nylon.
In this regard, polycaprolactone nanofibers are also attracting important attention
because of its beneficial properties as high compatibility and strong adhesion with
epoxy resin. The aim of this research is to investigate the effect of polycaprolactone
nanofibers on the impact resistance of glass fiber epoxy composites. The performed
experimental and numerical investigations suggest that the incorporation of

polycaprolactone nanofibers into the interlaminar regions of composite glass fiber
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epoxy composites increases the impact resistance and reduced the area damaged by
impacts.

The numerical investigation offered in this research is validated with available
experimental data and reveal that the incorporation of polycaprolactone nanofibers
reduce a 30 % the delamination damaged caused by low-velocity impacts in glass
fibre epoxy layered composites. Thus, polycaprolactone nanofibers can be used to
develop composite materials with improved impact resistance which can be a used

for an important number of applications, including aircrafts and wind turbines.

This work presents solid progress toward the practical applications of
composites reinforced with polycaprolactone nanofibers as per example reduction of
the impact damage caused by impacts. This is important from the view point of using
such materials as part of any structural elements that experience impact, as the
interleaving with polycaprolactone nanofibers is potentially capable the damage of

such impacts.
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Chapter 6
Self-powered pressure sensor based on the triboelectric

effect and its analysis using dynamic mechanical analysis

Since 2012 there has been a rapid rise in the development of
triboelectric nanogenerators due to their potential applications in the
field of energy harvesting and self-powered sensors for vibrations,
accelerations, touches, pressures and other mechanical motions. This
study suggests a novel triboelectric nanogenerator based on the
interaction between polyvinylidene fluoride and polyvinyl pyrrolidone
submicron fibers. Polyvinylpyrrolidone is introduced as a new
material for the TENG because of its tendency of losing electrons
easily, while polyvinylidene fluoride is selected for its strong-electron
attracting ability. Electrospinning is suggested as a fabrication method
for the nanofibers due to its simplicity, versatility and low-cost.
Furthermore, the chapter explores the possibility to use this
triboelectric nanogenerator as a self-powered pressure sensor. For this
purpose, the nanogenerator is subjected to dynamic mechanic analysis
which produces controlled pressure forces applied with a certain
frequency. This is the first work to suggest the use of dynamic
mechanical analyzer to study the relation between the applied
mechanical stimulus and the electric responses of the triboelectric
nanogenerator. Eventually the sensitivity of the nanogenerator to
different pressures is analysed. A directly proportional relationship is
found between the pressure applied and the resultant voltage and
current amplitudes. The developed nanogenerator reacts to pressure in
real time and as a sensor it exhibits a very high sensitivity and low
experimental error for repeated measurements. The main contributions
of this study are the development of a novel nanogenerator based on
the triboelectric effect between polyvinylidene fluoride and
polyvinylpyrrolidone electrospun fibers and the investigation for its
potential use as a self-power pressure sensor. Eventually, the paper
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explores the advantages of dynamic mechanical analyser for pressure

analysis.

6.1 Introduction

Pressure sensors are required in thousands of everyday applications as touchscreens,
touchpads, microphones and medical devices. According to their mechanism to
convert the mechanical energy into electricity can be generally divided into the
following categories: piezoelectric [1-2], capacitive [3], optical [4] and resistive
sensors [5]. Among these approaches, the sensors based on the piezoelectric effect
have attracted the most attention because they are self-powered and do not need a
battery or an external power supply to power the sensor. Therefore, they can be used
as sustainable sensors able to work independently without any external power supply
which results in important cost-savings. However, the fabrication of piezoelectric
sensors is rather complicated and requires time-consuming and cost processing steps
as annealing (a heat treatment to increase the crystallinity of the sensing material)
and electrical poling (the application of a high electrostatic field at elevated
temperature to align the dipoles). Hence, it is highly desired to find alternative ways

to fabricate self-powered pressure sensors using a low-cost technology.

In the last years, triboelectric nanogenerators (TENGs) has been widely
reported for their potential applications in the field of energy harvesting [6-10] and
self-powered active sensors for touches [11], vibrations [12], accelerations [13],
velocities [14], wind speeds [15] and environmental changes [16-17]. More
importantly, TENGs can also be utilized as self-powered pressure sensors with the
advantages of easy fabrication and low-cost processing technology. For example, the
authors from [18] reported a TENG which can detect pressures in the range from 0 to
10 KPa with exceptional pressure sensitivity. Other works as [19] reported TENGs
which can detect pressures at high pressure regimes (>10 kPa). Currently, most of the
reported TENGSs have been tested using a mechanical lineal motor [20], shaker [21],
or vibration platform [22] which provides limited information about the

128



characteristics of the mechanical stimulus. In this regard, we believe that it is
necessary to investigate alternative techniques to analyze the characteristics of the
mechanical stimulus which can be used to have a better understanding of the nature

of the electric responses and its relationship with the mechanical input.

In this chapter, we introduce a novel triboelectric nanogenerator based on
polyvinylidene fluoride (PVDF) and polyvinylpyrrolidone (PVP) electrospun fibers
and test its application as self-powered pressure sensor. For that purpose, the
technique of dynamic mechanical analyzer (DMA) is used to analyze the mechanical
stimulus applied to the triboelectric nanogenerator and the TENG electric responses
are measured with the aim to assess the sensitivity of the resultant electric signals to
changes in the pressure applied. The main advantages of dynamic mechanical
analyzer are threefold: First, it provides the mechanical stimulus applied to the
TENG in real-time as per example the magnitude of the pressures applied in the time
domain. Second, it can be used to analyze of the relation between the mechanical
input and the TENG electrical responses (e.g. the relationship between the
deformation and the electric responses). Finally, it can evaluate the TENG
performance under different environmental conditions as temperature and humidity.
As per the authors’ knowledge, this study presents the first attempt to use dynamic
mechanical analyzer to analyze the behavior of a TENG as pressure sensor. This is
beneficial as it can be used to understand more precisely the nature of the TENG
electric responses. The experimental results indicated that the developed pressure
sensor has a very high sensitivity and reproducibility. Actually, very few publications
have reported the pressure sensitivity of TENGs [18-19] and it can be concluded that
the developed sensor is more sensitive than most reported triboelectric sensors in the
0-2000 Pa detection range.

Previous publications have reported that the ability of the materials to lose or
gain electrons during the triboelectrification plays an essential role in the
performance of TENGs [23-25]. Logically, the further away the materials are
separated in the triboelectric series, more electrons are exchanged which results in an

increase of the triboelectric effect and higher electric outputs. In the design of the
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triboelectric nanogenerator, PVDF and PVP fibers are selected because both
materials are further away from each other in the triboelectric series, which is
expected to enhance the performance of the TENG. To date PVDF fibers have been
widely utilized to build TENGs [26-30] due to their strong tendency to attract
electrons. This is due to the large composition of fluorine in PVDF that has the
highest electronegativity among all the elements and the large active surface of the
nanofibers. In this paper, we suggest PVP fibers as the other triboelectric mat to
design the TENG due to their strong ability to lose electrons and large contact
surface. To the best of our knowledge, only a few works [27, 31] have explored the
potential of PVP fibers as positive triboelectric material.

It is also well known that the performance of the TENG is largely dependent on
the contact area between the frictional materials [32]. Therefore, there has been much
effort to prepare triboelectric mats with large contact active surface. For example,
[33-34] used patterned films and nanoparticles in the TENGS to increase contact area
between the frictional mats. In this study, we utilized nanofibers to design the TENG
due to their higher specific area and very high roughness, which is expected to
increase the generation of triboelectric charges. For this purpose, a simple method is
suggested to fabricate fibers using the technique of electrospinning. This process has
the advantages of cost effective mass production, scalability and simplicity of the
design and fabrication from a wide variety of triboelectric nanofibers as per example
nylon [35], polystyrene [36] or poly(methyl methacrylate) [37] to mention just a few.
Furthermore, the very rough surface of the fibers fabricated via electrospinning can
be used to improve the performance of the triboelectric nanogenerators. Although
some authors have reported triboelectric nanogenerators fabricated via
electrospinning [38-39], it is important to highlight the advantages of this fabrication
method and the simplicity of this process for preparation of triboelectric

nanogenerators at large scale using a low-cost production technology.

The rest of the paper is organized as follows: Section 2 describes the
preparation of the polymer fibers using the electrospinning technigue. Section 3 and

4 are dedicated to the characterization of the produced polymer fibers. Section 5
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explains the fabrication process for the triboelectric nanogenerator using the fibers.
The DMA experiments carried out to assess the sensitivity of the TENG to pressures
are presented in Section 6. Section 7 presents and discusses the experimental results

in detail. Eventually some conclusions are offered in section 8.

6.2 Preparation of the PVDF and PVP fibers

This section explains the procedure used to prepare the fibers used in the triboelectric
nanogenerator. The submicron fibers were produced using the technique of
electrospinning due to its low cost, scalability, and simplicity for the fabrication of a
wide variety of triboelectric mats. Furthermore, the large surface area and rough
surface of the fibers produced via electrospinning can generate higher density of
triboelectric charges through the triboelectric effect, resulting in larger electric
outputs [27]. Thus, an increment of the thickness of the electrospun membranes (e.g.
by using a large collection time in the electrospinning process), it is expected to
increase the TENG electric responses up to a certain point. Fig. 6.1 illustrates a
schematic description of the electrospinning process used to prepare the nanofibers
for the TENG.

Polymer
solution
» 3
c
g9 Taylor
SE cone
&)

n< Collector

Figure 6.1 Schematic diagram of the electrospinning process. The inset shows a SEM
image of the electrospun fibers.
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For preparing the PVDF fibers, polyvinylidene fluoride pellets with a
molecular weight of 275,000 g mol-1, N, N- dimethylformamide (DMF) and acetone
solvents were used as received. Initially, a chemical solution was prepared by
dissolving 2g PVDF pellets in 10 ml solvent mixture of N, N- dimethylformamide
and acetone (4/6). After, the chemical solution was heated on a hot plate at 70 °C
while being actively stirred to speed up the dissolution process. Finally, the
homogeneous solution was inserted into a plastic syringe to be spun using the
following operation conditions: A high voltage of 15 kV, a spinning distance of 15
cm and a feed rate of 1 ml/h. During the electrospinning, the equipment used
(Nanon-01A) is equipped with a 21 G steel needle (inner diameter = 0.8 mm) and a
static collector. As a result, membranes of PVDF submicron fibers with a thickness

of approximately 2 mm are obtained.

Regarding the preparation of PVP fibers, PVP (MW= 360,000 g mol-1, Sigma
Aldrich) powder was used as polymer and ethanol was used as solvent. Firstly, a
chemical solution was prepared by dissolving the PVP powder in a solution of
ethanol at a concentration of 10% w/v. Secondly, the chemical solution is transferred
to a 5 ml plastic syringe to be spun using the following conditions: applied voltage
18 kV, feed rate 0.5 ml/h, spinning distance 12 cm, 21-gauge needle and static
collector. Finally, membranes of PVP submicron fibers with a thickness of around 1

mm are prepared.

The thickness of the membranes of nanofibers plays a critical role on the
performance of the nanogenerator. This behaviour is investigated by N. Cui et al.
[47], where it is reported that the generation of triboelectric charges is dependent on
the thickness and porosity of the nanostructured membranes. From the results of this
paper, it can be clearly observed that membranes with higher thickness increases the
generation of triboelectric charges up to a saturation value. This is the reason why we
have used membranes with a thickness of a few milimeters instead of ultra-thin

membranes of nanofibers in the microscale.
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6.3 Characterization of PVDF and PVP fibres

The aim of this section is to analyze the morphology of the fibers used in the
triboelectric nanogenerator. As stated above, the performance of a TENG is affected
by the contact area between the frictional materials. Additionally, the internal spaces
of the triboelectric layers (e.g. porosity) also affect positively the output performance
of the TENG [40]. It should be said that, there has been much effort to prepare

triboelectric mats with large active surface area and porosity [18-20]. One of the

possible methods to prepare mats with high active surface area and porosity is to use
ultra-thin fibers in the TENG.
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Figure 6.2 Analysis of the morphology for the fibers used in the triboelectric
nanogenerator: (a) SEM image of electrospun PVDF fibers, (b) fiber diameter distribution
of PVDF fibers, (c) SEM image of electrospun PVP fibers and (d) fiber diameter
distribution of PVP fibers. The SEM images were obtained using EVO MAL5 scanning
electron microscope at an accelerating voltage of 5 kV and probe intensity of 291 pA.
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The morphology of the fibers was characterized using a scanning electron
microscope (SEM) images. From the SEM images, the diameters of 100 fibers were
measured by using the software J 1.45s. Then, the fiber diameter distribution is
calculated by counting the number of fibers who possess diameters in the range
selected. The analysis of the morphology for the fibers used in the TENG is
presented in Fig. 6.2.

The SEM image of the PVDF submicron fibers is given in Fig. 6.2 (a) and the
fiber diameter distribution is presented in Fig. 6.2 (b). The SEM image shows good
quality submicron fibers with different sizes distributed randomly in the membrane.
The submicron fibers are separated from each other and have a smooth surface with a
few bead defects. The fiber diameter histogram shows a normal distribution which is
skewed to the right thus indicating that the diameter of the spun fibers is not uniform.
The histogram shows that the fibers diameter is somewhere between 800 and 1000
nm with a probability of about 28 %. The average diameter of the PVDF nanofibers
was 1100 nm with a standard deviation of 370 nm.

The SEM image of PVP fibers is given in Fig. 6.2 (c) and the histogram of
fiber diameter distribution is displayed in Fig. 6.2 (d). The fibers obtained are
distributed in random directions without beads and other defects as indicated in SEM
image. The histogram shows a normal distribution with fiber diameters between 200
and 2200 nm. The fiber diameter distribution is skewed to the left indicating that the
fibers diameter is between 1400 and 1600 nm with a probability of about 17%. The
average fiber diameter was 1400 + 470 nm, indicating that PVP fibers are thicker
than PVDF fibers. The wide distribution of diameters in both membranes of spun
fibers (200 to 2200 nm) is explained by the Taylor cone formed during the
electrospinning. As illustrated in Fig. 6.1, the polymer jet is only stable close to the

tip of needle and after that, it becomes unstable changing in periodic directions.
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6.4 Analysis of the crystalline phase in PVDF

PVDEF is ascribed to the piezoelectric effect when there is betha crystalline
phase and the ferroelectric domains of B-phase are well aligned [41]. However,
PVDF is also attributed to the triboelectric effect due to their strong-electron
attracting ability [26-30]. This behavior is attributed to the high percentage of
fluorine in PVDF that has the highest electronegativity among all the elements which
results in a strong tendency to gain negative charges when in contact with almost any
other material and the large active surface area of the fibers. In this section, we
investigate if the nature of the electrical signal detected from PVDF nanofibers is due

to the piezoelectric effect, the triboelectric effect or a combination of both.
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Figure 6.3 Identification of the crystalline phase in PVDF fibers: (a) XRD pattern obtained
on a PANalytical X-ray diffractometer with Cu radiation of 1.54 A° in reflection mode
using samples scanned in the 20 range of 5° to 40° with a step size of 0.05°. (b) DSC curve
obtained using Q200 differential scanning calorimeter from TA instruments using samples
heated in a temperature range from 30 to 200 °C at the heating rate of 10 °C/min.

It is well known that the PVDF piezoelectric properties depend on the
crystalline phase. The a crystalline phase is non-polar due to the antiparallel packing
of the dipoles and in this phase PVDF exhibits no piezoelectric properties. However,
the B crystalline phase is polar and, in this phase, PVDF can exhibit a strong
piezoelectric behavior when the ferroelectric domains of the f3-phase are well aligned

(e.g. by the application of high electric field at elevated temperature). To find out if
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the electric response of the PVDF nanofibers is due to the piezoelectric effect X-ray
diffraction (XRD) and differential scanning calorimetry (DSC) were carried out to
identify the crystalline phase of the polyvinyl fluoride fibers. The results for the

analysis of the crystalline phase are shown in Fig. 6.3.

Fig. 6.3 (a) shows the XRD spectra of the PVDF fibers. The intense peaks at 20
= 18.53°and 20.08° correspond to the (0 2 0) and (0 1 0) planes of the alpha
crystalline phase. Furthermore, the spectra shows other two small peaks around 27°
and 36° associated with (0 2 1) and (2 0 0) planes of the phase a. As reported in [42],
the diffraction peaks for o and y phase are almost coincident in the XRD spectra and
therefore, there has been some confusion between both crystalline phases. For this
reason, DSC is used as complementary technique to assure that alpha is the
crystalline phase of PVDF nanofibers. This technique allows to clearly distinguish
between the a phase (the polymer melts in the range from 167 to 172 °C) and the vy
phase (the melting point is about 179 to 180 °C) [42]. The DSC results for the PVDF
nanofibers are shown in Fig. 6.3 (b). The DSC curve shows an endothermal peak at
167.1 °C confirming that the crystalline phase of the PVDF is the non-piezoelectric
a-phase. In conclusion, the XRD and DSC results indicate that the crystalline phase
of PVDF is the non-piezoelectric alpha phase. Thus, the influence of piezoelectricity
on the electric output of the PVDF fibers is negligible and the electric signal detected

from the PVDF fibers is only due to the triboelectric effect.

6.5 Fabrication of the TENG

This section describes the process used to fabricate the triboelectric nanogenerator
using the technique of electrospinning [43]. This method was chosen because of its
simplicity, versatility and low-cost. Furthermore, the rougher surface of the fibers
produced via electrospinning increases the effective contact area improving the

output performance of the triboelectric nanogenerator [38].
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The assembly process of the triboelectric nanogenerator is depicted in Fig. 6.4.
Firstly, membranes of polyvinyl fluoride and polyvinyl pyrrolidone were electrospun
on copper films as shown in Fig. 6.4 (a). The role of the copper films is to collect the
submicron fibers during the electrospinning and act as electrodes for the triboelectric
nanogenerator. PVDF and PVP fibers served as the sensor frictional mats due to
strong tendency to gain and lose electrons. Secondly, the membranes of
interconnected PVDF and PVP fibers are face to each other to assemble the
triboelectric nanogenerator (Fig. 6.4 (b)). Finally, the nanogenerator is sealed with
polyethylene terephthalate film which acts as protection layer for the nanofibers and
avoids changes in the electric responses due to humidity variations. This is also
important to prevent the deliquescence of PVP nanofibers. Fig. 6.4 (c) displays a
digital photograph of the nanogenerator with the small size of 40 x 40 x 3.5 mm and
a low weight of 4.93 g. Fig. 6.4 (b) illustrates the structural design of the triboelectric
nanogenerator. The nanogenerator consist of two sections: (i) PVDF electrospun
fibers deposited on copper electrode form the top section and (ii) PVP submicron
fibers adhered on copper electrode form the bottom section. As it can be appreciated,
the polyvinylidene fluoride fibers are located at the top side of the nanogenerator,
while the PVP fibers are placed at the bottom side. These materials are chosen for

their high tendency to gain and lose triboelectric charges respectively.

(a) Electrospinning (b) Nanogenerator Assembly (c) Digital Photography
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Figure 6.4 Schematic illustration of the fabrication process for the triboelectric
nanogenerator: (a) Preparation of the PVDF and PVP fibers via electrospinning. (b)
Structure of the fully assembled triboelectric nanogenerator (c) Digital photographic of the
as-fabricated TENG.
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6.6 Working principle of the TENG

The electricity generation process of the triboelectric nanogenerator is schematically
described in Fig. 6.5. The working mechanism is based on the coupling effect
between the triboelectrification and electrostic induction. It is worth to note that the
operating principle of the TENG is self-powered. But as in most practical occasions
the oscilloscope and multimeter used to measure the sensor electric signals require an

external power supply.
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Figure 6.5 Simplified description of the generation of electricity [44-45]: (a) the original
position of the nanogenerator. (b) Under a pressure, the fibers of PVDF and PVP are
brought into contact which results in the generation of charges with opposite signs. (c)
Once the pressure is withdrawn, the charges of PVDF and PVP are separated which results
in a strong potential difference which drives the electrons from the bottom to the top
electrode. (d) The variation of current in time domain due to one contact-separation caused
by one finger tap.
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In the original state, there is no generation of triboelectric charges and no
electric potential difference between the two electrodes as indicated in Fig. 6.5 (a).
When a pressure is applied to the top of the nanogenerator, the PVDF and PVP
submicron fibers are brought into contact with each other, which results in the
generation of triboelectric charges with opposite signs as illustrated in Fig. 6.5 (b).
Due to the strong electron-attracting ability of PVDF, electrons are injected from the
PVP into the PVDF fibers, leaving negative charges on the PVDF fibers and positive
charges on PVP fibers. As the pressure is released, the contacting surfaces will revert
to their original positions which results in the separation of the positive and the
negative charges. At this stage, the PVP and the PVDF fibers are oppositely charged
and the subsequent separation of charges induces a dipolar moment and strong
electrical potential difference between the electrodes which causes electrons flow
through external loads from the bottom electrode to the top electrode producing an
electrical signal as indicated in Fig. 6.5 (c). Finally, the generation of triboelectric
charges stops, and the electrons flow back producing an opposite sign electrical
signal. Thus, the triboelectric nanogenerator reverts to its original state. Fig. 6.5 (d)
shows the variation of current as a function of the time due to one contact-separation

caused by a finger pressure.

6.7 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA; Q800; TA Instruments) is used to evaluate the
effect of the pressure on the electrical responses of the triboelectric nanogenerator.
For this aim, ten different pressures in the range between 200 Pa and 2000 Pa are
subjected to the nanogenerator using dynamic mechanical analysis. Simultaneously,
the voltage and current output signals of the device caused by the different pressures
are measured using a Tektronix 2012B commercial oscilloscope and Agilent 34410A
digit multimeter. The main idea is to find out if the amplitude of the electric
responses of the nanogenerator are dependent on the pressure applied, which is
necessary to demonstrate the potential of the novel TENG as self-powered pressure

sSensor.
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A schematic description of the experimental set-up is shown in Fig. 6.6. The
pressures are applied on the top side of the TENG in a direction perpendicular to the
device as shown in the figure. The pressures are generated by a constant force
perpendicular to the nanogenerator mounted in DMA equipment and applied on a
circular area of 50.24 cm?. During the test, the pressure applied was varied in the
range from 200 to 2000 Pa with increments of 200 Pa. Each pressure application was
repeated five times to assess the reproducibility of the electric responses for repeated
applications of the same pressure. The electric outputs are shown in the results
section where the effect of the pressure applied on the electric response of the
nanogenerator is analyzed. From this test, the voltage and current generated by the

various pressures are investigated.

Electrode
PVDF
PVP
Electrode

Original State Pressing Pressure releasing

Figure 6.6 A schematic diagram of the experimental set-up to measure the electric output
of the nanogenerator to pressures applied through dynamic mechanical analyzer (DMA).

As stated above, the use of the Dynamic mechanical analyzer (DMA; Q800;
TA Instruments) is suggested to supply periodically applied pressures to the
nanogenerator. The main benefit of using this instrument is that the mechanical
stimulus applied on the nanogenerator can be monitored and record in real time.
Furthermore, although this characteristic was not used in this study, this technique
can also evaluate the performance of TENGs under different environmental
conditions as temperature and humidity which is not possible based on conventional
techniques. This can be potentially used to have a deeper understanding of the nature

of the TENG electric responses.
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6.8 Results and discussion

This section presents all the results obtained from the experiment described in
Section 6.7. As mentioned in section above, dynamic mechanical analysis was
conducted in order to evaluate the ability of the developed triboelectric
nanogenerator to measure pressures. The idea is to evaluate the sensitivity of the
resultant electricity signals to changes of the applied pressure with the aim to

investigate the effect of the pressure on the electric output of the TENG.

Fig. 6.7 (a) shows the time history of the pressures applied to the
nanogenerator in the range from 200 Pa to 2000 Pa. The pressure varied with an
increment of 200 Pa and each pressure was applied for five cycles. Fig. 6.7 (b) shows
the corresponding electric response of the TENG measured in terms of current. The
results indicate that the current output increased from 0.4569 + 0.0003 pA to 1.3939
+ 0.0016 pA as the pressure increased from 200 Pa to 2000 Pa. Fig. 6.7 (c) shows the
electric responses of the TENG measured in terms of voltage. It can be seen that the
voltage output goes up from 5.36 + 0.09 to 13.24 + 0.09 V when the pressure
changes between 200 Pa and 2000 Pa. It can be concluded from these results, that the
performance of the TENG is strongly affected by the magnitude of the pressure
applied, producing a higher voltage and current output when the nanogenerator is
subjected to a higher pressure. The device exhibited a peak-to-peak voltage and
maximum current output of 13.24 V and 1.3939 pA, respectively under a mechanical
compression of 2 kPa. The increase of the electric output with the increase of the
pressure is related to the increment of effective contact between the frictional
materials under a stronger pressure. At a small pressure, the rough surfaces of
electrospun fibers prevent full contact between the fibers of PVDF and PVP. Thus,
small areas of PVVDF fibers are in contact with PVP fibers which results in a very few
amounts of triboelectric charges generated and minimum electric outputs. When a
stronger pressure is applied, the deformation of the device increases producing larger
contact area between the PVDF and PVP fibers and consequently, more charges are

generated what results in higher voltage and current outputs.
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Figure 6.7 Influence of pressures on the triboelectric nanogenerator. (a) Pressures applied
through DMA equipment. (b) Current output measured using a digital multimeter and (c)
Voltage responses measured using a commercial oscilloscope.
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Fig. 6.8 (a) shows the maximum values of the current output as a function of
the pressures. The results given are the average maximum current output and the
corresponding standard deviations for the five cycles performed for each pressure.
From Fig. 6.8 (a) it can be appreciated that the relationship between the pressure and
the maximum current can be interpolated with two straight lines one in the region
from 200 to 800 Pa and another one between 800 and 2000 Pa. It is noticed that the
bi-linear approximation between electric output and the pressing forces exhibits
excellent linearity (R? =~ 0.99) for the two regions. The pressure sensitivity is 0.94
nA/Pa for the low-amplitude pressure region from 200 to 800 Pa and it decreases to
0.37 nA/Pa for the pressure amplitude above 800 Pa.

Fig. 6.8 (b) shows the average voltage amplitude and the corresponding
standard deviations for five repetitions as a function of the pressures. The results
display that the output voltage increases at higher pressure and finally saturates at
13.2 V, when the pressure is 1600 Pa. This can be explained by the fact that higher
pressure results in more contact area and hence increase the amount of triboelectric
charges of the TENG. As a result, higher output voltage is obtained until the
triboelectric nanogenerator saturates at 1600 Pa and 13.2 V. It can be observed that
the relationship between the pressure and the average voltage exhibits three distinct
regions. When pressures are below 800 Pa, the relationship voltage-pressure is nearly
linear (R? = 0.996) and the pressure sensitivity is 8.8 mV/Pa. In the region between
800 Pa and 1400 Pa, the pressure sensitivity decreases up to 3.9 mV/Pa and the
relation between the generated voltage and the pressure is still very close to linear
(R? =0.989). In the region beyond 1600 Pa, the TENG reaches a saturation point. On
the basis of these results, it can be concluded that the TENG exhibits a very sensitive

response to applied pressures in the range from 200 to 1600 Pa.

Currently the electric response of the developed triboelectric nanogenerator to
different pressures in the range from 200 to 2000 Pa was tested. The results obtained
in Fig. 6.8 (a) and (b) reveal that the triboelectric nanogenerator is more sensitivity to

pressures in the low-pressure region. This is in good agreement with previous results.
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For example, the triboelectric sensor published in [18] shows a pressure sensitivity of
44 mV/Pa for pressures below 150 Pa. However, the sensitivity decreases to 0.5
mV/Pa at higher pressures. The developed triboelectric nanogenerator shows a
pressure sensitivity of 8.8 mV/Pa for pressures below 800 Pa while the sensitivity
decreases to 3.9 mV/Pa for pressures in the range from 800 to 1600 Pa. Thus, it can
be concluded that the triboelectric nanogenerator has a very high sensitivity in this
range of pressures. It can also be observed that the current-pressure and the voltage-
pressure relationships show a different bilinear trend. This can be explained by the
fact that voltage and current are different characteristics. As mentioned in [46], the
current is dependent of the capacitance (C) and voltage (V) of the TENG while the
voltage is dependent of the density of triboelectric charges (0), the separation
distance (d) and the vacuum permittivity (o). We believe that these fundamental
basics can explain the differences between the current-pressure and voltage-pressure
relationships. In any case, further research is needed to fully understand the

differences between both relationships.
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Figure 6.8 Influence of pressures on the triboelectric nanogenerator. (a) current and (b)
voltage output as a function of the pressures in the range from 200 to 2000 Pa.

Furthermore, the reproducibility of the experiments is tested to determinate the
stability of the electric responses for repeated applications of the same pressure. This
experiment is carried out to to find out if the electrospun fibers can withstand the

pressure without being damaged which will ensure the experiment stability and
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reproducibility. In order to estimate the error which is due to variations in the
measurement each pressure was repeated ten times. Then the mean electric values,
standard deviations and coefficient of variations over the ten realizations for each of

the maximum current outputs and peak-to-peak voltages were calculated.

Table 6.1 shows the mean values, the standard deviations and coefficient of
variation for the voltage and the current outputs as a function of the pressure. It
shows the average voltage and current measured for each of the pressures. It can be
observed that the electric outputs are affected by the pressure applied in the same
way as demonstrated in figure 6.8. In addition, the standard deviations for the ten
measurements of voltage and current are less than 0.3 V and 0.02 pA respectively
and the average coefficients of variation are 1.8 % and 1.7 % respectively. Therefore,
these results indicate that the miniscule changes in the voltages and current outputs
can be considered within the range of the experimental error.

Pressure Mean S.D. C.V. Mean S.D. C.v.
(Pa) Voltage Voltage Voltage Current Current Current
V) V) (%) (HA) (HA) (%)
200 5.3 0.1 2.5 0.44 0.02 4.71
400 7,5 0.1 1.3 0.68 0.01 1.65
600 9.2 0.2 2.7 0.84 0.01 1.55
800 10.6 0.2 2.3 0.98 0.01 0.72
1000 11.5 0.2 1.8 1.06 0.02 1.67
1200 12.4 0.3 2.2 1.11 0,02 1.79
1400 13.1 0.1 1.1 1.19 0.02 1.80
1600 13.1 0.2 1.6 1.27 0.01 0.96
1800 13.1 0.2 1.6 1.36 0.01 1.05
2000 13.2 0.1 0.9 1.41 0.02 1.22

Table 6.1 Operational stability of TENG after ten repetitions for each pressure. Average
value, standard deviation, and coefficient of variation (in percent) for voltage and current.

In conclusion, it can be said that the electric outputs of the developed TENG
are very stable and there is almost no change in the electric response of the
nanogenerator under repeated applications of the same pressure. This indicates that

the electrospun fibers of the nanogenerator are robust and not damaged due to the
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repeated application of the pressures, and therefore, the developed triboelectric

nanogenerator can be used as a pressure sensor.
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Figure 6.9 Influence of pressing frequency on the electric output of the TENG. (a) 5N
pressing forces applied using DMA at a given frequency of 0.28 Hz and 0.08 Hz. (b) Voltage
responses measured using a commercial oscilloscope.

The effect of the frequency on the electric response of the nanogenerator was
also investigated using the technique of dynamic mechanical analysis. In this
experiment, the pressing force is kept constant at 5 N while the frequency of the
pressure force was changed from 0.08 Hz to 0.28 Hz. Figure 6.9 (a) shows the 5 N
periodic forces applied on the TENG through the technique of dynamic mechanical
analysis at two difference frequencies 0.08 Hz=4.8rpm and 0.28 Hz=16.8rpm. Figure
6.9(b) reveals the voltage responses of the nanogenerator under the two pressing
frequencies. It can be appreciated from the figures that the current responses contain

the same frequency as the mechanical stimulus. Therefore, it can be concluded that

146



the electric responses of the developed nanogenerator contains the same frequencies
than the applied mechanical stimulus.

6.9 Conclusions

In summary, this research introduces a novel triboelectric nanogenerator prepared by
PVDF and PVP fibers and tests its application as self-powered sensor, which detects
and follows the pressure changes in real time.

An electrospinning method is used to fabricate the membranes of submicron
fibers used in the TENG. This method was chosen because it is one of most
economic, versatile and simple ways to prepare nanofibers. Additionally,
electrospinning is a scalable industrial process and thus makes a promising
alternative for fabrication of such devices on larger scale using a low-cost

technology.

This study also establishes the working mechanism of the developed TENG
and more precisely that it is associated to the triboelectric effect between the two
materials used, rather than the piezoelectric properties of PVDF. The results from
this study confirm the lack of piezoelectricity in the electric output produced by the
TENG, which is concluded from the alpha crystalline structure of PVDF nanofibers.
It is thus confirmed that the application of the developed device as a transducer is
due to the triboelectric effect between PVDF and PVP fibres, caused by their strong
ability exchange electrons which is enhanced by their large contact surface.

The effect of mechanical stimulus on the TENG electric output was analyzed
through using dynamic mechanical analysis. This is the first study to suggest DMA
for the purpose. It is the authors’ opinion that this method can be beneficial because
it can analyze the characteristics of mechanical stimulus applied to the TENG in real

time (e.g. the magnitude of the pressure in the time domain) which can be used to
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enhance our understanding about the electric responses of the TENG. The DMA
results show a direct relationship between the mechanical stimulus applied to the
TENG and the electric responses, which demonstrates the sensitivity of the device.
The self-powered pressure sensor shows a very high sensitivity of 8.8 mV/Pa in the
low-pressure region (< 800 Pa) while the sensitivity decreases to 3.9 mV/Pa at higher
pressures. There are currently rather few publications which report the pressure
sensitivity of TENGs [17], but this sensitivity is higher than the sensitivity of most

reported triboelectric sensors.

Finally, the reproducibility of the electric output of the nanogenerator under the
same pressure is demonstrated. The results show that the output of the fabricated
TENG was very stable and the electric response of the TENG exhibits almost no
change for repeated applications of the same pressure. This is a very important
property for the potential applications of the developed TENG as a self-powered

pressure sensor.

In our view, we believe this work will serve as an excellent initial step toward
the development of a potential TENG which can be used as self-powered sensor
when dynamical pressures are applied. At the same time, this work demonstrates the
potential applications of TENGs for pressure monitoring with advantages of being
self-powered, environmentally friendly, maintenance-free, easy fabrication and low-

cost as compared to conventional sensors.
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Chapter 7
Application of a triboelectric nanogenerator as self-powered

impact sensor

Recently, triboelectric nanogenerators (TENGs) are generating
considerable interest due to their important applications as energy
harvesters and self-powered active sensors for pressures, vibrations
and other mechanical motions. However, there is still little research
among the research community on their potential applications of
TENGs as active self-powered impact sensors. In this chapter, we
report the development of a novel triboelectric nanogenerator, which
can be used for detection and evaluation of small energy impacts. For
the purpose, the TENG electric outputs generated by the impact of a
free-falling ball dropped from different heights are recorded. The idea
is to verify if the electric responses of the nanogenerator are
influenced by the magnitude of the impact. The experimental results
indicate that the voltage and current outputs increase linearly under
stronger energy impacts. Moreover, the electric responses of the
triboelectric nanogenerator show a very high sensitivity (14 V/J) and
reproducibility. The main achievement of this chapter is the
development of novel triboelectric nanogenerator composed of
polyvinylidene fluoride nanofibers and a thin film of polypropylene,
which can be successfully used for real-time detection of small energy

impacts.

7.1 Introduction

An impact sensor plays a critical role in vehicle safety, fast medical assistance of
elderlies and structural health monitoring. For example, in the event of a car crash an

impact sensor detect the collision to release an air-bag for the protection of the
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passengers. In the case of falls in the elderly, an impact sensor can be used to inform
about the accident and provide a fast-medical assistance. Other practical examples
could be detection of impacts in hail storms, where impacts are responsible for a
considerable number of accidents in aircrafts, wind turbines and other civil
infrastructures. Therefore, the sensing of impacts is the vital importance as impacts
can seriously affect the health and safety of humans.

Recently, various approaches have been developed and applied for detection
and measurement of impacts in environment as for example piezoelectric sensors [1,
2], capacitive sensors [3], optical sensors [4], acoustic sensors [5] and vibration
sensors [6]. However, most of these technologies require an external power supply or
battery to sense the impact which is a disadvantage of the non self-powered operation
which leads to limited life-time and increased maintenance cost. Therefore, an
environmentally friendly self-powered technology is very much desired for the

detection of impacts.

In the last five years, triboelectric nanogenerators (TENGS) are gaining a lot of
popularity within the scientific community, which results in a considerable amount
of literature on demonstrating the potential of triboelectric nanogenerators as self-
powered active sensors for vibrations [7, 8], accelerations [9, 10], touches [11, 12],
pressures [13-15], magnetic fields [16, 17], and environmental changes [18, 19].
However, until now, there are almost no works to report about the potential of
triboelectric nanogenerators for detection and evaluation of impacts [10]. Therefore,
it is urgently needed to investigate the potential applications of triboelectric

nanogenerators for detection and measurement of impacts.

The working principle of triboelectric nanogenerators is based on the contact
electrification and electrostatic induction [20, 21]. The contact electrification occurs
when two materials with different electron affinities are brought into contact with
each other, which induce positive and negative charges in the surfaces of the
contacted mats. The amount of charge transferred between the two materials is

related to the area of the materials in contact and their differences in electron
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affinities [22]. The electrostatic induction takes places when the two materials with
opposite and equivalent triboelectric charges are separated, which result in a dipolar

moment and a strong potential difference.

In the present chapter, we report a novel triboelectric nanogenerator prepared
by a membrane of polyvinylidene fluoride (PVDF) nanofibers and an ultra-thin layer
of polypropylene (PP). The triboelectric nanogenerator is designed with PVDF due
to its strong tendency to gain triboelectric charges from almost any other mats [23].
This behaviour is attributed to the large amount of fluorine in PVDF that has the
highest electronegativity among all the elements [24]. As a result, the surfaces of
PVDF and polypropylene become negative and positive charged after the contact,
respectively. The design of the TENG was based on nanofibers because it is one of
the practical ways to increase the effective contact area between the triboelectric
materials, which is beneficial to increase the generation of triboelectric charges of the
TENG [25]. To the best of our knowledge, this is the first work to report a

triboelectric nanogenerator based on the combination of these triboelectric mats.

Furthermore, the chapter demonstrates the potential applications of the
developed TENG as self-powered impact sensor. For that purpose, the triboelectric
sensor is impacted at various energies using a free-falling ball dropped from five
different heights. The idea is to study if the electric responses of the nanogenerator
are affected and how by the magnitude of the impacts. The experimental results
indicate that the electric responses of the triboelectric nanogenerator are influenced
by the energy of the impacts, therefore higher electric outputs are found under
stronger energy impacts. Furthermore, the voltage and current outputs show a very
high sensitivity, linearity and reproducibility, which demonstrate the potential of the
TENG as self-powered impact sensors.

The rest of the chapter is structured as follows: Section 2 describes the
preparation of the triboelectric nanofibers by electrospinning. Section 3 explains the
fabrication of the triboelectric nanogenerator. Section 4 presents the working

mechanism of the triboelectric nanogenerator. Section 5 introduces the drop ball
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impact test used to investigate the effect of impacts on the TENG electric responses.
Section 6 presents and discusses the results obtained in the drop ball impact test. Our

conclusions are drawn in the final section.

7.2 Fabrication of the triboelectric nanogenerator

The fabrication process of the triboelectric nanogenerator is schematically shown in
Fig. 7.1 and can be divided into three main steps: preparation of the top and the
bottom sections of the TENG and assembly of the nanogenerator. Initially, a 2 mm
thin film of PVDF nanofibers is deposited on a copper foil via electrospinning to
form the TENG top section. After that, an ultra-thin film of polypropylene with a
thickness of 25 um is attached with copper foil using double side copper tape to form
the TENG bottom section. Lastly, the two prepared sections are placed face to face
and sealed with polyethylene terephthalate film to form the triboelectric
nanogenerator. The dimensions and weight of the developed triboelectric
nanogenerator are 5.5 x 5.5 x 0.3 cm and 6.75 g, respectively. The small size and
weight of the device are beneficial for the practical applications of the sensor.

B PVDF nanofibers B Polypropylene film Copper electrodes

Figure 7.1 Fabrication process of the triboelectric nanogenerator: (i) Preparation of the top
section. (ii) Preparation of the bottom section and (iii) structure of the nanogenerator.

The triboelectric nanogenerator has a multi layered structure with two main
sections as detailed in Fig. 7.1. The lower section is made of a film of polypropylene
adhered to copper foil to act as one of the triboelectric materials. In the upper section,
nanofibers of polyvinyl fluoride are deposited on copper foil and this serves as the

other oppositely charged triboelectric material. The roles of PVDF nanofibers and
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polypropylene film is to act as frictional materials while the copper foils serve as
electrodes for the nanogenerator owing to the low cost and the high electrical

conductivity of the copper.

From a fabrication point of view, this procedure is simple, low-cost and can be
easily scaled-up for large scale production, which is desired for the practical

applications of the device.

7.3 Preparation and characterization of PVDF nanofibers

This paragraph describes the preparation of the PVDF fibres used for the fabrication
of the triboelectric nanogenerator, which is used here as an impact sensor. As was
mentioned above the TENG and the current sensor are prepared using PVDF and PP

nanofibers

The film of PVDF nanofibers is prepared using the technique of
electrospinning because is a simple and economic way to prepare triboelectric mats
with large surface area [26]. The preparation of the nanofibers can be summarized as
follows: First, the polymer solution for electrospinning is prepared by dissolving 29
of PVDF pellets (MW=275,000 gmol-1) in 10 ml solvent mixture of N,N-
dimethylformamide (DMF) and acetone (40/60). Second, the polymer solution is
inserted into a plastic syringe to be spun in a commercial electrospinning machine
(Nanon-01A) using the following processing parameters: applied voltage of 15 kV,
needle tip-collector distance of 15 cm, feed rate of 1 ml/h, 21G steel needle and a
static collector. As a result, a 2 mm thin layer of interconnected PVDF nanofibers is

deposited on the surface of a copper electrode.

The design of the sensor was based on nanofibers because it is one of the
practical ways to increase the effective contact area between the frictional materials,

which is beneficial to enhance the generation of triboelectric charges [25]. Fig. 7.2
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(a) shows a scanning electron microscopy image of the PVDF nanofibers prepared
by electrospinning. From the image, it can be clearly appreciated a dense population
of interconnected fibres of PVDF, which will result in a very large surface area. The
nanofibers are distributed randomly in the membrane and show a few bead defects,
which can be associated to the nature of the polymer solution and the high voltages
used during the electrospinning [27].

Fig. 7.2 (b) displays the fibre diameter distribution of the nanofibers. The
preparation of the fiber diameter histogram can be summarized as follow: Initially,
the diameters of 100 nanofibers are measured from the SEM image using the
software Image J. After, the numbers of fibers which correspond to a certain
diameter range (e.g. 800-1000 nm) are counted. The histogram reveals that the
diameter of the fibers is not uniform and varies between 200 and 2000 nm. The wide
distribution of diameters in the fibers is attributed to the nature of the electrospinning
process. From the histogram, it can be deducted that the diameter of the fibers varies
between 800 and 1000 nm with a probability of about 18%. As a result, the average
fibre diameter of the nanostructures is 1087 nm with a standard deviation of 419 nm.
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Figure 7.2 Preparation of nanofibers via electrospinning: (a) SEM image of PVDF
nanofibers and (b) fibre diameter distribution of PVDF fibers.

159



7.4 Operating principle of the triboelectric nanogenerator

Fig. 7.3 illustrates the working principle of the triboelectric nanogenerator, which is
based on the contact-separation mode reported by Wang’s group [28, 29]. The
electric responses of the TENG are generated due to the conjunction between contact
electrification and electrostatic induction of two materials with different electron
affinities [30, 31].

(a) Original state (b) Contact state (c) Separation state

v v P

Copper electrodes B PVDF nanofibers Bl PP film

Figure 7.3 Operating principle of the triboelectric nanogenerator: (a) The original state of
the TENG prior to the ball impact. (b) The state of the TENG during the ball impact and
(c) the state of the TENG after the impact.

At the original position (Fig. 7.3 (a)), there is not friction between the film of
PVDF nanofibers and polypropylene, which results in non-electric response. When
the ball hits the sensor, the TENG configuration changes from the original to the
contact state as shown in Fig. 7.3 (b). Since PVDF has a higher electronegative
behaviour than polypropylene, the electrons are transferred from polypropylene to
PVDF. Therefore, net negative charges are generated on the PVDF surface and equal
amount positive ones in the polypropylene film. When the ball rebounds, the device
changes from the contact to the separation state as described in Fig. 7.3 (c). In this
configuration, the opposite triboelectric charges are separated, and a potential drop is
generated between the two electrodes. As a result, there is transference of electrons
between the bottom electrode and the upper one through the external circuit. Finally,
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the triboelectric charges disappear, and the electrons flow back producing a reversed
electrical signal to reach the electrostatic equilibrium.

7.5 Experimental testing of the triboelectric nanogenerator

The aim of this section is to describe the experiment used to evaluate the response of
the manufactured sensor to impacts. To carry out this investigation, a drop ball
impact test is used to find out if the electric responses of the nanogenerator are
influenced by the impacts of a free-falling ball. The main goal of this experimental
study is to verify that the voltage and current outputs of the triboelectric

nanogenerator are affected by the energy of the impacts.
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Figure 7.4 Experimental testing of the triboelectric nanogenerator: Schematic description of
the experimental setup. The inset of the figure shows the electric outputs of the triboelectric
nanogenerator due to the ball impact.

Fig. 7.4 shows a schematic representation of the experimental setup. From the
figure, it can be appreciated that the experiment utilizes a simple setup which consist
of an impact ball, a plastic tube and a triboelectric nanogenerator connected to an
apparatus to measure the electric responses. In the experimental test, a 21 g glass ball

with a diameter of 2 cm is dropped on the top surface of the triboelectric sensor. The
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idea is to drop a glass ball from five different heights ranging from 20 to 100 cm
(with a drop height interval of 20 cm) by using plastic tubes of different lengths and
record the voltage and current responses of the triboelectric nanogenerator as result
of the impacts by using a Tektronix 2012B commercial oscilloscope and Agilent
34410A digit multimeter. The main goal of the experiment is determinate if the
amplitude of TENG electric signals is affected by the height of the ball impact.

Our experimental method was inspired by [32] and represents a simple and
low-cost procedure to analyse the impact sensitivities of TENGs. The experimental
procedure can be divided into the following three steps: First, a 0.02 m diameter
glass ball with a weight of 0.021 Kg is dropped from five different heights of 0.2,
0.4, 0.6, 0.8 and 1 m which correspond to five different impact energies. Second, the
plastic tube holds on a heavy metallic base which is used as a fall guide for the glass
ball to have a direct impact on the triboelectric nanogenerator. Finally, the voltage
and current responses of the triboelectric sensor are measured in order to analyse if
the amplitude of the sensor electric outputs is affected by the energy of the impact. It
is also important to mention that the energy of the impacts for the different impact

balls is calculated using equation (11):

E =mgh (11)

where m represents the mass of the glass ball, g is the acceleration due to the gravity
and h indicates the impact height. For the sake of simplicity, the drag forces caused
by the air resistance during the ball drop and the side walls of the plastic tube are

neglected.

The ball is dropped from five different heights of 0.2, 0.4, 0.6, 0.8 and 1 m
respectively. Table 7.1 presents the energy of the impacts calculated theoretically for
the particular drop heights. From the table, it can be clearly observed that the energy
of the impacts increases when the balls are dropped from greater heights. Therefore,
it can be observed that the energy of the impacts varies between 0.040 J and 0.202 J
as the drop height increases from 0.2 m and 1.0 m, which demonstrates that the
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developed sensor can be used for detection and measurement of very small energy

impacts in the range of millijoules.

Drop Height Energy
(m) )
0.2 0.040
0.4 0.081
0.6 0.121
0.8 0.162
1.0 0.202

Table 7.1 The energy of the impacts calculated
theoretically as a function of the drop height.

Fig. 7.4 also includes the variations of voltage caused by the impact of a free-
falling ball dropped at 1 m drop height. From the graphic, it can be clearly seen four
peaks which are associated to the multiple collisions of the impact ball. The largest
peak is the first peak, which correspond to the highest impact energy of the ball
falling on the TENG. The amplitude of the subsequent peaks decreases
proportionally for the following bounces due the reduction of the impact energies.
The figure also shows the time interval between the ball bounces, where it can be
observed a lower time-intervals for the lower impact energies. For the sake of
simplicity, the experimental results presented in the results and discussion section
only show the first peak attributed to the first bounce of the ball.

7.6 Results and Discussion

This section shows and discusses the experimental results obtained from the drop
ball impact test. Initially, the effect of the energy of the impacts on the electric
outputs of the nanogenerator is analysed. After, the repeatability of the voltage and
current responses of the TENG for five repetitions of the same energy impact is

discussed.
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7.6.1 Effect of the impact height on the TENG voltage output

As stated in the previous section, the triboelectric nanogenerator is subjected to
various energy impacts using a drop ball impact test and the voltage outputs of the
TENG are measured using a commercial oscilloscope. The aim of the experiment is

to analyse if the TENG voltage outputs are affected by the energy of the impacts.

Fig. 7.5 (a) shows the voltage outputs of the triboelectric nanogenerator when
the ball was dropped from five different heights of 0.2, 0.4, 0.6, 0.8 and 1 m
respectively. The graph shows that when the ball was dropped from greater heights,
the amplitude of the TENG voltage responses increases. Therefore, it can be clearly
seen that the peak-to-peak voltage increases from 2.4 to 4.7 V as the drop height
increased from 0.2 to 1 m. This trend is in good agreement with other works. For
example, the authors of [33] analysed the effect of controlled height impact balls on
the voltage outputs of a TENG based on PVDF nanofibers and a mercury droplet.
The results reveal that the electric responses of the TENG increased from 1.3 to 10.4
V as the impact height is raised between 0.1 and 1 m. Other works as [34] obtained
similar results using a triboelectric nanogenerator composed of nanofibers of
polyvinylidene fluoride and polyvinylpyrrolidone. To the best of our knowledge, [33,
34] are the only two works that have investigated the effect of ball impacts in the

voltage responses of triboelectric nanogenerators.

Fig. 7.5 (b) displays the peak-to-peak voltages of the triboelectric
nanogenerator as a function of the impact energy. The graph includes the average
peak-to-peak voltage and corresponding standard deviations for five repetitions of
each energy impact. The results show that the peak-to-peak voltage responses
increase gradually under higher energy impacts in the measurement range 0.040-0.2
J. This behaviour can be explained by the fact that the voltage outputs of a TENG are
strongly affected by the contact surface between the frictional mats [35, 36].

Therefore, higher energy impacts lead to a more intimate contact between the

164



frictional mats, which results in higher electric outputs. From the results, it can also
be seen a strong linear correlation for the relationship between voltage and energy
with a high Pearson coefficient of 0.997. Furthermore, the sensitivity of the TENG is
calculated using the slope of the interpolated straight line and a very high sensitivity
of 14 V/J is found on the detection range 0.040-0.200 J.
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Figure 7.5 Influence of the impacts on the voltage responses of the new TENG: (a) Voltage
outputs as a function of the time for the different ball impacts. (b) Voltage amplitudes as a
function of the impact energy.

On the basis of these results, it can be said that the TENG voltage responses are
influenced by the energy of the impacts and increase proportionally in the range
between 0.040 and 0.200 J. Furthermore, the straight lines used to interpolate the
voltage responses show a very high sensitivity and linearity of 14 V/J and 0.997,
respectively. These characteristics are the utmost importance as sensors with very

high impact sensitivity and strong linear response are always preferred.

7.6.2 Effect of the impact height on the TENG current output

As mentioned in Section 7.5, a free-falling ball is used to impact the developed
TENG at different energy impacts and the current signals of the nanogenerator are
measured using a digital multimeter. The main purpose is to investigate if the current

electric signals of the TENG are dependent on the energy of the impacts.
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Figure 7.6 Effect of the impacts on the current outputs of the fabricated triboelectric
nanogenerator: (a) Current responses for impacts at various drop heights of 0.2, 0.4, 0.6, 0.8
and 1 m. (b) Current amplitudes as a function of the impact energy.

Fig. 7.6 (a) shows the current responses of the developed triboelectric
nanogenerator when the free-falling ball was dropped from various heights at 0.2,
0.4, 0.6, 0.8 and 1 m. For the sake of simplicity, the electrical outputs of the five
different energy impacts are shown in the same graphic. The results show that the
TENG current outputs increase significantly when height of the impact is increased.
The increase of the current output as the drop impact height increases can be
explained by the fact that the deformation of the TENG increases for higher energy
impacts. When the TENG is impacted at smaller energies, the deformation of the
sensor is smaller, which decreases the contact between the frictional mats and the
generation of electricity. When the ball hits the TENG at higher energies, a stronger
deformation is caused, which results in a larger contact between the frictional mats

and higher current responses.

Fig. 7.6 (b) shows the current amplitudes of the triboelectric nanogenerator as a
function of the energy of the impacts. The results given are the average value and
corresponding standard deviation for five repetitions of the same energy impact.
From the graphic, it can be appreciated that the current responses are strongly
affected by energy of the impacts and the amplitude of the current responses increase
from 268 to 441 nA as the energy of the impact changes between 0.040 and 0.200 J.
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The results reveal that the relation between the energy of the impacts and the TENG
current responses is linear and has a high Pearson coefficient of 0.983. Furthermore,
the sensitivity of the triboelectric nanogenerator is calculated using the slope of the

straight line and a very high impact sensitivity of 901 nA/J is found.

In general, it can be concluded that the current outputs of the nanogenerator are
strongly influenced by the energy of the impacts and increase linearly under stronger
energy impacts. Furthermore, the current-energy relationship shows a very high
sensitivity of 901 nA/J for the measurement range between 0.040 and 0.200 J. As a
result, these results indicate the good performance of triboelectric nanogenerators for

detection and evaluation small energy impacts.

7.6.1 Repeatability of the TENG voltage/current outputs

This section of the chapter investigates the repeatability of the TENG electric outputs
for five repetitions of the same energy impact. The idea is to verify if the triboelectric
nanogenerator produce similar electrical responses when the testing conditions
remain constant. For this study, the drop ball impact test explained in Section 7.5 is
used to verify the stability of the TENG electric responses for five repetitions of the

same impact.

Table 7.2 summarizes the average voltage and current outputs for five
repetitions of the same impact. From the results, it can be clearly seen that the
electric responses are influenced for the energy of the impacts and increase gradually
for the impacts at higher energies. Furthermore, the table also includes the standard
deviations and coefficient of variations for the five impact repetitions. The standard
deviations for the voltage outputs vary between 0.17 V and 0.20 V, while the current
standard deviations are increased from 6.4 nA to 28.3 nA. The coefficients of
variations are small and vary in the range 2.4 - 7.9 % for the voltage and current

outputs. In our view, the variations of the voltage and current responses could be
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attributed to the drag forces between the ball and the side walls of the plastic tube,

which vary randomly for each experiment.

S.D. C.V. Mean S.D. C.V.

Energy Voltage
o) V) Voltage Voltage Current Current Current

V) (%) (nA) (nA) (%)
0.040 2.56 0.20 3.70 268.4 9.9 7.97
0.081 3.07 0.20 2.62 305.6 8.0 6.54
0.121 3.62 0.18 3.50 356.8 12.4 4.97
0.162 4.32 0.17 2.40 371.4 28.3 4.00
0.202 4.72 0.22 6.41 441.4 6.4 4.64

Table 7.2 Repeatability of the electric outputs for five repetitions of the same impact

In conclusion, it can be said that the electric responses of the nanogenerator
shows a good repeatability with minimum changes in the voltage and current outputs
after repeated applications of the same impact. Therefore, it can be concluded that
the electric responses of the developed triboelectric nanogenerator are stable and can

be potentially used for the quantification of small energy impacts.

7.7 Conclusions

In summary, this chapter presents a novel triboelectric nanogenerator composed of a
thin film polypropylene and a membrane of PVDF nanofibers which can be used as

self-powered sensor for detection of small energy impacts in real time.

The films of electrospun nanofibers used in the nanogenerator are prepared via
electrospinning because it is one of the practical ways to increase the performance of
the TENG. Therefore, it can be concluded that the developed triboelectric
nanogenerator is prepared by a simple fabrication method, which does not require
expensive mats or high cost technologies. Furthermore, this procedure can be easily
upgraded for large scale mass production, with the advantages of low-cost

production.
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Furthermore, the chapter investigates the practical applications of the TENG as
self-powered sensor for detection of small energy impacts. For this purpose, a simple
experimental test using a free-falling ball is used to analyse the effect of the energy
of the impacts on the electric responses of the triboelectric nanogenerator. The
experimental results reveal that the voltage and current outputs increase
proportionally under higher energy impacts. Therefore, it can be observed a strong
linear relationship between the electric outputs and the energy of impacts.
Furthermore, the voltage and current outputs show a very high impact sensitivity of
14 V/J and 901 nA/J in the entire measurement range.

Finally, the repeatability of the electric responses of the triboelectric
nanogenerator for five repetitions of the same energy impact is considered. The
results show that the voltage and current outputs of the developed triboelectric
nanogenerator shows minimum changes for repeated applications of the same
impact. Therefore, it can be concluded that the electric responses of the triboelectric
nanogenerator shows a good repeatability, which is essential for the practical
applications of the TENG as self-powered impact sensor.

In conclusion, the experimental results prove that the developed nanogenerator
can be used for detection of small energy impacts with the advantages of self-
powered operation, maintenance-free and simple fabrication. Therefore, we are of the
opinion that these results are an excellent initial step toward the development of self-
powered impact sensors for multiple applications including vehicle safety, structural

health monitoring and urgent medical attention of elderies.
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Chapter 8
Detection and measurement of impacts in composite

structures using a self-powered triboelectric sensor

Composite structures as e.g. aircrafts, wind turbines or racing cars are
frequently subjected to numerous impacts. For example, aircrafts may
collide with hailstones and being damaged due to the impact of
hailstones. These impacts harm the integrity of the composite
laminates used in their structures which results in delamination and
other failures which are usually very difficult to detect by visual
inspections. Hence, the detection and quantification of impacts is of
vital importance for monitoring the health state of composite
structures. Recently, triboelectric sensors have been demonstrated to
detect touches, pressures, vibrations and other mechanical motions
with the advantages of being self-powered, maintenance-free and easy
to fabricate. However, there is no research focusing on the potential of
triboelectric sensors to detect impacts in a wide energy range. In this
paper, a self-powered triboelectric triboelectric sensor is developed to
measure impacts at high energy in structures made of composite
materials. This could be particularly beneficial for the detection of
bird strikes, hailstones and other high energy impacts in aircraft
composite structures. For that purpose, composite plates are subjected
to various energy impacts using a drop weight impact machine and the
electric responses provided by the developed triboelectric sensor are
measured in terms of voltage and current. The idea is to evaluate the
sensitivity of the electrical signals provided by the sensor to changes
in the impact energy. The results prove that the generated electric
responses are affected by the energy of the impact and their amplitude
increases linearly with the impact energy. The voltage and current
sensor responses demonstrate a very good impact sensitivity of 160
mV/J and a strong linear relationship to the impact energy (R = 0.999)
in a wide energy range from 2 to 30 J. This work suggests a novel
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approach to measure the magnitude of the impacts in composite
structures using the newly developed triboelectric sensor. The findings
of this work demonstrate that the developed triboelectric sensor meets
the urgent needs for monitoring high energy impacts for aeronautic

and civil composite structures.

8.1 Introduction

Structures made of composite materials as aircrafts, wind turbines or bridges are
frequently subjected to impacts. For example, composite structures like e.g. wind
turbines can be seriously affected by the impact of hailstones. These impacts damage
the integrity of the composite materials used in the structures which results in a
significant loss of their structural integrity and stiffness. Furthermore, the
delamination caused is almost impossible to detect by visual inspections and requires
sophisticated inspection methods for its detection such as ultrasounds [1], infrared
thermography [2], shearography [3], radiography [4] or rigorous mathematical tools
[5]. Hence, impact sensors are vital to detect and quantify impacts as well as assess

their location.

An impact sensor is a crucial component for vehicle safety [6], structural health
monitoring [7], impact monitoring [8], and emergency locations of persons in
distress [9]. According to its working mechanism, an impact sensor can be generally
classified into piezoelectric [10, 11], capacitive [12], optical [13] and resistive types
[14]. Among these, the sensors based on the piezoelectric effect have attracted
considerable attention because they do not require external power supply or battery
to power the sensor. However, the fabrication procedure is rather expensive and
requires additional processing steps as annealing (a thermal treatment to increase the
crystallinity of the material) and electrical poling (the application of a high
electrostatic field at elevated temperature to align the dipoles) [15]. Thus, it is

necessary to explore new approaches to develop sensors that does not rely on
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external power supply and can be produced using a low-cost and easy fabrication

procedure.

Very recently, triboelectric sensors (TES) have attracted much research interest
as a simple, sustainable, and cost-efficient technology can be used to develop self-
powered sensors for pressures [16-18], vibrations [19, 20], accelerations [21, 22],
velocities [23-24], magnetic fields [25, 26], gases [27, 28], object motions [29], and
surface topographies [30]. However, there are only a few papers to analyse the
potential of triboelectric sensors for impact energy detection. For example, [31]
reported a triboelectric sensor which can detect the impacts applied between a little
ball and the sensor in the energy range from 20 to 210 millijoules (mJ). The authors
from [32] reported a self-powered triboelectric sensor which can detect the energy
impacts below 105 mJ applied on a fixed table using a free-falling ball. One of the
limitations in the above-mentioned studies is that they only evaluate a small range of
energies between 10 and 210 mJ, which is far from the energy of the impacts in
practical applications (e.g. automobile crash, bird-strikes or hailstorms). In this
regard, it is necessary to investigate the capabilities of self-powered triboelectric
sensors for detection of impacts at higher energies and wider detection ranges.

In this chapter, we present a new class of self-powered triboelectric sensor
prepared using polyvinyl fluoride (PVDF) and polyvinyl pyrrolidone (PVP)
nanofibers, which can detect impacts in a wide energy range from 2 to 30 J. PVDF
nanofibers are chosen as one of the frictional mats due to their strong tendency to
attract electrons from other materials. This behaviour is attributed to the large
composition of fluorine in PVDF that has the highest electronegativity among all the
elements [33]. On the other hand, PVP nanofibers are selected as the other frictional
mat due to their strong ability to donate electrons [34]. Furthermore, the rough and
porous surfaces of the nanofibers extend the contact area between the frictional
materials which results in an increment of the triboelectric effect [35]. The technique
of electrospinning was used to prepare both layers of nanofibers due to its low cost,
versatility and simplicity for the fabrication of nanofibers using a wide variety of

triboelectric mats [36].

177



The main aim of this chapter is to investigate the ability of the developed
triboelectric sensor to detect and quantify mechanical impacts applied to composite
structures. For this purpose, composite plates are subjected to various impacts in the
energy range from 2 to 30 J using a drop weight impact machine. Then, the electric
responses of the triboelectric sensor adhered to the composites are measured in the
form of voltage and current. The idea is to study the changes in the resultant
electrical signals due to the variations in the impact energy. As was already
mentioned, the experimental results confirm the dependence of the sensor electric
responses on the impact magnitude. The measured voltage and current both
demonstrate a strong linear relationship (R?= 0.99) with the energy and the force of
the impact. In addition, the sensor outputs show a very high sensitivity of 160 mV/J
in a wide measurement range of energies from 2 to 30 J. Finally, the chapter
compares the performance of the developed triboelectric sensor with a commercial

one.

This chapter suggests a new approach to detect and measure a wide range of
energy impacts in composite structures using a self-powered triboelectric sensor. The
findings of this work demonstrate that triboelectric sensors can be used for real-time
detection of impacts in composite structures as aircrafts, wind turbines or bridges.
The main application of the triboelectric sensors is to monitor high energy impacts in
composite structures. This could be practically used for the detection of bird strikes,
hailstones and other high energy impacts in aircrafts and civil structures.
Alternatively, the amount of damage generated because of these impacts is
proportional to the amount of energy involved in the impact. Therefore, the
amplitude of the electric responses of the energy sensor could be also used to
estimate the health state of the composite structures.

The rest of the paper is organized as follows: Section 2 explains the fabrication
process of the newly developed triboelectric sensor. The next paragraph, Section 3
introduces the experiment used to study the capability of the triboelectric sensor to

detect and quantify impacts in composite structures. The analysis of the experimental
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results is presented and discussed in section 4. Some conclusions are drawn in the

final section 5.

8.2 Fabrication of Triboelectric Sensor

This section details the fabrication of the triboelectric sensor. It is divided into two
subsections. The first subsection gives a brief overview of the electrospinning
procedure used to prepare the triboelectric nanofibers, while section 8.2.2 explains

the design and the assembly process of the triboelectric sensor.

8.2.1 Preparation of triboelectric nanofibers

This section describes the production process used to prepare the nanofibers which
served as frictional layers in the triboelectric sensor. The sensor is prepared by layers
of PVDF and PVP which are made of nanofibers. The nanofibers are prepared via
electrospinning because it is a simple and economic way of preparing a wide variety
of polymer nanofibers [37]. Moreover, the large active surface of the electrospun
nanofibers can efficiently generate triboelectric charges [38], which enhance the

output performance of the triboelectric sensor.

In the preparation of PVDF fibres, polyvinylidene fluoride pellets with a
molecular weight of 275,000 g mol-1, dimethylformamide (DMF) and acetone from
Sigma-Aldrich were used. To prepare the solution for electrospinning, PVDF pellets
were dissolved in a solvent mixture of DMF and acetone (40/60) at 20% w/v. After,
the homogenous solution was placed to a plastic syringe to be spun in Nanon-01A
using the following operational conditions: a high voltage of 15 kV, a spinning
distance of 15 cm, a feed rate of 1 ml/h, a 21 G steel needle and a static collector.
Finally, a dense array of randomly distributed PVDF nanofibers with an average

diameter of 953 + 360 nm was obtained as shown in Fig. 8.1 (a). From the figure, it
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can also be observed a few beads which are attributed to the nature of the polymer

solution.

For preparing the PVP fibres, polyvinyl pyrrolidone powder and ethanol were
provided by Sigma-Aldrich. The polymer solution was prepared by dissolving 1 g
PVP powder (MW = 360,000 g mol-1) in 10 ml of ethanol. The obtained
homogenous solution was then spun using the following conditions: applied voltage
of 18 kV, feed rate of 0.5 ml/h, spinning distance of 12 cm, a 21G steel needle and a
static collector. As result, good quality PVP nanofibers with an average diameter of
1545 + 349 and random orientations are obtained, and they are shown in Fig. 8.1 (b).

Figure 8.1 Scanning electron images of the nanofibers prepared by electrospinning:
(a) SEM image of the PVDF nanofibers. (b) SEM image of the PVVP nanofibers.

8.2.2 Design and assembly of triboelectric sensor

The structural design of the triboelectric sensor consists of two layers of polymer
nanofibers and copper electrodes as displayed in Fig 8.2. The role of the copper films
is to act as electrodes for the triboelectric sensor, while the PVDF and PVP
nanofibers served as the frictional mats. PVDF is selected as one of the frictional
mats due to its strong ability to charge negatively (attract electrons) when in contact
with almost any other materials [39]. In contrast, PVP is chosen as the other
frictional material due to its strong tendency to charge positively (lose electrons)
[34]. Therefore, the contact between the layers of PVDF and PVP nanofibers
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generates charges as a result of the triboelectric effect. The abilities of PVDF and
PVP and other common triboelectric materials to produce negative and positive

triboelectric charges respectively, are given in the triboelectric series.

Copper Electrode

] B PUDF s

PVP fibres

Figure 8.2 Structure of the developed triboelectric sensor.

It also important to mention that the nanofibers used in the triboelectric sensor
are very rough with the aim to increase the area of contact between the frictional
materials and enhances the electric responses [40]. To verify the effect of the contact
surface, the electric responses of a triboelectric sensor with smooth and rough
frictional surfaces are compared. Fig. 8.3 shows the electric responses of two
triboelectric sensors prepared by frictional materials with smooth and rough
nanostructured surfaces. The voltage amplitude of the triboelectric sensors with
smooth and rough frictional mats is 0.78 V and 4.44 V, respectively, under the same
mechanical impact. As a result, the electric responses of the nanostructured sensor
with rough surfaces are six times larger due to the higher contact surface of the
nanofibers. This confirms that the use of rough nanostructured surfaces is an
excellent method for improving the performance of the triboelectric sensor. These
results are in very good agreement with previous studies [40, 41]. For example, F.R.
Fan et al. [40] fabricated triboelectric sensors using frictional materials with different
types of micropatterned arrays: film, lines, cubes and pyramids. The results show that
the sensors patterned with geometric features (lines, cubes and pyramids) show from
five to ten times larger electric responses than the film patterned sensor. Other
studies as [41] compared the electric responses of identical triboelectric devices
prepared with nanofibers and flat films. The results demonstrate that the electric
responses of the device with nanofibers are seven times higher as compared the flat

films.
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Figure 8.3 Effect of the contact surface on the electric responses of the triboelectric sensor:
Voltage outputs of triboelectric sensors prepared using frictional materials with smooth and
rough nanostructured surfaces.

The assembly process of the triboelectric sensor is detailed in Fig. 8.4 and can
be divided into four steps. First, a layer of PVP nanofibers with a thickness of
approximately 1 mm was spun on copper foil to form the bottom part of the sensor as
shown in Fig. 8.4 (a). Secondly, a 2 mm layer of PVDF nanofibers was deposited on
copper foil to form the top part of the sensor. A detailed description of the
electrospinning procedure used to prepare the layers of PVDF and PVP nanofibers
can be found in Section 8.2.1. Thirdly, the top and bottom part of the sensor are
stacked to assemble the sensor as illustrated in Fig. 8.4 (b). The copper films are
located at the top and bottom side of sensor while the layers of nanofibers are placed
in between the electrodes. Finally, the sensor is sealed with polyethylene
terephthalate film which avoids changes in the sensor electric responses due to
environmental changes (humidity, rainy days) and ensure the stable performance of
the device. Fig. 8.4 (c) shows a digital photograph of the triboelectric sensor as

fabricated with the dimensions of 40 x 40 x 5 mm and a low weight of 5 g.

(b) (c)

Copper Electrode
B PVDF fibres

PVP fibres

Figure 8.4 Fabrication process of the self-powered impact sensor: (a) Preparation of the
bottom part of the sensor. (b) Assembly of the triboelectric sensor. (c) Photography of the
fully assembled sensor.
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In conclusion, it can be said that the fabrication process of the sensor is very
simple and does not require sophisticated processing steps or equipments, which
results in important cost-savings. Moreover, the electrospinning procedure is scalable

and can be easily upgraded for large-scale production.

8.3 Detection of impacts in composite structures using the

triboelectric sensor

This section explains the working principle of the developed triboelectric sensor and
the experiment used to assess its capability to detect and quantify various energy

impacts.

8.3.1 Working principle of the triboelectric sensor

The electric outputs of the triboelectric sensor are generated from the coupling effect
of contact electrification and electrostatic induction [42-44]. Fig. 8.5 shows the
working mechanism of the self-powered impact sensor, which is due to the contact-
separation principle demonstrated by Wang’s group [45-47]. At the original state
(Fig. 8.5 (a)), the triboelectric sensor is at rest and no charge is generated, which
result in no electric potential difference between the two electrodes. When the
composite plates are impacted, the sensor changes from the original state to the
contact state as shown in Fig. 8.5 (b). Therefore, the layers of PVDF and PVP
nanofibers rub with each other which generate net negative charges on the surface of
the PVDF fibers and net positive charges on the PVP fibers. This is attributed to the
strong ability of PVDF and PVP nanofibers to gain and lose electrons, respectively.
When the impact is released, the triboelectric sensor moves from the contact to the
separation states as illustrated in Fig. 8.5 (c), (d) and (e). At this stage, the
triboelectric sensor is bent downwards due to the inertia of the impact and the

opposite triboelectric charges from PVDF and PVP nanofibers are separated.
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Consequently, a strong potential difference between the top and bottom electrodes is
generated in the triboelectric sensor. It is important to note that the potential
difference is proportional to the relative distance between the positive and negative
charges (electromagnetic induction effect) as can be seen in Fig. 8.5 (c) and (d).
Finally, the generation of triboelectric charges stops, and the device reverts back to
its initial state. This operational mechanism is an innovative alternative to the other
conventional sensor working principles due to its independence on external power

supply unit, sustainability and low-cost (maintenance-free).
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Figure 8.5 Working mechanism of the self-powered impact sensor: (a) The original state of
the sensor. (b) The contact state of the sensor. (c-e) Various separation states of the
triboelectric sensor. The polymer nanofibers are not illustrated in the figure for the purpose
of simplification.
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8.3.2 Detection of impacts using the triboelectric sensor

This paragraph shows that the energy of the impacts can be detected and measured
using the developed triboelectric sensor. For the purpose, composite plates are
subjected to controlled energy impacts using a drop weight impact machine (Instron
CEAST 9350) and the sensor electric responses are measured in form of voltage and
current using a commercial oscilloscope and digital multimeter respectively. Fig. 8.6
(@) shows a schematic representation of the experiment. The sensors are adhered to
the composite plates using a strong adhesive and the sensor adhered to the composite
plate is strongly fixed to the impact machine using the clamping fixture of the impact

machine (see fig. 8.6 (b)). The idea of the suggested experiment is to investigate the

184



effect of the energy of the impacts on the electric responses of the developed

triboelectric sensor.

Fig. 8.6 (b) shows a digital photo of the used experimental setup. From the
image, it can be seen that carbon fibre reinforced square composite plates (CFRP)
with the dimensions of (12 x 12 x 0.7) cm are clamped around the four edges and a
controlled energy impact is applied in the centre of the specimen using the striker of
the impact machine. The energy of the impacts was varied in a wide range of
energies between 2 and 30 joules with small energy increments of 1 J. Finally, the
electric responses which the triboelectric sensor produces as a result of the impacts
are measured in terms of voltage and current using a commercial oscilloscope
(Tektronix 2012B) and a digital multimeter (Agilent 34410A) as illustrated in Fig.
8.6 (¢). The main purpose of the experiment is to evaluate the effect of the energy of
the impacts on the amplitude of the resultant voltage and current electrical signals.
This experiment is a simple and rapid way to evaluate the sensitivity of the

developed triboelectric sensor for detection of impacts and quantification.
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Figure 8.6 Description of the experiment used to evaluate the capability of the triboelectric
sensor to detect impacts in composite plates: (a) Schematic description of the experimental
setup. For the sake of clarity, a transversal view of the experimental setup is given. (b)
Digital photography of the experimental setup. (c) The magnitude of the impacts is
controlled using the drop-weight impact machine controller and the electric responses of the
triboelectric sensor as result of the impacts are measured using a digit multimeter/
commercial oscilloscope.
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8.4 Results and Discussion

This section is divided into three parts. The first section 8.4.1 studies the electric
response of the sensor to various energy impacts in the range 2-30 J. In the next
section 8.4.2 the effect of the impact force on the measured voltage and current
responses is analysed. Finally, in the last section 8.4.3, the performance of the

triboelectric sensor is compared to the performance of a commercial one.

8.4.1 Effect of the impact energy on the sensor electrical responses

The experimental procedure described in section 8.3 is used to supply various energy
impacts to the composite plates tested. The energy of the impacts is varied from 2 to
30 J and the electric responses of the sensor are measured in terms of voltage and
current using a commercial oscilloscope and digit multimeter respectively. The aim
of this experiment is to find out how the energy of the impacts influences the electric

responses of the sensor.

Fig. 8.7 (a) shows the voltage outputs of the sensor when the composite plates
are impacted using energies from 2 to 30 J. From the figure, it can be appreciated
that the energy of the impacts is increased with small increments of 1 J. As a result,
the sensor voltage amplitudes increase gradually from 1.1 to 5.6 V with the increase
of the impact energy from 2 to 30 J. This behavior can be attributed to the stronger
friction between the PVDF and PVP polymer nanofibers when the composite plates
are impacted at higher energy, which results in larger electric responses. In other
words, the voltage outputs of the triboelectric sensor can be defined as:

=29 12
-Z

where o represents the density of triboelectric charges, d is associated to the distance

between the layers of polymer nanofibers and &o is the vacuum permittivity. In our
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triboelectric sensor, the increment of the voltage outputs is attributed to the change in
o and d which results from the increase of the triboelectric charges due to the
stronger friction and the higher separation distance between the polymer nanofibers.
These experimental results are in good agreement with previous works [31, 32]
where it was observed that the voltage responses of triboelectric sensors are directly
proportional to the energy of the impact for a small range of energies between 0.02
and 0.2 J, although these results are for much smaller energies. A similar behaviour
is reported by [21], where a self-powered acceleration sensor is developed for the
purposes of monitoring various high acceleration impacts for military equipment and
automobiles. The results of this work revealed that the electric responses of a PDMS-
based triboelectric sensor increase linearly with the acceleration of the impacts in a

wide measurement range up to 1.8 x 104 g.

Fig. 8.7 (b) also shows the maximum current responses of the triboelectric
sensor when the composite specimens are subjected to impacts in the same energy
range. From the figure, it can be clearly seen that the current amplitude increases
directly and proportionally with energy of impact. From the figure, it can be also
observed that the maximum current amplitude raises from 144 to 546 nA as the
impact energy increases from 2 to 30 J. As indicated in [43], the current of a

triboelectric sensor can be defined as:

I—CaV+VaC 13
T ot ot (13)

Where C is the capacitance of the triboelectric sensor and V is the voltage between
the two electrodes. When the composite specimens are subjected to higher energy
impacts, the voltage increases, which explains the gradual increase in the current of
the triboelectric sensor when the impact energies increase from 2 to 30 J. It is also
important to note that the figure shows a positive curve instead of two peaks for each
energy impact. This is attributed to the following two reasons: (1) The current output
signal generated by the triboelectric sensor is rectified, which results in two positive
peaks for the contact and separation states and (2) the duration of the impacts is a
very short time (0,003 seconds) and therefore, the two positive current peaks from

the rectified signal are overlapping.
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Figure 8.7 Effect of the impact energy on the electric responses of the triboelectric sensor:
(a) Voltage and (b) current outputs when the composite plates are impacted using controlled
impact energy from 2 to 30 J. (b) Voltage and current outputs of the sensor as a function of
the energy of the impact.
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Figure 8.7 (c) and (d) display the relations between the energy of the impacts
and the obtained maximum current/voltage amplitudes. The graphics show a strong
positive linear dependence with the energy of the impacts. The corresponding
Pearson coefficients for the energy-voltage and energy-current curves are 0.999 and
0.993 respectively. Thus, very good linear relations between the impact energy and
the corresponding voltage and current values can be concluded from our results for
the tested energy range (between 2 and 30 J). These linear relationships are ideal as
the sensor is used to measure the energy of the impact from the measured
voltage/current.

The sensitivity represents the change in output of the sensor per one joule unit
change. The sensitivity is also one of the most important parameters of a sensor and
it can be calculated using the slope of the straight lines shown in Fig. 8.7 (c) and (d).
According to our results, the voltage and current outputs show very high impact
sensitivities of 160 mV/J and 13nA/J for a wide energy range from 2 to 30 J as can
be seen from Fig. 8.7 (c) and (d). Accordingly, it can be concluded that the
developed sensor features very high sensitivities of both the voltage and the current
to changes in the impact energy, which demonstrates the capability of the sensor to
measure the impact energy. It should be also mentioned that these sensitivities are

higher than the reported by other authors in other research works [21, 33].

It is also important to mention that for high impact energies (> 26 J), a few
small deviations can be seen among the data points on Fig 8.7 (c). and (d). Some
possible explanations for these small deviations could be the high energies utilized
during the impacts or small dimensional differences of the composite plates
impacted.

The results presented above confirm the direct linear proportionality between
the applied impact energy and the resultant voltage and current outputs. Thus, it can
be concluded that the developed sensor can be used to detect impacts and quantify

the energy of the applied impacts as well. Furthermore, the produced electric current
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and voltage signals demonstrate a very high impact sensitivity in a wide detection
range, which demonstrates the high performance of the sensor for detection of

impacts.

8.4.2 Effect of the impact force on the sensor electric responses

In this section, we study the effect of the impact force on the voltage and current
responses of the triboelectric sensor. As stated above, the composite plates were
impacted using energies from 2 to 30 J with a step of 1J. For each energy impact, the
drop weight impact machine (Instron CEAST 9350) provides the impact force by
means of a sensor incorporated at the tip of the drop-weight impactor (see Fig. 8.6
(b)). With the aim to verify whether the electric response depends on the impact
force, the same composite plates together with the sensor attached (see Fig. 8.6 (a))
are impacted using different impact forces which vary between 2000 and 14500 N

and the electric outputs are measured as detailed in Section 8.3.

Fig. 8.8 (a) and (b) show the voltage and current amplitudes as a function of
the impact forces applied. It can be clearly seen that the sensor electric responses are
affected by the magnitude of the force, and the amplitude of the voltage and the
current increase with the increase of the impact force. Therefore, the voltage and
current vary from 1.1 to 5.6 V and 144 to 546 nA, respectively, when the impact
forces increase from 2000 to 14500 N. As stated above, the increments of the sensor
electric responses can be attributed to the higher friction between the PVDF and PVP

nanofibers.

A strong linear relationship between the impact force and the electric
voltage/current output with a high sensitivity are desired for the quantification of the
impact force. From the results given in Fig. 8.8 (a) and (b), it can be observed that a
strong linear relationship between the impact force and the electric current and

voltage as the data points for both cases can be interpolated using a straight line with
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a Pearson coefficient of 0.99. Furthermore, the electric voltage and current
demonstrate sensitivities of 0.4 mV/N and 0.03 nA/N, respectively, for a very wide
range of impact forces between 2000 and 15000 N. Therefore, the fabricated
triboelectric sensor is capable to transform the impact force into electric current and
voltage, with sensitivity higher than the sensitivity of other conventional sensors
[48].
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Figure 8.8 Effect of the impact forces on the electric responses of the triboelectric sensor: (b)
Voltage and (c) current output of the sensor as a function of the impact force. (c)
Deformation of the composite plates as a function of the impact force. (d) Voltage outputs of
the composite plates as a function of the deformation.

The strong linear relationship between the impact force/energy and the sensor’s
electric response can be explained using the theory of small deformations [49] and

the basics of contact mode TENGs [44]. According to the theory of small
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deformations [49], the deformation of the composite laminates increases linearly
with the energy of the impacts, when the deformation of the composite plates is
much smaller than the relevant dimensions of the specimens. This behaviour can be
assumed for our composite plates as the deformation of the specimens due to the
impacts are very small as a result of the thickness and the high stiffness of the carbon
composite plates. Therefore, it can be assumed that the deformation of the
triboelectric sensors adhered to the composites increases linearly with the energy of
the impacts. The small deformations and critical deformation of the sensors adhered
to the composite plates can be calculated using the theory of small deformations,
which is extracted from the materials mechanics theory [49]. As suggested by the
theory of contact mode TENGs [44], the voltage outputs of the sensor are strongly
influenced by the density of triboelectric charges and separation of triboelectric
materials (see equation 12). As the deformation of the sensor increases linearly with
the impact force, the generated triboelectric charges and separation of the frictional
layers are linearly proportional to the sensor deformation, then it can be concluded
that the generated voltage will be hence linearly proportional to the applied impact

force.

The developed triboelectric sensor maintains linearity at full scale because the
relationship between deformation displacement and impact force is linear in the
whole measurement range. Figure 8.8 (c) shows the force-displacement curve in
whole experimental measurement range. From the figure, it can be observed that
there is a strong linear relationship between the impact force and the deformation
with a high coefficient of Pearson of 0.999. Therefore, it can be said that the electric
responses of the sensor show linearity at the full scale because the deformation of the
composite is linear. We have also analysed the effect of the deformation of the
triboelectric sensor on the sensor electric responses. For the purpose, the voltage
outputs as a function of the deformation are plotted on Fig. 8.8 (d). The results show
that there is a linear relationship (R=0.991) between the deformation and the voltage
outputs. As the deformation of the sensors is increased linearly, the generation of
triboelectric charges and separation of the frictional materials is increased
proportionally, which results in a linear increment of the sensor electric responses at

the full scale.
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Figure 8.9 Effect of the impact forces on the electric responses of the triboelectric sensor: (a)
Output voltage of the triboelectric sensor under an impact force of 14500 N. (b) Response
time of the triboelectric sensor by enlarging the voltage output signal.

Fig. 8.9 (a) shows the impact force history (in black) together with the voltage
response of the sensor (in blue) when the composite plates are subjected to an impact
force of 14500 N. The largest positive and negative peaks in the figure indicate the
start and end of the impact, respectively and are associated with the direction in
which the electrons flow through the external circuit. From there it can be assumed
that the triboelectric sensor could be also used to estimate the duration of the impact
(0.003 s) which is the time between the two highest peaks of the voltage history.
These results show the potential of this triboelectric sensor for detection and
monitoring of impacts in real time. The multiple voltage peaks observed during the
impact (see Fig. 8.9 (a)) are attributed to multiple contact-separations of the layers of
polymer triboelectric nanofibers caused by the impact. Furthermore, it should be also
mentioned that the largest positive and negative peaks of the voltage signal show a
minimum separation with the start and end of the impact force, which demonstrates
that the sensor can be used to measure impacts in real time. Fig. 8.9 (b) shows the
amplified voltage signal for the 14500 N force impact. From the figure, it can be seen
that the response time of the sensor is very fast (0.0001 s), which is defined as the

time between zero to the maximum voltage.
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In conclusion, it can be said that the sensor’s electric response (in terms of
voltage and current) are both linearly proportional to the impact forces and both the
current and the voltage are characterized by high sensitivity for a rather wide
detection range of the impact force. Furthermore, it should be also mentioned that the
response of the developed sensor is very fast and shows a negligible delay to the
application of the impact energy.

8.4.3 Comparison between triboelectric sensor and commercial sensor

The present section aims to compare the performance of the developed triboelectric
impact sensor with a piezoelectric commercial sensor which is used for measuring
impact force/energy. This is done by comparing the sensitivity, the Pearson
coefficient (strength of the linear relationship between the impact force and the
corresponding electric voltage), and the response time for both the developed
triboelectric impact sensor and the piezoelectric sensor. For the purpose, both
sensors, the developed one and the piezoelectric one were subjected to the same
experiment as presented in section 8.3, which was used to determine their sensitivity,
linearity and response time. The commercial sensor used in the impact tests is kindly
provided by the company Measurement Specialities. The sensor is composed of a
flexible polyvinylidene fluoride film which is often used for touch, vibration and
impact sensing. As a result of the impacts, a voltage output with a large amplitude up
to 50 V is created when the film moves back and forth.

Fig. 8.10 (a) shows the voltage output of the piezoelectric comercial sensor,
when the same composite plate with the piezoelectric sensor attached to it (see Fig.
8.6 (a)) is subjected to an impact force of 14500 N. The voltage output signal shows
positive and negative peaks, which can be observed during and after the impact, with
the highest peaks being referred to the start and the end of the impact, respectively.
Additionally, the time interval between the highest positive and negative peaks is
0.003 s, which can be associated to the duration of the impact. Figure 8.10 (b) shows
the response time of the commercial sensor, which is defined as the time interval

between zero and the maximum voltage response, which is the time taken by the
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sensor to reach the maximum voltage corresponding to the applied impact force.
From the figure, it can be seen that the response time of the commercial sensor to an
impact of 14500 N is 0.0003 s. Similar results found for the fabricated triboelectric
sensor where the response time is 0.0001 s for the same mechanical impact as
displayed in Fig. 8.10 (b). Therefore, it can be concluded that the response time of
both sensors to impact, the new triboelectric sensor and the piezoelectric one, are
rather short (less than one 0.001 s), which means it takes both sensors a very short

time to respond to the applied impact.
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Figure 8.10 Performance of the commercial sensor: (a) Output voltage of the piezoelectric
sensor under an impact force of 14500 N. (b) The response time of the commercial sensor by
enlarging the output voltage signal. Voltage outputs as a function of the impact forces (c)
and energy of the impact (d).
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Fig. 8.10 (c) and (d) illustrate the voltage outputs of the piezoelectric sensor,
when the composite plates with the sensor attached are impacted using different
forces/energies, which vary in the range between 2000 and 14500 N (2 -30 J). The
figures show that the peak-to-peak voltage increase together with the raise of the
impact force /energy and finally saturate at 50.8 V, at an impact force of 11200 N (22
J). These results indicate that the relation between the impact energy/force and
voltage is linear for the regions I and Il and nonlinear over the whole measurement

range.

On the other hand, our results showed that the developed triboelectric sensor
has a nearly perfect linear relationship between the impact energy/force and the
electric sensor responses over the whole measurement range. From the results given
in Section 8.4.1 and 8.4.2, it can be observed a strong linear relationship between the
impact force-voltage and impact energy-voltage relationships, which are both
characterised by a Pearson coefficient of 0.99 in the detection range (2-30 J and
2000-14500 N). This means that the developed sensor can be used to quantify the
energy/force of the impacts by measuring the resulting voltage in a wider
force/energy range than the commercial piezoelectric sensor.

The sensitivity of the voltage outputs measured by piezoelectric sensor are
calculated in the same way as this was done with the developed triboelectric sensor
using the slope of the corresponding straight lines shown in Fig. 8.10 (c) and (d). Fig.
8.10 (c) exhibits three distinct regions. In the first region when the impact forces are
below 9500 N, it is noticed that the sensor shows a very high impact sensitivity of 5
mV/N. In the second region, between 9500 to 11200 N, the impact sensitivity
decreases to 2 mV/N. In the region above 11200 N, the output voltage saturates at
50.8 V and the piezoelectric sensor reachs a limit point after which it can no longer
register changes in the applied impact force. As can be seen from Fig. 8.10 (d), the
sensitivity of the commercial sensor is 2426 mV/J in the low impact energy region,
below 16 J while the sensitivity is 667 mV/J in the higher impact energy region from
16 to 22 J. In conclusion, it can be said that the commercial piezoelectric sensor

shows very high impact sensitivity in the low energy/forces region.
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The electric responses generated by the triboelectric sensor are approximately
ten times smaller as compared to the piezoelectric commercial sensor. In our view,
this is not a limitation because the electric responses of the triboelectric sensor can be
increased significantly by the incorporation of a separator between the layers of
polymeric nanofibers [50, 51]. For example, T.C. Hou et al. [50] proved that the
electric outputs of a triboelectric nanogenerator can be increased around 700% by
adding a 3 mm spacer between the frictional layers. Similar results were found on
[51] where the output voltage raises from 13 to 160 V, when the spacer distance
increases from 0.5 to 6.5 mm. Additionally, this hypothesis is also verified by
equation 12, where it can be appreciated that the output voltage will increase with
increasing the distance between the layers of nanofibers (e.g. by adding a spacer in

the triboelectric sensor).

Finally, the measurement range from the developed triboelectric sensor and
commercial sensor is compared. As can be seen in Fig. 8.10 (c¢) and (d), the
commercial sensor shows a smaller detection range from 2 to 22 J as compared to the
triboelectric sensor (2 - 30 J). This characteristic is the utmost importance as impact

sensors are required to measure in a wide detection range.

Characteristic Units Triboelectric Sensor Commercial Sensor
Response time S 0.0001 0.0003
Linearity dimensionless 0.999 0.978 - 0.994
Sensitivity mV/J 160 667 - 2426
Detection Range J 2-30 2-22

Table 8.1 A comparison of the triboelectric and commercial sensor characteristics for impact
energy detection.

In summary, this section compares the performance of the triboelectric sensor
with a standard commercial sensor. For that purpose, the response time, linearity,
sensitivity and detection range of the developed triboelectric sensor and commercial

sensor are compared as can be seen in Table 8.1. The results reveal that the response
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times of the developed and triboelectric sensor are very fast (less than 1 ms). From
the table, it can be observed that the developed triboelectric sensor shows smaller
impact sensitivity respect to the commercial sensor. However, the sensitivity of the
triboelectric sensor is constant over the whole detection range while the sensitivity
for the piezoelectric commercial sensor varies for the different regions (see Fig. 8.10
(d)). Finally, the triboelectric sensor shows a higher linear response and wider
measurement range as compared to the commercial sensor. These findings can be
used to demonstrate that a triboelectric sensor can be used to detect and measure

Impacts with a similar performance than a commercial sensor.

15

1.0
0.5 \
0.0

-0.54

Voltage (V)

-1.0

-1.5
Time (s)

Figure 8.11 Voltage outputs of the triboelectric sensor for three different hailstone impacts.

Additionally, we demonstrate the practical application of the triboelectric
sensor for real-time detection and measurement of hailstone impacts in composite
structures. As shown in the video S1 in the supplementary information of [52], the
electric signal of the triboelectric sensor generated at the moment of the hailstone
impact collisions, which verifies that the sensor can measures impacts in real-time.
Fig. 8.11 shows the voltage outputs for three different hailstone impacts. According
to the voltage-energy relationship showed in Fig. 8.7 (c), the energy of the three
hailstone impacts are about 2.5 J, 5.4 J and 8.1 J. The results from the drop weight
impact and hailstone tests demonstrates the commercial applications of the
triboelectric sensor for monitorization of impacts in aircrafts, wind turbines and other

structures made of composite materials.
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8.5 Conclusions

In this chapter, we have demonstrated for the first time that a triboelectric sensor can
be successfully used to detect and measure impacts in structures made of composite
materials. The findings of this study indicate that the developed triboelectric sensor
shows good sensitivity to impacts in a wide range of energies and impact forces
between 2-30 J and 2000-14500 N, respectively. Moreover, it was shown that the
voltage and current outputs show a strong linear relationship with the energy of the
impacts (R=0.99). It has been also demonstrated that the current and the voltage
outputs show a very fast response to the impacts. This is very important as it
indicates that the developed sensor can be used to measure impacts in real time with

a negligible delay.

From a fabrication point of view, the preparation of the triboelectric sensor is
very simple and does not require sophisticated processing steps. Moreover, this
procedure can be easily upgraded for large-scale production. From an innovation
point of view, the triboelectric sensor is a potential alternative to other conventional
impact sensors due to their independence of an external power supply unit and lower
cost due to the cheap materials used and easy fabrication. From a technical point of
view, the sensor shows very high sensitivity and linearity in a wide detection range

which is comparable to other commercial sensors.

In conclusion, our work has proved for the first time an innovative approach to
detect and measure the magnitude of the impacts in composites structures. The
present findings demonstrate that the developed triboelectric sensors can be
successfully utilized for real-time detection and measurement of the energy and/or
the force of impacts in structures made of composite mats. This can have important
applications for monitoring of impacts in composite structures as aircrafts, wind

turbines or bridges.
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Chapter 9
A new self-powered triboelectric nanostructured sensor for

impact monitoring through measuring the impact velocity.

Impacts and collisions are quite frequent for a number of crucial and
important structures, including aircrafts, wind turbines, bridges and
other composites structures. Some examples are the collisions
between birds and aircrafts or the impacts with hailstones. Hence, the
detection and the measurement of impacts is of critical importance for
monitoring the integrity of a structure. This chapter suggests a novel
triboelectric nanostructured sensor and investigates its potential for
monitoring impact velocities. The main idea is to monitor the impacts
applied to composite plates. For the purpose an experiment is
designed where composite plates are subjected to different impacts
and the impact velocity is measured by adhering the prepared sensor
to the plates. This study demonstrates the possibility for measuring the
impact velocity through the newly developed sensor. Our results
show that the sensor electric response increases with the increase of
the impact velocity. Additionally, the produced voltage and current
outputs show a linear directly proportional relationship to the
measured impact velocity, which facilitates greatly the estimation of
the impact velocity from the measured electric response. Furthermore,
it should be noted that the suggested sensor demonstrates quite high
sensitivity for a wide measurement range of impact velocities between
1.27 and 3.21 m/s. This research extends the application of
triboelectric sensors for the purposes of impact monitoring, by
measuring the impact velocity, through the development and the
preparation of a novel triboelectric nanostructured sensor made of

polyvinyl(fluoride) nanofibers and a film of polypropylene.
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9.1 Introduction

Impacts are frequent in airplanes, wind turbines, bridges and other civil composite
structures. For example, the operational state of wind turbines can be seriously
affected due to the impact of hailstones. The integrity of aircraft composite structures
can be seriously damaged because of the collisions with birds. Therefore, impacts are
responsible for a big part of accidents in aerospace and civil structures affecting the
working and health state of aircrafts, bridges and other structures made of composite
laminates. Consequently, the detection and quantification of impacts is of critical

importance for the health assessment of composite structures.

It is well known that impact sensors are very important for the detection and
the correct quantification of impacts. Impact sensors are usually classified according
to their working mechanism as piezoelectric [1, 2], resistive [3], triboelectric [4, 5],
capacitive [6], and optical types [7]. Among them, the sensors operating based on the
triboelectric effect are attracting considerable attention among the research
community. The main advantage of triboelectric sensors is that they are self-powered
and do not require an external power supply or battery. Furthermore, the materials
used in triboelectric sensors as for example teflon, PVC or aluminium are cheap and

commonly available in our daily life, which results in important cost-savings.

In the last years, several papers have investigated the applications of
triboelectric sensors as self-powered active sensors for pressures [8-11], touches [12,
13], vibrations [14, 15], accelerations [16-18], dynamic motions [19, 20], and
velocities [21-23]. For example, in ref. [21], the potential of a triboelectric sensor for
measurement of velocities in the range between 100 and 500 rpm is investigated. The
results showed that the voltage sensor responses increase from 17 V to 31 V as the
rotational velocity changes from 100 to 500 rpm. Other studies as refs. [22, 23]
suggest that triboelectric sensors can be successfully used as self-powered wind
speed sensors. However, there are no previous studies to report about the potential of
triboelectric sensors for detection and measurement of impact velocities in composite

structures.
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In this chapter, we design a novel triboelectric sensor using the combination of
two cost-effective polymers named polyvinylidene fluoride (PVDF) and
polypropylene (PP). In the design of the sensor, polyvinyl fluoride nanofibers are
selected as negative triboelectric material because of their strong electron attracting
ability [24-26]. In contrast, a film of polypropylene is used as positive triboelectric
mat due to its low-cost and lower electron affinity as compared to PVDF. To the best
of our knowledge, this is the first attempt to develop a triboelectric sensor based on

the interaction between polyvinylidene fluoride (PVDF) nanofibers and a film of
polypropylene (PP).

The aim of this chapter is to demonstrate the potential of the developed
triboelectric sensor for monitoring impacts in composite structures like e.g. aircrafts.
For this study, composite plates equipped with a triboelectric sensor are subjected to
various impacts using a drop-weight impact machine with velocities ranging from
1.27 to 3.21 m/s. Then, the sensor electric responses are measured in form of voltage
and current using a commercial oscilloscope and digital multimeter respectively. The
idea is to investigate if the amplitude of the voltage and current signals is affected by
the velocity of the impacts. The results show that the sensor electric outputs increase
with the increase of the impact velocities applied to the composite plates. According
to our results, a strong linear relation between the velocity of the impacts and the
sensor electric outputs was observed. Additionally, the voltage and current outputs
show very high impact sensitivity for a wide detection range between 1.27 and 3.21

m/s.

The main contributions of this chapter can be summarised as follows: First, this
chapter suggests a new class of triboelectric sensors based on the interaction between
a film of polypropylene and polyvinylidene fluoride nanofibers. Second, this work
demonstrates for the first time the applications of triboelectric sensors for monitoring
impacts in composite structures through measuring the velocity of the impacts. This
is very important as impacts can harm the integrity of the composite structures

through delamination and other fault mechanisms. The findings of this chapter can be
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potentially used to demonstrate the potential applications of triboelectric sensors for
impact velocity monitoring in composite structures, such as aircrafts or wind

turbines.

The rest of the chapter is organised as follows: Section 2 describes the design
and fabrication process of the triboelectric sensor. Section 3 shows a brief overview
of the working mechanism of the triboelectric sensor. Section 4 explains the
methodology used to study the potential applications of the sensor for impact
assessment in composite structures. Section 5 presents, analyses and discusses the
experimental results obtained during the experiment. The last section offers some

conclusions.

9.2 Preparation of the triboelectric sensor

The triboelectric sensor used for this study was fabricated using polyvinylidene
fluoride nanofibers and a film of polypropylene. The aim of this section is to explain
the structural design and fabrication process of the triboelectric sensor.

9.2.1 Design of the sensor

The structure of the triboelectric sensor is schematically illustrated in Fig. 9.1 and
can be divided into two sections: The top plate of the sensor consists of
polyvinylidene fluoride nanofibers deposited on copper foil and the bottom plate of
the sensor is based on a polypropylene film adhered to copper foil. The role of the
copper foils is to act as electrodes for the sensor while the PVDF and PP serve as
triboelectric frictional mats. In the design of the sensor, polyvinylidene fluoride
nanofibers are purposely chosen according to the triboelectric series because they can
easily gain electrons from the polypropylene film as detailed in table 9.1. This

behaviour can be explained by the large composition percentage of fluorine in PVDF
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and the large effective contact area of the nanofibers, which results in a strong ability

to gain electrons (negative charges) from other triboelectric mats [9].

Copper electrodes

B PVDF nanofibers
PP film

Figure 9.1 Schematic description of the sensor structure: The left inset of the figure shows a
SEM image of the polypropylene film, while the right inset shows a SEM image of the
polyvinyl fluoride nanofibers.

Polytetrafluoroethylene (Teflon)
Fluorinated Arsenic-Selenide
Flourinated Polyetherimide
Polyvinylidene fluoride (PVDF)
Polyether Sulphone
Polydimethylsiloxone (PDMS)
Polyvinyl chloride
Polyimide (Kapton)
Polypropylene (PP)
Polystyrene
Polychloroether
Polybisphenol carbonate

9AINSOd

Negative

Table 9.1: List of triboelectric materials in accordance with their tendency of easy
gaining electrons (negative) to losing electrons (positive). The materials at the top of the
table possess a stronger ability to gain electrons and become negatively charged as
compared to the materials at the bottom of the table.

A scanning electron microscope (SEM) image of the polypropylene film is
depicted at left-hand side of Fig. 9.1. The image shows a few scratches uniformly
distributed on the surface of polypropylene, which are beneficial to increase the
contact surface of the frictional layer. Another more detailed SEM image of the
PVDF nanofibers is shown at the right-hand side of Fig. 9.1. From the image, a dense
array of PVDF nanofibers with random orientations can be appreciated. The average
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diameter of the nanofibers was measured to be about 800 + 350 nm. Furthermore, it
can be observed that the nanofibers contain a few beads which can be attributed to

the nature of the polymer solution used in the electrospinning.

9.2.2 Fabrication of the sensor

@) (b)

Syringe

High voltage power
supply

Copper electrodes
[l PVDF nanofibers
PP film

Collector

Figure 9.2 Schematic diagram of the sensor fabrication process: (a) Preparation of the sensor
top plate. (b) Preparation of the sensor bottom plate and (c) final assembly of the
triboelectric sensor.

The fabrication process of the triboelectric sensor is depicted in Fig. 9.2. First, a
membrane of interconnected PVDF nanofibers (2 mm) is electrospun on copper foil
to form the top plate of the sensor as shown in Fig. 9.2 (a). To prepare the solution
for electrospinning, 2 g PVDF pellets are dissolved into 10 ml solvent mixture of
N,N-dimethylformamide and acetone (4/6). Then, the chemical solution is
electrospun by a Nanon-01A electrospinning unit using the following operational
conditions: voltage applied 15 kV, spinning distance 15 cm, feed rate of 1 ml/h, 21-
gauge needle and static collector. It is important to mention that the nanofibers are
deposited on a copper foil which acts as collector for them during the
electrospinning. Secondly, a thin polypropylene film (25 um) is adhered to copper

foil by a double-sided adhesive copper tape to form the bottom plate of the sensor as
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detailed in Fig. 9.2 (b). Finally, the top and bottom plate are assembled to produce
the triboelectric sensor (fig. 9.2 (c)). The sensor is sealed with polyethylene
terephthalate film which acts as a protection layer. The dimensions and the weight of

the fabricated triboelectric sensor are 55 x 55 mm and 6.75 g, respectively.

In summary, the fabrication process of the sensor is very simple and does not
require expensive materials or technologies, which makes the process cheap and easy
to perform [27, 28]. Moreover, the process can be easily upgraded for large-scale
production, which suggests a promising method for fabrication of such sensors on an
industrial scale using a low-cost technology.

9.3 Working mechanism of the triboelectric sensor

The working principle of the triboelectric sensor is schematically depicted in Fig.
9.3. The mechanism is based on the combination of contact electrification and
electrostatic induction [29, 30]. In the initial state, there is no friction between the
polypropylene and the polyvinyl fluoride nanofibers. As a result, there is no
generation of triboelectric charges which results in non electric output as shown in
Fig. 9.3 (a). When the composites are impacted, the triboelectric sensor is deformed
as result of the impact. Therefore, PVDF and PP rub against each other which induce
negative charges on the surface of the PVVDF and positive charges on the surface of
the PP (Fig. 9.3 (b)). When the impact stops, the sensor tends to revert back to its
original state. As a result, the positive and negative charges are separated which
result in a potential difference between the two electrodes as detailed in Fig. 9.3 (c).
Therefore, the sensor electric responses are generated by the contact and separation
of two triboelectric layers with opposite polarity. Finally, the triboelectric charges

disappear, and the sensor returns to the initial state.

This is a self-powered mechanism and thus the triboelectric sensor does not
require an external power supply, which is completely different from other

conventional sensors [31].
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(b) Initial state (b) Contact state (c) Separation state

., I E—
oV e I Y
[ | [ [

Copper electrodes B PVDF nanofibers PP film

Figure 9.3 Working mechanism of the triboelectric sensor: (a) The state of the sensor before
the impact. (b) The state of the sensor during the impact and (c) the state of the sensor after
the impact.

9.4 Description of the experiment

The main objective of the experiments is to verify that the sensor electric responses
are affected by the velocity of the impacts. This is important as we are aiming to
expand the applications of triboelectric sensors for measurement of impact velocities

in composite structures, such as airplanes, wind turbines and bridges.

A schematic diagram of the experimental setup is shown in Fig. 9.4 (a).
Initially, the composite plates are impacted with controlled impact velocities using a
drop-weight impact machine (Instron CEAST 9350). It is important to mention that
the velocity of the impacts is varied in the range between 1.27 and 3.21 m/s with
small increments of ~ 0.2 m/s. Subsequently, the sensor electric responses in form of
voltage and current are measured using a commercial oscilloscope (Tektronix 2012
B) and a digital multimeter (Agilent 34410A). The purpose of the experiment is to

verify that the sensor electric responses are dependent on the velocity of the impact.

Fig. 9.4 shows a description of the experimental procedure which can be
divided into four steps. First, the triboelectric sensor is adhered to the bottom clamp
of the impact machine as shown in Fig. 9.4 (b). Secondly, a carbon plate with length
of 0.12 m, width of 0.12 m and a thickness of 0.07 m is adhered to the triboelectric

sensor (Fig. 9.4 (c)). Thirdly, the composite plate is clamped around the four edges
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and a controlled velocity impact is applied to the centre of the plate using the
impactor of the drop-weight machine (Fig. 9.4 (d)). Finally, the sensor electric
response is obtained as shown in Fig. 9.4 (e). The figure 9.4 (e) shows the history of
the voltage changes during the impact. From the figure, it can be observed that the
voltage goes through a positive and a negative peak which are associated to the start
and the end of the impact respectively. Thus, the time interval between both peaks

(0.003 s) can be defined as the duration of the impact.

(a) (e)

1
Start

Hl Impactor [ Composite

o

Voltage (V)

M Sensor Fixed Supports 2 o 5 s

Time (s)

Top Clamp

|
Botton) clamp

Figure 9.4 Methodology used to investigate the applications of the sensor for impact velocity
monitoring: (a) Schematic description of the experimental setup (transversal view).
Description of the experimental procedure: (b) The triboelectric sensor is adhered to the
bottom clamp of the impact machine. (c) A composite plate is adhered to the sensor. (d) The
composite plate is clamped around the four edges and a controlled impact is applied. (e) The
sensor electric responses are measured.

9.5 Results and Discussion

This section presents the results obtained from the experiment detailed in Section

9.4. Initially, the effect of the impact velocities on sensor electric responses is
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investigated. Lastly, the voltage and current outputs obtained with the developed

triboelectric sensor and a piezoelectric commercial sensor are compared.

9.5.1 Effect of impact velocity on voltage output

As mentioned in Section 9.4, composite plates were subjected to various impact
velocities using a drop weight machine and the voltage responses of the triboelectric
sensor were measured using a commercial oscilloscope. The idea is to investigate if

the sensor voltage outputs are influenced by the velocity of the impacts.
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Figure 9.5 Effect of the impact velocity on the electric outputs of the triboelectric sensor:
(a) Voltage responses for various impact velocities in the range between 1.27 and 3.21
m/s. (b) Voltage amplitudes as a function of the impact velocity.

Fig. 9.5 (a) displays the voltage outputs of the triboelectric sensor when the
composite plates are impacted at various impact velocities ranging from 1.27 to 3.21
m/s. It is noticed that higher impact velocities increase the voltage sensor outputs,
which reach up to 2.88 V under the impact velocity of 3.21 m/s. As indicated in refs.

[32, 33], the voltage output of a triboelectric sensor can be calculated as:
d
V=— (14)

Where o is the density of triboelectric charges, d is the distance between the

frictional layers and & is the vacuum permittivity. In our triboelectric sensor, the
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distance between the frictional layers is constant because there is no separator
between the layers. Therefore, the voltage changes are only due to the changes of
triboelectric charges (o) caused by the strong friction between the layers of the

sensor.

Fig. 9.5 (b) shows that the voltage amplitudes of the sensor as a function of the
impact velocity. From the figure, it can be observed that the voltage responses are
influenced by the impact velocities and the amplitude of the voltage outputs
increases from 1.28 to 2.88 V as the impact velocity increases from 1.27 to 3.21 m/s.
Additionally, the results show a strong linear relationship between the impact
velocities and the voltage outputs with a Pearson coefficient of 0.984. Furthermore,
the velocity-voltage relationship exhibits a very high sensitivity of 835 mV per unit
velocity of m/s in a wide measurement range between 1.27 and 3.21 m/s. This is
important as sensors with high sensitivity, linearity and wide detection range are

always preferred for practical reasons and applications of the sensor.

To the best of our knowledge, only one study so far has investigated the
potential of triboelectric sensors to measure impact velocities. As detailed in ref.
[34], a triboelectric sensor composed of a mixture of polyvinylidene fluoride and
polyvinyl pyrrolidone is used to detect the impacts applied by a free-falling ball at
four impact velocities in the range from 1.4 to 4.4 m/s. The results show that the
voltage responses increase from 3.8 V to 23.44 V, when the velocity of the impacts
increases from 1.4 to 4.4 m/s. The same behaviour is observed for the current sensor,
for which it can be clearly seen that the voltage outputs increase between 1,28 V and
2,88 V as the velocity of the impacts increase from 1,2 m/s to 3,2 m/s. The higher
amplitude of the electric responses in ref. [34] can be explained by the following
three reasons: 1% The impacts are applied directly on the surface of the sensor
instead of a composite plate, which causes a strong increment of the sensor electric
responses. 2"%) The different material nature and nanostructured surface of the
coupling triboelectric materials used in the sensor, which affects the generation of
triboelectric charges and 3') the different measurement conditions used in the

oscilloscope to measure the electrical signal.
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A major limitation of the above study [34] is the small energy of the impacts
(less than 0.225 J), which is far from the energy of impacts in real case scenarios as
per example bird strikes or hailstone impacts. In this study, the energy of the impacts
is much higher and varies between 2 and 12 J as the impact velocity increases from
1.27 to 3.21 m/s as shown in Figure 9.6. From the figure, it can be observed that the
relationship between the energy and the velocity of the impacts is approximately
linear for this range of low velocity impacts. Therefore, it can be seen that the energy

of the impact increases proportionally under higher impact velocities.
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Figure 9.6: Energy of the impacts as a function of the impact velocity.

On the basis of the above results, it can be concluded that the voltage output
depends on the velocity of the impacts and it increase linearly with the velocity for
the measured range between 1.27 and 3.21 m/s. Furthermore, the relationship
between the impact velocities and the voltage outputs show a high sensitivity for this
measurement range. This demonstrates that the developed triboelectric sensor can be

potentially used for impact velocity measurement.

9.5.2 Effect of impact velocity on current output
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As was explained above, a drop weight impact machine is used to subject composite
specimens to controlled velocity impacts and the corresponding current responses of
the triboelectric sensor are acquired using a digital multimeter. The idea is to check if

the current electric output is affected by the velocity of the impact.

Fig. 9.7 (a) shows the current responses of the triboelectric sensor when the
composite specimens are subjected to various impact velocities in the range from
1.27 to 3.21 m/s. The graphic shows that the current electric outputs are affected by
the velocity of the impacts and the current sensor responses increases from 111 to
530 nA as the impact velocity changes between 1.27 and 3.21 m/s. The current

responses of a triboelectric sensor can be expressed as [35, 36]:

I=C ad +V oc 15

- ot ot (15)

Where C represents the capacitance of the sensor and V is the potential drop across
the electrodes. As a result, the changes of current can be explained by the changes in

the potential across the top and bottom electrodes.
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Figure 9.7 Effect of the impact velocity on the triboelectric sensor electric responses:
(a) Current outputs for various impact velocities in the range between 1.27 and 3.21

m/s. (b) Current amplitudes as a function of the impact velocity.

Fig. 9.7 (b) displays the current amplitudes of the sensor as a function of the
impact velocity. From the figure 9.7 (b), it can be clearly seen that the current

outputs are strongly affected by the impact velocity and the amplitude of the current
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electric outputs increase with the impact velocity, as the velocity changes from 1.27
to 3.21 m/s. The experimental data points can be interpolated with a straight line
which possess a strong linear behaviour (R = 0.998). Moreover, the current sensor
responses are characterized by a very high sensitivity of 214 nA s / m in the large
velocity measurement range investigated (between 1.27 and 3.21 m/s). This is of
utmost importance from a technical point of view, because sensors with high
sensitivity, linearity and a wide working range are preferred from practical

considerations.

In general, it can be said that the current sensor responses are affected by the
velocity of the impacts and the current responses increase linearly with the impact
velocity applied to the composite plates. Furthermore, the relationship between the
impact velocities and the voltage outputs show a high sensitivity for a wide detection
range between 1.27 and 3.21 m/s. These results are important and can be said to
expand the applications of triboelectric sensors for detection and quantification of

impact velocities in composite structures.

9.5.3 Comparison between the developed triboelectric sensor and a

piezoelectric commercial sensor

As explained in Section 9.4, composite plates were subjected to different velocity
impacts by using a drop weight impact machine and the sensor electric outputs are
measured and compared to those of a piezoelectric commercial sensor. The main
goal of the experiment is to compare the sensitivity, linearity and response time of

the fabricated triboelectric sensor to a commercial piezoelectric sensor.

Fig. 9.8 (a) and (b) show the voltage and current outputs of the piezoelectric
commercial sensor as functions of the impact velocity. The plots show that the sensor
electric responses depend on the impact velocity and increase proportionally with the
increase of the impact velocities. It can be seen that there is a strong linear
relationship between the impact velocities and the sensor electric outputs with a
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Pearson coefficient of R= 0.998 and 0.986 for the voltage and current outputs,
respectively. Furthermore, the commercial piezoelectric sensor shows very high

sensitivities of 13778 V and 1350 nA per unit velocity of m/s for the considered

velocity range from 1.27 to 3.21 m/s.
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Figure 9.8 Effect of the impact velocity on the piezoelectric commercial sensor
responses: (a) Voltage and (b) current output as a function of the impact velocity.

The response time of a sensor can be defined as the time required for reaching
the maximum voltage output which is calculated as the time interval between zero
and the maximum voltage response. Figures 9.9 (a) and 9.9 (b) display the response
times of the triboelectric and the commercial sensor for an impact velocity of 3.21
m/s. The figures show that the response time of the triboelectric sensor is 0.0001 s,
while the response time of the commercial sensor increases up to 0.0011 s.
Therefore, the response of the developed sensor to impact is very fast, even faster as
compared to a commercial sensor, which is critical for the real time detection of

impacts in composite structures.

The sensitivity, linearity and response times of the triboelectric and
commercial piezoelectric sensor are presented in Table 9.2. From the table, it can be
seen that the sensitivity of the commercial sensor is higher as compared to the
sensitivity of the triboelectric sensor. This can be explained by the fact that the
amplitude of the electric outputs of the triboelectric sensor is relatively small (see

figures 9.5, 9.6 and 9.7). Although amplitudes of the electric responses of the
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triboelectric sensor are small, we believe that the sensor electric outputs can be
considerably increased by separating the frictional layers of the triboelectric sensor
using a spacer [37, 38]. On the other hand, it can be seen also that the response of the
developed triboelectric sensor is eleven times faster as compared to the piezoelectric
commercial sensor. In this respect, it can be said that the developed triboelectric
sensor with a response time of 0.0001 s outwits the commercial piezoelectric sensor
which shows a response time of 0.0011 s. The response time is a very important
factor for a sensor as it shows how fast the response can be detected after the
excitation (the impact in this case) is applied. Furthermore, a high linearity of the
current/velocity and voltage/velocity relationships is found for the newly developed
triboelectric sensor which is very much the same to the one of the commercial

piezoelectric sensor (R varies between 0.984 and 0.998).
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Figure 9.9 Analysis of the response time for a velocity impact of 3.21 m/s: (c)
Response time of triboelectric and (d) commercial sensor.

Characteristic Units Triboelectric Commercial
N nAs/m 214 1350
Sensitivity
mVs/m 835 13778
L . . 0.998 0.986
Linearity Dimensionless
0.984 0.998
Response time S 0.0001 0.0011

Table 9.2 The table compares the sensitivity, linearity and response time of the triboelectric
and piezoelectric commercial sensor.
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In summary, this section compares the sensitivity, the linearity of the input-
output relationships and the response time of the suggested triboelectric sensor and
commercial piezoelectric sensor. The results demonstrate that the newly developed
triboelectric sensor shows a good impact sensitivity and faster response time as
compared to the commercial one. Moreover, a strong linear relationship of the
voltage-velocity and current-velocity relations can be observed for the developed
triboelectric sensor in a large measurement range between 1.27 and 3.21 m/s. These
sensor characteristics can be used to demonstrate the outstanding performance of the
developed triboelectric sensor for impact detection and velocity measurement in

composite structures, such as aircrafts or wind turbines.

9.6 Conclusions

The detection and quantification of impacts is of vital importance for monitoring the
health state of composite structures such as aircrafts or wind turbines. The main
achievement of this chapter is to demonstrate for the first time that triboelectric
sensors can be potentially used for measuring impact velocities in composite

structures.

Initially, a new class of triboelectric sensors based on polyvinyl fluoride
nanofibers and a thin film of polypropylene is developed. The sensor is self-powered
and does not require an external power supply, so this is an energy saving and
environmentally friendly sensor. The fabrication process of the sensor is very simple
and does not require expensive materials or equipment’s, which brings down the
manufacturing cost of the sensor. Additionally, the fabrication process can be easily
developed for large-scale production, which offers a promising alternative for

producing such sensors on an industrial scale using a low-cost technology.

Furthermore, the chapter demonstrates the applications of the suggested sensor
as self-powered impact sensor. The results show that the voltage and the current
outputs increase proportionally with the impact velocities and a good linear
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relationship between the impact velocity and the sensor electric outputs (voltage and
current) is found. Furthermore, it can be observed very high impact sensitivity in a
wide velocity range between 1.27 and 3.21 m/s. It is also demonstrated the responses
of the sensor to impacts are very fast (with a very short response time of ~ 0.0001 s),

which indicates that the impacts are detected in real time.

In our view, this chapter presents a solid progress toward the practical
applications and implementation of triboelectric sensors as self-powered impact
sensors. The findings of this study demonstrate that triboelectric sensors can be
potentially used for the measurement of impact velocities in composite structures,
which can have important applications for monitoring of impacts in aircrafts, bridges

and other composite structures.
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Chapter 10

Conclusions and Future Work

10.1Conclusions

This thesis is made of two main parts which are both related to nanofibers and
composites, but they consider different aspects of the application of the nanofibers.
In the first part of the present thesis, the use of electrospun nanofibers as
reinforcement for glass fibre epoxy composites is considered. The effect of
nanofibers on the structure made of composite laminate is minimal as the weight and
the size of the nanofibers are miniscule, and therefore, they will not affect neither the
weight nor the shape of the structure. However, the mechanical and dynamical
properties of the composites can be significantly improved due to the incorporation
of nanofibers. The major conclusions and contributions of the first part of the thesis
are presented below:

i.  The thesis investigates the effect of nylon nanofibers on the natural
frequencies and damping of glass fibre epoxy composites. These
characteristics are rather important for the purposes of designing structures as
most structures vibrate while being in use. Our research found that the natural
frequencies of the nanomodified laminates are not influenced by the
incorporation of nylon nanofibers. The frequencies underwent very small
changes, which can be considered within the range of the experimental and
measurement error. Thus, in terms of natural frequencies the vibratory
behaviour of the nanomodified specimens is the same as the behaviour of the
pristine ones. On the other hand, the damping ratio considerably increased
due to the reinforcement with nylon nanofibers and a considerable increment
of 36% is reported. This can be potentially used for the purposes of reduction
of the vibration amplitudes, which limit the propagation of cracks and other

irreversible damages.
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The authors succeeded to demonstrate that a finite element model based on
transient analysis is able to give adequate simulation of the vibratory
properties of pristine and nylon nanomodified composites. The authors are
one the opinion that such a model is rather flexible, and its simplicity makes
it easy to use for predicting the dynamic behaviour of other nanomodified

materials.

The main weak point of the composite laminates is their poor interlaminar
strength, which can result in delamination. One of the techniques to prevent
the delamination is the incorporation of electrospun nanofibers in the
interlaminar regions of the composite laminates. The experimental results
from the present thesis indicated that the interlaminar shear strength of the
glass fibre epoxy composites increases quite substantially from 50.2 MPa to
63.81 MPa due to the incorporation of nylon nanofibers. Therefore, nylon
nanomodified glass fibre epoxy composites are less susceptible to
delamination than pristine specimens. This is of great important for the
industry as composite laminates reinforced with nylon nanofibers could be
used to prevent the delamination failures in aircrafts, wind turbines and other

civil structures.

A three-dimensional finite element model is developed to simulate the
delamination behaviour of pristine and nylon nanomodified composites. The
numerical results are in good agreement with the experimental ones and
confirm that the interlaminar shear strength of the pristine and nylon
nanomodified composites increases quite notably from 51.5 MPa to 63.1
MPa. Thus, our simulations demonstrate that the interleaving with nanofibers

can be used for the purposes of delamination prevention and restriction.

Higher impact resistance (e.g. bird strikes or hailstones) is of critical
importance for the health of the composite laminates used in aircrafts, wind
turbines and other civil structures. The numerical investigation offered in this
research is validated with available experimental data and reveal that the
addition of polycaprolactone nanofibers in glass fibre epoxy composites

increase substantially the impact resistance of glass fibre epoxy layered
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composites. Thus, polycaprolactone nanofibers can be used to develop
composite materials with improved impact resistance, which can be used for
the prevention and reduction of the damage caused by impacts in aircrafts and

wind turbines.

In the second part of the thesis the use of nanofibers for the production and
application of triboelectric nanogenerators as self-powered active sensors is
considered. This research first of all offers two novels triboelectric nanogenerators
made of electrospun nanofibers from different materials. By combining these
particular materials and by the use of nanofibers we have tried to increase the electric
response generated by different stimuli, via pressure and impact. As compared to
traditional sensors, triboelectric nanogenerators are self-powered and do not require
an external power supply or battery to sense the mechanical stimulus. Furthermore,
they are environmentally friendly, low-cost and maintenance-free. In the present
thesis, the potential of triboelectric nanogenerators as self-powered sensors for
pressures and impacts is demonstrated. The main outcomes of the second part of this

study are summarized below:

vi. In the present thesis, we develop a new class of triboelectric nanogenerator
composed of polyvinyl fluoride (PVDF) and polyvinyl pyrrolidone (PVP)
nanofibers and demonstrate its application as self-powered pressure sensor,

which measure dynamic pressures in real-time.

The effect of the pressures on the electric responses of the
nanogenerator is analysed using the technique of dynamical mechanical
analysis. In our view, this method is beneficial because it can analyse the
characteristics of the mechanical stimulus in real time (e.g. pressures applied
to the nanogenerator), which can be used to enhance our understanding about
the electric responses of the nanogenerator. The findings of this study indicate
that the developed triboelectric nanogenerator shows a high sensitivity to
pressures in a wide measurement range between 200 Pa and 2000 Pa.

Moreover, it was shown that the current outputs show an excellent linear
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Vil.

viii.

relationship with the pressure applied, which is important for the practical
applications of the device.

In summary, our results prove that the developed triboelectric
nanogenerator can be used as self-powered sensor to measure dynamic
pressures in real time. This demonstrates the potential of TENGs for
monitoring of pressures with the advantages of being self-powered,

maintenance-free and environmental-friendly.

The chapter seven of this study presents a novel triboelectric nanogenerator
composed of a thin film polypropylene and membrane of PVDF nanofibers
and. The films of electrospun nanofibers used in the nanogenerator are
prepared via electrospinning because it is one of the practical ways to
increase the performance of the TENG. Therefore, it can be concluded that
the developed triboelectric nanogenerator is prepared by a simple fabrication

method, which does not require expensive mats or high cost technologies.

Furthermore, the seven chapter also investigates the practical
applications of the TENG as self-powered sensor for detection of small
energy impacts in real time. The experimental results reveal that the voltage
and current outputs increase proportionally under higher energy impacts.
Therefore, it can be said that the developed nanogenerator can be used for
detection of small energy impacts with the advantages of self-powered
operation, maintenance-free and simple fabrication. This can be used in
multitude of practical applications as per example vehicle safety, structural

health monitoring or urgent medical attention of elderlies.

Aircrafts, wind turbines and other composite structures are frequently
subjected to impacts or collisions. In this thesis, we have demonstrated for the
first time that a triboelectric nanostructured sensor can be successfully used to
detect and measure impacts in structures made of composite materials. The

findings of this study indicate that the developed triboelectric sensor shows
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good sensitivity to impacts in a wide range of energies and impact forces
between 2-30 J and 2000-14500 N, respectively.

From a fabrication point of view, the preparation of the triboelectric
sensor is very simple and does not require sophisticated processing steps.
Moreover, this procedure can be easily upgraded for large-scale production.
From an innovation point of view, the triboelectric sensor is a potential
alternative to other conventional impact sensors due to their independence of
an external power supply unit and lower cost due to the cheap materials used
and easy fabrication. From a technical point of view, the sensor shows very
high sensitivity and linearity in a wide detection range which is comparable to

other commercial sensors.

In conclusion, chapter 8 has suggested and validated for the first time
an innovative approach to detect and measure the magnitude of the impacts in
composites structures. The present findings demonstrate that the developed
triboelectric sensors can be successfully utilized for real-time detection and
measurement of the energy and/or the force of impacts in structures made of
composite mats. This can have important applications for monitoring of

impacts in composite structures as aircrafts, wind turbines or bridges.

The detection and quantification of impacts is of vital importance for
monitoring the health state of composite structures such as aircrafts or wind
turbines. In the nine chapter of the present thesis, we demonstrate for the first
time that the developed triboelectric nanogenerator can be potentially used
for measuring impact velocities in composite structures. The results show that
the voltage and the current outputs increase proportionally with the impact
velocities and a good linear relationship between the impact velocity and the
sensor electric outputs (voltage and current) is found. Furthermore, it is also
demonstrated the responses of the sensor to impacts are very fast (with a very
short response time of ~ 0.1 ms), which indicates that the impacts are
detected in real time. The findings of this study present solid progress toward
the practical applications demonstrate that triboelectric sensors can be
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potentially used for the measurement of impact velocities in composite
structures, which can have important applications for monitoring of impacts

in aircrafts, bridges and other composite structures.

10.2Recommendations and Future Work

The first part of this thesis investigated the use of electrospun nanofibers as means to

improve the mechanic and dynamic properties of composite laminates. Despite the

fact that the research on this topic started more than ten years ago and a solid

knowledge on the topic has been built since them. There are several research gaps in

the literature that still need to be addressed and some of them are indicated below.

The research on the vibratory properties of composite laminates reinforced
with electrospun nanofibers is still at its beginning and only a few papers
have investigated how nylon and polycaprolactone nanofibers are able to
enhance the vibratory response of the laminates [1-3]. In this regard, we
believe that it is necessary to demonstrate that other type of nanofibers can be
used to reduce the amplitude of the composite vibrations. This could be
potentially used to develop composite structures with smaller amplitude
vibrations, which will have important applications for structures in which

vibrations are a source of problems.

The enhanced delamination response of composite laminates interleaved with
electrospun nanofibers have been widely reported in the literature [4-6].
However, there are still some issues that still need to be discussed as per
example the development of an optimum strategy to fabricate the composite
reinforced with nanofibers or the effect of nanofibers on the fatigue behaviour
of composite laminates. Additionally, the author of this thesis considers that it
is necessary additional research to fully understand the reinforcement

mechanism of the nanomodified laminates,

233



Research on the impact response of nanomodified composites is still far to be
completed. Therefore, we recommend investigating the effect of the
nanolayer thickness, morphology and number of nanofibers in the impact
response of the laminates. Furthermore, it is interesting to study how the
reinforcement effect of the nanofibers is affected by the location of the

nanofibers in the laminate.

In the second part of the thesis, we have analysed the use of electrospun nanofibers

for the development of self-powered triboelectric sensors for pressures and impacts.

Since the invention of the first triboelectric sensor in 2012, a large number of

research works has been published on this research topic [7-10]. However, there are

still many issues that need to be investigated; some of them are indicated below.

The performance of a triboelectric sensor is strongly affected by the electron
affinity of the frictional materials [11, 12]. Interestingly, the vast majority of
the research till date has almost exclusively focused on materials with strong
ability to capture electrons as polytetrafluoroethylene (PTFE). However, there
are very little research works to explore the use of new triboelectric materials
with higher ability to donate electrons as nylon. This can be explained by the
fact that the majority of materials with strong tendency to give electrons are
natural biological materials (e.g. human skin or cotton) which are difficult to
use in practical devices. In this regard, it is necessary to develop new
materials which can be easily integrated in electronic devices and possess

high ability to donate electrons.

The electric responses of a triboelectric sensor are strongly influenced by the
area superficial of the frictional materials [13, 14]. As a result, an increment
of the contact area of the frictional materials is an effective way to increase
the electric response of the devices. Thus, it would be interesting to study
how the morphology and porosity of the nanofibers is essentially correlated

with the output performance of the triboelectric sensor.
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vi.  The periodic contact and separations between the frictional materials of the
triboelectric sensor are of critical importance for enhancing the generation of
electricity. Therefore, triboelectric sensors with different structural designs as
the arch-shaped structure [15], spring-assisted structure [16] or other
advanced designs [17-19] have been designed with the aim to maximize the
generation of electricity. In the author’s opinion, there is a need to develop
triboelectric sensors with new structural designs which can enhance the

performance of the triboelectric sensor.

For the future, the author of this thesis would like to continue this research in with
focus on two major directions: First, the development of composite laminates with
improved mechanical properties (e.g. higher resistance to impacts or low
susceptibility to the initiation and propagation of delamination failures). Second, the
development of new triboelectric sensors with improved sensing characteristics (e.g.
high sensitivity, large measurement range or fast response time) and minimum
fabrication costs. In the author’s opinion, the integration of triboelectric nanofibers
into composite laminates is one of the major challenges for the industry and can give
a significant impulse to their commercialization with the development of new
composite structures with improved mechanical properties and new self-sensing

abilities.
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