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Abstract

Electronic skin (e-skin) is a synthetic skin that mimics human sensing abilities and has
many applications, such as prosthetics, robotics, health monitoring, and artificial intelligence
technologies. To adapt the e-skins to specific functions and properties, many attempts have
been made with different mechanisms, approaches, materials, and structures. However, the
high sensitivity and flexibility of the e-skin are the biggest drivers in the field of research.
Therefore, to prepare a sensitive, flexible pressure sensor (FPS) for the e-skin application that
can detect any movement, the applied materials and technologies used should be optimized.

The first step in optimizing the FPS was to develop a novel technology to prepare the
applied nanocomposite. This was done by coating the polyurethane foam (PU) with nitrogen-
doped bamboo-shaped carbon nanotube (N-BCNT) by dip coating and then impregnating it
with silicone rubber (SR). PU was used as a supporting skeleton for N-BCNT, while SR was
used as a polymer matrix to fill the pores of the foam to improve recoverability, compressive
strength, and durability. N-BCNTs were used as conductive fillers due to their remarkable
electronic behavior. Their fibrous structure spans the entire volume of the PU foam, allowing
them to act as nanometric electrical cables that provide conductivity at the macroscopic
dimension of the N-BCNT/PU-SR composite.

The second step was to optimize the best PU foam as the supporting skeleton for the
nanofiller by preparing PU foam with different pore volumes by mixing commonly used
isocyanate and polyol with different isocyanate indices (1.0:0.8, 1.0:1.0, 1.0:1.1). Then, the
prepared polyurethane foam samples were dip-coated with a fixed ratio of N-BCNTSs to obtain
pressure sensor systems. The results show that the PU foam with a low isocyanate index and
high pore volume has higher pressure sensitivity because it has a smaller PU scaffold.
Consequently, more N-BCNTs are interconnected, resulting in more conductive paths and a

larger effective conductive area in the PU scaffold.

The third step was to optimize the nanofiller by using N-BCNT and carbon black (CB)
to coat PU by using different mixing ratios of the nanotube and CB (5:5; 6:4; 7:3; 8:2; 9:1).
Then, the coated PU was impregnated with SR to fill the pores. Due to the higher aspect ratio
of N-BCNTs, they contribute more to improving the electrical conductivity in the composites,
while CB fills the smaller gaps among N-BCNTs. The results show that the optimal mixing
ratio of 7:3 N-BCNT: CB is even better than N-BCNT alone. Thus, this mixing ratio is optimal
in terms of pressure sensitivity due to the synergistic effect of the nanofillers. If the N-BCNT:
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CB ratio is increased beyond 7:3, it becomes more difficult for the N-BCNT to align and
expand, and the relative amount of CB also decreases, resulting in minimal contact between
the fillers. On the other hand, decreasing the amount of N-BCNT decreases the ability of
electrical charge transport over long distances along the aligned and extended nanotubes.

Finally, the optimized parameters and technologies were applied to prepare FPS for the
advanced application of e-skin by dispersion of 7:3 N-BCNT: CB on PU foam prepared with
a ratio of 1.0:0.8 polyol: isocyanate and then impregnated in SR. All in all, the method has the
potential to improve the performance of pressure sensors that can be used for human activity
monitoring and e-skin development. The final sensor exhibited higher pressure sensitivity due
to more efficient electron transport through the SR-based nanocomposite. The pressure
sensitivity was 0.4 kPa® and 0.07 kPa! in the range of 0-120 kPa and 180-1000 kPa,
respectively. The sensitivity of the prepared system enables us to fabricate e-skin and other
devices. A promising approach has been developed to improve the performance of FPS by

optimizing the dispersion of the nanofiller in SR.



Chapter 1
Introduction and literature review

Introduction

1.1 Various types of flexible pressure sensors

FPS are devices that are designed to measure pressure by detecting deformation flexibly
[1][2]. Conventional pressure sensors, in contrast, are rigid sensors and are not capable to adjust
to complex shapes [3][4]. Conventional sensors are usually heavier than FPS and might also need
to be installed in a certain way. Therefore, FPS are appropriate for a wide range of applications for
which conventional sensors are not [5]. In general, FPS has several benefits over conventional
sensors, such as the ability to measure irregular shapes, lightweight, long lifetime, and good
pressure sensitivity. On the other hand, conventional sensors may be suitable for limited
applications. FPS is promising as it can be used in many advanced applications such as health

monitoring [6], intelligent robots [7], and aerospace devices [8].

The sensing mechanism of FPS can be piezoresistive [9][10], capacitive [11-13] and
piezoelectric [14] (Figure 1). The response of the sensing mechanism differs depending on the
type of materials that make up the sensor and the sensor’s structure. The operating principle of the
piezoresistive sensor is based on the change in electrical resistance in response to the application
of pressure. When an external force acts on a piezoresistive sensor and causes it to change shape,
the distance between the conductive fillers decreases, resulting in a decrease in electrical
resistance. On the other hand, the capacitive sensor’s working principle depends on the change in
capacitance when pressure is applied to it [15]. A capacitive pressure sensor consists of two parallel
conducting plates separated by the dielectric material. The FPS piezoelectricity type takes
advantage of this effect by measuring the change in voltage as a function of the applied pressure.
Piezoelectricity means that materials generate electrical voltage when pressure is applied to them.
When pressure is applied, the piezoelectric sensor deforms and produces polarization phenomena.
At the same time, negative and positive charges accumulate on their opposing surfaces and convert
the mechanical pressure into an electrical signal [16]. All these types of electrical signals are
measurable and calculated as a function of pressure. However, the piezoresistive type is the best

choice because, first, piezoresistive sensors are manufactured cost-effectively. Second, due to its



high-pressure sensitivity, it is able to detect any pressure fluctuations [17]. Third, the piezoresistive
sensor has high mechanical strength which makes it withstand mechanical stress without breaking
[18].

Without
pressure

=
g O 2
- - =
> > >
Pressure Pressure Pressure

Figure 1. The sensing mechanism of flexible pressure sensors: piezoresistive (a), capacitive (b),

and piezoelectric (c).

1.2 Preparation methods of flexible pressure sensors

FPS can be fabricated in many ways, such as piezoelectric materials, conductive polymers,
and nanocomposite-based piezoresistive (NBP) systems. Piezoelectric is a substance that produces
an electrical voltage when applying pressure on it. Such a phenomenon has been used to fabricate
an FPS by incorporating piezoelectric constituents into the sensor system as displayed in Figure
2a. Polyvinyl alcohol (PVA) [19] is a piezoelectric polymer that has high-pressure sensitivity;
however, it is expensive and cannot be used in high-temperature environments [20] Conductive
polymers such as polyaniline are the type of materials that include free electrons, and they have

the ability to have electrical conductivity [20]. The conductive polymer can be utilized in the
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preparation of FPS by coating a flexible structure with a layer of this polymer as shown in Figure
2b. The polymer’s electrical resistance alters when it experiences pressure, enabling the sensor to
gauge changes in pressure [21]. The conductive polymer is easy to fabricate with excellent
stability, however, it has low-pressure sensitivity and a delay in response time [22]. NBP materials
comprise a matrix combined and a nanofiller such as graphene, CNT, and CB [19][23]. NBP
materials can be utilized to create FPS by dispersion of nanofiller in the polymer matrix (Figure
2¢). NBP is intrinsically flexible and elastic, making it the perfect choice for many applications
where a sensor needs to conform to a curved surface or withstand repeated bending[24]. Unlike
the piezoelectric sensor. In addition, NBP's pressure sensitivity has a wide range of highly sensitive
materials such as CNT, graphene, and CB, making it possible to produce a pressure sensor that is
highly sensitive even at low pressure. Unlike piezoelectric materials and conductive polymers, the
ability to make a pressure-sensitive sensor is less sensitive due to the limited variety of materials.
In addition, NBP is more durable than conductive polymers and piezoelectric materials, making it
more appropriate for long-term use in harsh environments [25]. Finally, NBP technology is also
relatively less expensive and easy to manufacture sensors for mass production. This makes it a

promising technology for the next-generation manufacturing FPS [25].
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Figure 2. Preparation of flexible pressure sensors (FPS) by using a conductive polymer (a), [26]

piezoelectric polymer (b), [27] and nanocomposite-based piezoresistive materials (c)[28].



1.3 Nanocomposite-based piezoresistive pressure sensors and their applications in e-skin

technology

1.3.1 Types and properties of nanofillers in flexible pressure sensors

Nanofiller is a material that is combined with a matrix to enhance its characteristics [29]. In
FPS technology, this has been used to enhance thermal, mechanical, and electrical characteristics
[30][31]. This improvement is essential in maintaining FPS's overall strength and durability when
exposed to external stresses, as well as guaranteeing its efficient thermal and electrical
performance. Figure 3 displays various nanofillers commonly used in FPS sensors. Metal
nanoparticles (MNPs), composed of pure metals like gold and silver, have become widely used in
FPS due to their excellent electrical and mechanical characteristics [32,33][34][35][36,37].
Nevertheless, their production is quite challenging which limits their application in pressure
sensors [38]. Graphene nanoplate (GNP) is one such material, consisting of hexagonal honeycomb
lattices of carbon atoms tightly bound together [39,40]. GNP nanofiller offers outstanding tensile
strength and high thermal and electrical conductivity [41], making it a suitable nanofiller for
pressure sensors [42,43]. Unfortunately, while graphene's many potential uses are endless, its
production and handling in large amounts remain challenging. In addition, CNT is another type of
nanofiller often utilized in FPS. CNTs are rolled sheets of graphene with hemispherical endcaps
and diameters ranging from less than 1 nanometer to several nanometers [44]. It has remarkable
mechanical and electrical properties, such as superior electrical conductivity [45,46], excellent
flexibility [47][48], and high tensile strength [49-51]. These desirable characteristics make CNTs
an ideal solution for pressure sensors that require superior electrical and mechanical performance
[52]. However, producing large quantities of CNTs could be costly, thus restricting its application
beyond pressure sensors [53]. CB is one of the promising nanofillers created through thermal
decomposition and incomplete combustion of carbon-hydrogen compounds [64][65]. CB
possesses desirable characteristics like low cost and good electrical conductivity that make it
suitable for FPS production. A hybrid nanofiller is a material system in which two or more different
nanofillers are mixed with the polymer matrix. This can improve mechanical and electrical
properties while being more cost-effective than single nanofillers like graphene or CNT. For
instance, a hybrid nanofiller made of CB and CNT can offer superior mechanical and electrical
properties at lower costs than using CNT alone. On the other hand, using this hybrid nanofiller
improves dispersion quality, leading to increased effective conduction paths. CB acts as a



connecting point between CNTSs, leading to decreased resistivity due to the synergistic effect of
the two nanofillers. Thus, less loading is necessary to reach the electrical percolation threshold in
the nanocomposite [54]. Moreover, different morphologies, shapes, and structures of nanofillers

lead to different conductivity mechanisms which in turn increase pressure sensitivity [55].

Figure 3. Classification of nanofillers used in flexible pressure sensors based on dimensionality:

zero dimension (0OD), one dimension (1D), and two dimensions (2D).

1.3.2 Properties and selection of polymer matrix for flexible pressure sensors

The polymer matrix serves as a base material for nanocomposite and holds the nanofillers
together. At FPS, the polymer matrix should contribute to the required electrical and mechanical
properties of the sensor [56]. The polymer matrix plays a crucial role in FPS and influences its
electromechanical properties. Moreover, the sensor must be resistant to chemicals and the
environment to have a long lifetime. The pressure sensors may be exposed to harsh environments
or chemicals that can cause damage over time [57] [58]. Moreover, it might need particular features
to function correctly in an FPS, such as high flexibility and elasticity to resist loads and

deformations, which are crucial for increasing the sensor's durability and preventing breaking [59-
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61]. Additionally, it must be electrically insulating to avoid electrical leakage since electrical
leakage will impact the pressure sensor's accuracy [62,63]. Therefore, silicone rubber is the most
common choice because it satisfies pre-request properties such as combining excellent mechanical,
moderate chemical resistance, and high electrical conductivity. These properties make it able to
resist the mechanical deformation that occurs during the application of pressure, and it has a high

level of electrical insulation, which prevents current leakage and resists harsh environments.

1.3.3 Strategies for achieving uniform dispersion of nanofillers in the polymer matrix

To efficiently use the characteristics of nanofillers in FPS, it is crucial to create a
continuous conductive network pathway inside the polymer matrix and achieve an electrical
conductivity percolation threshold. Therefore, several approaches have been used such as
increasing the nanofiller loading [64] [65]. However, this approach tends to form nanofiller
bundles, leading to an increase in the viscosity of the polymer matrix[66]. This leads to difficulties
in dispersing nanofillers and affects the performance of the sensors. Thus, high-power
ultrasonication and shear mixing have been to achieve uniform dispersion of nanofiller in the
polymer matrix is needed. However, this approach may cause thermal degradation and structural
damage which leads to reduced sensor durability. Due to the applied high power the polymer
chains may be broken at the center point or the structurally weakest points [67]. An alternative
approach is by dispersion of nanofiller on a skeleton foam by using the dip-coating process and
then, this structure is impregnated and combined with a polymer to achieve the final sensor system.
By using this approach the nanofiller spans the entire volume of the polymer and provides
electrical conductivity in the macroscopic dimension of the sensor. Moreover, it minimizes

negative effects on the performance of the sensor because there is no further process needed.

1.3.4 Types of polymers to use in pressure sensors

Many types of foam structures have been utilized to fabricate FPS, such as
polydimethylsiloxane (PDMS) [9,68-72], melamine formaldehyde foam (MFF) [73-77],
polyimide foam (PIF) [78,79] and PU [80-84]. PDMS is made from dimethyldichlorosilane that
reacts with H>O during production. PDMS can also be produced through the reaction between
hexamethylcyclotrisiloxane and octamethylcyclotetrasiloxane in the presence of either acidic or
basic catalysts [85]. Porous structures created in PDMS foam can be created through direct
templating [86,87], emulsion templating [88,89], gas forming [90,91] and 3D printing [92,93]. As

PDMS is an elastic polymer it's mechanically and chemically robust while being non-toxic,
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inexpensive to produce, and easy to shape [94-96]. However, two drawbacks hindered its use in
pressure sensors: its virgin form has a solid structure and requires additional techniques to create
a foam structure. Additionally, when making PDMS it is difficult to control the structure as we
cannot adjust the reactant ratio. MFF is a flexible polymer with low density and high porosity that
can be made from formaldehyde-melamine-sodium bisulfite copolymer [97]. MFF exhibits good
mechanical properties; when pressure is applied it compresses and then returns to its original shape
when released [98]. However, MFF has poor thermal properties and can decompose at low
temperatures.[99]. Furthermore, PIF possesses excellent thermal characteristics like
thermostability, flame retardancy, and excellent mechanical properties such as flexibility and
tensile strength [100][101]. The powdered forming technique is the most widely employed and
typical process for producing PIF [102]. PIF preparation involves two steps: (1) polymerizing
benzophenone tetracarboxylic dianhydride and oxydianiline with a mixture of tetrahydrofuran and
methanol; and (2) imidization process and thermal forming. The chemical and physical
characteristics of PIF are determined by several factors, including foam structure, chemical
composition, and density [103][104]. Nonetheless, compared to conventional substrates, the
fabrication of PF-based sensors may require additional processing steps or challenges, which can
increase the complexity and cost of manufacturing. PU is a highly flexible material with a high
pore structure, low modulus of elasticity, and high resilience [105-108]. Thus, PU could be
compressed up to 85% without plastic deformation [109]. PU is an extremely flexible material
with a high pore structure, low modulus of elasticity, and excellent resilience [110]. Foaming of
PU occurs when isocyanide, polyol, and water react, producing CO., and turning the polymer into
foam. One of the fascinating properties of PU is that its properties can be tailored by altering the
ratio between reactants. Isocyanate and polyol are two distinct segments of PU. Their phase
separation and content, as well as how well these segments blend together, influence PU's
structures and properties [111]. For example, changes in phase separation between hard and soft
segments and content can significantly affect mechanical and physical characteristics [112] [113].
However, like other types of foam, PU foam is typically porous and allows liquid or gas
penetration. This permeability can affect the performance of nanofillers, compromising sensor
reliability [114].



Tablel outlines the physical and chemical characteristics of various supporting skeletons

for nanofillers. It can be seen that PU foam structures are the best choice among other polymer

foam structures due to their easy controllability when changing reactant ratios. Furthermore, the

versatility of producing PU with a range of Young's moduli and high compressive strength enables

its application in various pressure levels and applications. Furthermore, by selecting suitable

polyol and isocyanates, one can make their product both hydrophilic and hydrophobic [115]. The

polyol content of PUs tends to make them more hydrophilic, as isocyanates are reactive and

responsible for polymerization and stiffness in PU. Therefore, an excessive amount of isocyanate

will lead to stiffer and hydrophobic PU [115]. Hence, the ideal PU can be created by mixing it

with nanofillers based on their hydrophilicity.

Tablel. Physical and chemical properties of foamed polymer

Property type PU PDMS MFF PIF Ref.
Foam structure Easy to Hard to Easy to Hard to [116-119]
control control control control
Young modulus 0.08- 151.4 01-1 0.17-0.48 0.005- 11.17 [93,120-124]
(MPa)
Compression
strength (MPa) 0.14-1.95 0.1-0.5 0.04-0.15 0.098- 0.8 [125-129]
Hydrophilic
and
hydrophobic
Hydrophilicity (Based on Hydrophobic Hydrophilic ~ Hydrophobic [130-136]
compound
mixing ratio)
Chemical Good Good Weak Good [137-141]
resistance
Biocompatibility = Biocompatible Biocompatible Biocompatible Biocompatible [142-146]
Cost Low Moderate Low Low [147][148][149]




1.3.5 Methods for dispersion of nanofillers onto foam skeletons nanofillers onto foam
skeletons

There are several methods for the dispersion of nanofiller on the pores of polymer skeletons
such as dip coating, sputtering, spray coating, and in-situ polymerization as shown in Table 2.
Sputtering describes the ejection of atoms from a target by using high energy. Subsequently, the
ejected atoms are deposited on the substrate material [150]. This technique was used to fabricate
FPS by sputtering gold nanoparticles (AuNP) onto PU foam [151]. Spray coating is a process in
which materials are sprayed through a nozzle to form a fine aerosol [152]. This method has been
used to fabricate FPS by depositing conductive aerosol layer by layer on foamed PDMS [153].
Spray coating involves applying a thin layer of a material to a substrate by spraying a suspension
liquid or solution of the material onto the surface. This approach is often used to produce FFPS as
it is a relatively simple and scalable process. The coating liquid is sprayed onto the supporting
substrate such as PDMS using a spray gun or other spray device. The spray parameters, such as
the spray rate and distance, are precisely controlled to ensure that an even coating is
applied.[153][154] During in-situ nanocomposite polymerization, nanoparticles are dispersed in a
monomeric solution and then, polymerization is carried out in the presence of the dispersed
nanoparticles.[155] Hu et al.[156] describe the preparation of a polyurethane-based conductive
sponge by coating it with silver nanoparticles after in situ synthesis of poly(3,4-
ethylenedioxythiophene)(PEDOT) on the backbone of a PU foam. Silver nitride is then dissolved
in deionized water and the PU sponge is immersed in the silver nitride solution for 5 minutes,
followed by drying at 60°C for 6 hours to obtain a PU/ PEDOT -Ag pressure sensor [155][156]In
dip coating, a conductive nanofiller is dispersed in a suitable solvent and the foamed structure is
then immersed in the nanofiller solution. Finally, the solvent is removed in an oven to obtain a

dispersed nanofiller on the foamed structure.

Table 2 revealed, that the dip coating method is the most suitable for the fabrication of FPS because
it is the most cost-effective method, the sensor can be used directly, no special equipment is
required, and the substrates can be fully covered with nanofiller. In addition, a wide range of
nanofiller types and concentrations can be used, which is a very efficient method for mass

production.
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Table 2. The advantages and limitations of methods used for the dispersion of nanofiller in skeleton

foam

Methods

Advantage

Limitation

Ref.

Spray

coating

Sputtering

in-situ
polymeriz

ation

Dip

coating

Speed process, low risk, ultra-
thick coatings, no phase changes,
no oxidation, minimum thermal

input to the substrate.

The process can be performed at
low temperatures, the no-change
microstructure, uniform coating
thickness, good adhesion, and
eco-friendly
Improve the agglomeration of the
nanoparticles and at the same
time ensure excellent dispersion
in the polymer matrix.
Simple, cost-effective, practical,
and applicable for different scale
sizes. Easily control the electrical
resistance of the pressure sensor
by manipulation of the nanofiller
loading and the number of dip

coatings.

Inappropriate for complex shapes, the
sprayed material is subjected to plastic
deformation, which leads to a reduction

in the ductility of the coating layers

Slow process (typically less than 300
nm/min), surface treatment of substrate

required, and high equipment cost.

Properties of the final product can be
affected by unreacted substance of the

in-situ reaction

Considering the polarity of the solvent,

nanofiller, and substrate is necessary to

ensure good dispersion of the nanofiller
on the substrate.

[158]
[159]
[160]

[161]
[162]

[163]

[164]
[165]

1.4 Application of flexible pressure sensors

FPS with a wide pressure range, high flexibility, and excellent pressure sensitivity meet

the requirements for use in wearable and e-skin applications [166]. Generally, an FPS is attached

to the human body or placed on wearable textiles to detect human activity. FPS can be used both

in the low-pressure range, such as breath and speech recognition, and in the high-pressure range,
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such as motion detection. Chen et al. prepared MXene/PU foam and used it for e-skin and wearable
device applications [167]. Due to the wide range of pressure detection, the sensor can recognize

voices, facial movements, and hand and foot movements (Figure 4a-e) [168,169].
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Figure 4. Application of flexible foam pressure sensors (FPS): (a) pressure range, (b) speech, (c)

cheek, (d) finger, and (e) knee motion detection [167].

Lue et al. developed rGO/PU and used it as a wearable pressure sensor to detect human activity.
The sensor was placed on the neck, index finger joint, wrist, elbow, shoe sole, and face (Figure 5)
[170]. The results revealed that the current intensity changes proportional to the pressure applied
during neck bending, finger movement, wrist bending, arm bending, walking movement, and facial
expression. When human motion compresses the sensor, the current of the sensor increases as
responds to the deformation of the sensor and returns to its initial value when the pressure is
removed. These are encouraging results that offer the possibility to use foam-based sensors in
intelligent robot applications. Dai et al. created a CNT/PDMS foam pressure sensor that was fitted
in various locations on the human body to detect different practical body movements and
physiological signs (Figure 6 a-c) [68]. The sensor is attached to the wrist to detect the peaks of
the heart pulse (a) and it can distinguish the peaks of T (tidal), P (percussive), and D (diastolic) in
each heart pulse from the steady waveforms of the radial artery pulse at a heart rate of 68 beats per
minute. An FPS was also able to detect breathing by placing it on the subject's chest to monitor
respiration, which is an important physiological signal to prevent sleep apnea. Periodic breathing
produces repeatable variations of AR/Ro (Figure 6b). In addition, the AR/Ro of the sensor shows
different and repetitive patterns when the tester pronounces "Silicon,” "Hi,"” and "Sensor"
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indicating a possible application in speech recognition devices (Figure 6c).
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Figure 5. Monitoring human motion using rGO/PU foam sensor: (a) finger pressing, (b) finger
movement, (c) wrist bending, (d) arm bending, (e) nodding, (f) knee bending, (g) facial expression
of cheek-bulging, and (h) walking [170].
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Figure 6 Applications of the CNT/PDMS sensor for detecting various physiological signals and
monitoring human body movements: (a) wrist pulse monitoring. The inset shows the pulse
waveform of one cycle (right), where the P-wave, T-wave, and D-wave are visible. (b) Monitoring
of respiration under normal conditions and after running. Inset: photo of the sensors attached to
the chest. (c) Detection of various acoustic stimuli when the wearer spoke: "Hi", "Sensor",
"Silicon” [68].
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1.5 Thesis objective

The goal is to develop a piezoresistive FPS for e-skin applications using nanocomposite
technology. The piezoresistive type is the best sensing mechanism because it is low-cost, it has
high-pressure sensitivity and can detect minute pressure variations. Nanocomposites have been
selected for the fabrication of FPS because they are very sensitive, low cost, and very durable.
Nanocomposites consist of a matrix and a nanofiller. Since hybrid nanofillers are less expensive
and more pressure sensitive than pure CNT-based pressure sensors, N-BCNT and CB were
selected as nanofillers. In turn, the introduction of a hybrid nanofiller improves the dispersion
quality, leading to an increase in effective conduction paths. Silicone rubber was chosen as the
polymer matrix due to its high flexibility and excellent chemical and electrical properties. To
ensure the functionality of FPS, it is important to obtain a homogeneous dispersion of nanofillers
in the polymer matrix. However, it can be difficult to disperse nanofillers uniformly in polymers
with high viscosity, such as silicone rubber, which could limit the performance of the sensors. To
solve this problem, we have developed a novel approach based on the dispersion of nanofillers on
the skeleton of PU foam by dip coating and subsequent impregnation of the coated PU with SR. It
is worth mentioning that we optimized PU foam to obtain the best pressure sensitivity by mixing
commonly used isocyanate and polyol with different isocyanate indices (1.0:0.8, 1.0:1.0, 1.0:1.1)
to obtain different pore volumes. The results show that the sample with a larger pore volume of
PU foam leads to higher pressure sensitivity because the PU scaffold is smaller. Consequently,
more nanofillers are interconnected, resulting in more conductive paths and a larger effective
conductive area in the PU scaffold. The current research provides the shortest electron transport
channels in silicone rubber. In addition, the use of a hybrid N-BCNT:CB nanofiller has a
synergistic effect on pressure sensor performance that cannot be achieved with either material

alone.
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Chapter 2

Experimental work

2.1 Materials

The N-BCNTSs were prepared by catalytic chemical vapor deposition (CCVD) method and
the physical properties of the resulting N-BCNTSs are reported in Table 3. The CB was produced
by Birla Carbon Hungary Ltd. and is a pure carbon without stabilizers and its physical properties
are shown in Table 3. The exceptional properties of CB and N-BCNTs make them ideal materials
for a wide range of applications, especially in the field of pressure sensors. The PU was produced
using the Topline casting machine (Hennecke GmbH). The silicone rubber consists of liquid
silicone rubber (Silorub ds F-20) and a catalyst (Silorub ds K), which were manufactured in China.
The silicone rubber produced was used as a polymer matrix for the pressure sensor. It has a Shore
A hardness of 20 and a tensile strength of 1.65 N/m?. These mechanical properties suggest that it's
suitable for high-pressure resistance applications. It's also a good electrical insulator, preventing
electrical leakage, which would affect the accuracy of the pressure sensor. The silicone rubber also
has good thermal resistance and moderate chemical resistance, making it suitable for use in harsh
environments. Patosolv is a mixture of aliphatic alcohols, 98% ethanol, and 2% isopropanol
purchased from Molar Chemicals Ltd. in Halasztelek, Hungary, and used as a dispersant for the
nanofiller. The use of the dispersion medium reduces the agglomeration of the nanofiller and
increases the surface area, resulting in better dispersibility.

Table 3 Physical properties of N-BCNT [171] and CB

Density  NSA@EEem Metal impurities  Particle Length

(g/cm®)  (m?/qg) (Wt.%0) diameter (nm) (um)
CB 0.44 35 0.0 81.8+33.1 -
N-BCNT - 146 7.0 204+£4.6 > 2
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2.2 Characterization techniques

To ensure the excellent performance of manufactured pressure sensors, it is crucial to
analyze the structure and morphological qualities of the materials used to construct the sensor. We
applied cutting-edge technologies to assess the relationship between the qualities of the materials
used in the production of FPS and the manufacturing process. Our findings demonstrate the
efficacy of these methodologies for evaluating the pressure sensor's quality and acquiring a

comprehensive understanding of its behavior in various environments.

2.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) (Thermo Fisher Scientific, Waltham, MA, U.S.) was
used to examine the morphology of the nanofiller and FPS. The SEM facilitates the visibility of
minute features and details at high magnifications, making it a suitable instrument for the
characterization of the pressure sensor's materials. The materials and prepared FPS were coated
with gold sputtering. In addition, the SEM was used to study the dimension of the nanofiller and

its distribution in the polymer matrix of FPS.

2.2.2 High-resolution transmission electron microscopy

The synthesized N-BCNT, as well as CB, were examined by high-resolution transmission
electron microscopy (HRTEM) using an FEI Technai G2-20X Twin machine with an acceleration
voltage of 200 kV. The sample preparation was carried out by dropping the aqueous suspension
of the samples onto a copper grid (300 Mesh, only carbon from Ted Pella). TEM is an advanced
technology used to study materials at the nanoscale level. TEM is a valuable tool for investigating
materials that are difficult to investigate by conventional techniques due to their small size or

composition.

2.2.3 Fourier-transform infrared spectroscopy (FTIR)

FTIR (Bruker Vertex 70) spectrometer was used to examine the functional groups on their
surfaces. All inall, 2 mg of synthesized N-BCNT as well as CB was added to 250 mg spectroscopic
potassium bromide, and after homogenization, a pellet was created which was used in the

measurements carried out in transmission mode.

2.2.4 Measuring Zeta Potential by Laser Doppler Electrophoresis
Zeta potential (Malvern Nano Zs instrument) measurements were applied to determine the

surface charge of N-BCNT and CB in aqueous dispersions [172]. Also understanding the
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interactions between N-BCNT, CB, and the suspension and prediction of suspension stability and
dispersion. It measures the negative charge at the interface between a solid and a liquid in which
it is suspended. A high zeta potential value indicates a high repulsive force between nanofillers as
a result of a high surface charge, causing a more stable suspension and vice versa.

2.2.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is widely acknowledged as an effective method for
investigating the thermal behavior and purity of materials. Therefore, the carbon content and purity
of N-BCNTs and CB were determined by TGA using a Netzsch Tarsus TG 209 thermal
microbalance. TGA measurements were performed in a mixed atmosphere ((nitrogen (4.5) and
oxygen (5.0)) with the flow rate set at 6 mL*min and 14 mL*min! for O, and Na, respectively.
Combustion in pure oxygen was considered too fast; therefore, a mixture of nitrogen and oxygen
was used to burn the carbon content of the samples. The heating rate was 10 °C min, in the

temperature range of 35-800 °C.

2.2.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique commonly used to
assess the elemental composition and oxidation states of elements as well as the kind of bonding
at the surface of materials. [173]The XPS using a SPECS Phoibus 150 MCD nine analyzer has
been used to identify the nitrogen incorporation types in the N-BCNTSs.

2.2.7 Micro CT measurements

Micro-CT is a non-destructive analytical method that generates high-resolution, three-
dimensional pictures of a sample using X-rays. These photos can be used to examine the structure
of PU foam and establish the level of SR incorporation into the foam's pores. Micro CT
measurements with YXLON FF35 equipment (microfocus X-ray tube) with parameter
transmission beam, acceleration voltage: 90 kV, Al filter: 0.5 mm, and voxel size: 15.6 um. The
pores were analyzed by using the porosity analysis/foam structure analysis modules of the VG

Studio software after applying adaptive Gaussian filtering.

2.2.8 Pressure sensor performance characterization
To measure the performance of the flexible pressure sensor, the pressure was applied with

the Zwick/Roell Z010 universal tensile testing machine, and the change in electrical resistance was
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measured simultaneously with an oscillator (FLUKE 8808 A) as shown in Figure 7. All

measurements were carried out at room temperature.

Figure 7 The flexible pressure sensor performance examination setup. (a) tensile test device, (b)

oscillator, (c) computer to collect the data, and (e) the sample.

2.3 Methods

2.3.1 Preparation of N-BCNT

The synthesis of the N-BCNTs was carried out by using the CCVD method as shown in
Figure 8. Nickel-containing catalyst (Ni(NOs3)2*6 H20, from Thermo Fisher GmbH) with 5 wt. %
and 2.00 g of magnesium oxide (Merck Ltd., Germany) were placed into a quartz reactor in a
tube furnace, which was heated up to 750 °C. The time of synthesis was 20 min, and the dosing
speed of n-butylamine (CsH1u1N, Sigma-Aldrich Ltd., Hamburg, Germany), which was used as a
carbon source, was 6 mL*ht. The while flow rate of the nitrogen (99.995% purity, Messer Ltd.,
Budapest, Hungary) used as carrier gas was 100 mL min. The production cycle was repeated ten
times and then, the N-BCNT sample was purified, and the catalytic mixture (magnesium oxide

and nickel) was removed by using concentrated hydrochloride acid (36 wt. %).
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Figure 8. The experimental setup used in the synthesis of N-BCNT. The setup consists of a tube
furnace (a), a quartz reactor (b), a carrier gas inlet (c), a carbon source feeder (d), a temperature
sensor (e), an outlet for gases (f), a syringe pump (g), a nitrogen flow meter (h), a control unit for

the tube furnace (i), and a quartz bowl containing the N-BCNTSs with catalyst (j).

2.3.2 Synthesis of the polyurethane (PU) foam

The manufacture of PU foams was carried out by the reaction of isocyanate and polyol,
while water was also added as a blowing agent to initiate the formation of CO,. Carbon dioxide
transforms polyurethane into PU foam. The water content of the polyol was 3.6 wt.%. The amount
of water was controlled by weighing the water and the polyol separately with a precision balance
before mixing. The isocyanate is the so-called hard segment, while the polyol is the soft segment
in the PU. The structural, mechanical, and physical properties of the polymer are controlled by
their ratio. The PU samples were prepared using the Topline casting machine (Hennecke GmbH)

as shown in Figure 9 a-c. The machine operated with a high-pressure process and was suitable to
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produce flexible polyurethane foams. Mixing of the components (polyol and isocyanate) took
place in the mixing head by a countercurrent injection process. The robotic arm with the high-
pressure mixing head (Figure 9 a) was applied to inject the reaction mixture (a mixture of raw
materials) into the jacketed thermostatic aluminum mold (Figure 9 b). The final size of the PU
product is 400 x 400 x 100 mm. Then cylindrical samples (h = 32 mm, d = 29) were cut out and

used to make the piezoresistive sensors.

M: 40N 2y 11O
21.05 .43 /g6 3

Figure 9. Illustrates a robotic arm system designed for the precise injection of raw materials to PU
foam synthesis. The system consists of a robotic arm (a) and a mold (b) for shaping the injected
PU foam.

2.3.3 Preparation of N-BCNT-PU/SR flexible pressure sensors

The pressure sensor nanocomposite was prepared in several steps as shown in Figure 10.
First, the PU foam was prepared by mixing 11.9 g TR4040 isocyanate and 20.0 g FFP 303 polyol
using a shear mixer for 10 s at 5000 rpm and room temperature. Then, the PU foam was cut into
rectangular pieces (45 mm x 42 mm x 38 mm). Then, three different amounts of N-BCNT (0.1,
0.2, and 0.3 g) were dispersed in patosolv (150 mL) using the Hielscher UIPHdt1000 tip
homogenizer (340 w/19.42 kHz) for 8 min. Thereafter, the PU samples were immersed in the N-
BCNT suspension. Then, the treated foam samples were dried at 105 °C to evaporate the solvent
and obtain the N-BCNT/PU systems. The dipping and drying process was repeated three times to
maximize the amount of N-BCNT absorbed by the foam samples. In the next step, the N-
BCNT/PU systems were vacuum-impregnated with silicone rubber to fill the pores of the foam as

much as possible. This method ensures a more even uniform dispersion of N-BCNT compared to
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directly mixing it into the polymer matrix. Thus, N-BCNT-PU/SR samples were obtained in Table

4, which were cut into cylindrical shapes before testing.
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Figure 10. Schematic representation of the preparation and testing of the N-BCNT/PU-SR FPS.
Mixing N-BCNT with alcohol (a). Dispersion of N-BCNT in alcohol by ultrasonication (b).
Dipping the PU samples into the N-BCNT solution (c) and drying the N-BCNT/PU system (d).
Vacuum impregnation of the N-BCNT/PU samples with silicone rubber (e,f). Cutting the N-
BCNT/PU-silicone rubber nanocomposite samples (g). In the pressure-resistance test, the pressure
was applied to the pressure sensor samples with tensile test equipment (h), a voltameter was used
to calculate the change in electrical resistance under pressure (i), and a computer was used to record

the data (j). The real image of the pressure sensor (k).
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Table 4. Loading ratios of silicone rubber, PU, and N-BCNT in the prepared N-BCNT/PU-SR

samples

samples N-BCNT wt.% PUwt.% Silicon rubber wt%

sample 1 0.43 4.52 95.05
sample 2 0.21 3.07 96.71
sample 3 0.13 3.5 96.37

2.3.4 Preparation of N-BCNT: CB-PU/SR flexible pressure sensors

The preparation of the pressure sensor involved several steps as shown in Figure 11. First,
the PU foam was prepared by mixing 11.9 g of TR4040 isocyanate and 20.0 g of FFP 303 polyol
in a shear mixer for 10 seconds at 5000 rpm and room temperature. Then, 0.3 g of hybrid nanofiller
with different mixing ratios (5:5, 6:4, 7:3, 8:2, 9:1) of N-BCNT and CB (Table 5) were dispersed
in patosolv (150 ml) using Hielscher UIPHdt1000 tip homogenizer (340 W/19.42 kHz) for 8 min.
Thereafter, the PU samples were immersed in the N-BCNT: CB suspension and the treated foam
samples were dried at 105 °C to evaporate the solvent and obtain the N-BCNT: CB/PU systems.
In the next step, the samples were impregnated with SR under a vacuum to fill the pores of the
foam as much as possible and to obtain the final N-BCNT: CB/PU-SR pressure sensors. The results
show the optimal mixing ratio of nanofillers was 7:3 N-BCNT: CB/PU-SR sensor regarding

pressure sensitivity.

Table 5. Loading ratios of SR, PU, and N-BCNT in the prepared N-BCNT: CB/PU-SR pressure

sensor samples.

N-BCNT: CB N-BCNT: CB PU Silicon rubber
No. mixing ratio wt.% wt.% wt.%
1 5:5 0.45 4.49 95.06
2 6:4 0.46 441 95.13
3 7:3 0.47 4.39 95.14
4 8:2 0.44 441 95.15
5 9:1 0.43 4.38 95.19
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Figure 11. Schematic representation of the preparation steps and testing of the FPS (N-BCNT:
CB/PU-SR) which are based on N-BCNT and CB as nanofillers, PU as supporting substrates, and
SR. Mixing N-BCNT and CB with patosolv (a). Dispersion of N-BCNT: CB in patosolv by
ultrasonication (b). Dipping the PU samples into the N-BCNT: CB suspension (c). Patosolv
evaporation to obtain N-BCNT: CB/PU (d). Impregnation of the N-BCNT: CB/PU samples with
SR (e-f). Cutting of N-BCNT/PU-SR nanocomposite samples (g). In the pressure-resistance test,
the pressure was applied to the pressure sensor samples with tensile test equipment (h), the
voltameter was used to calculate the change in electrical resistance under pressure (i), and a

computer was used to record the data (j). The real image of the pressure sensor (k).

2.3.5 Preparation of N-BCNT/PU flexible pressure sensors
Three different types of PU foam were prepared by reacting an isocyanate with different
isocyanate indices (Table 6), produced by the topline casting machine. The ratio of isocyanate to

polyol in the reaction mixture was systematically modified to obtain different pore volumes within
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the PU foams. Subsequently, the effect of pore volume on the pressure-sensing properties of the
PU foam was investigated. The production of PU foams was carried out by the reaction of
isocyanate and polyol, while water was also added as a blowing agent to initiate the formation of
COz. Carbon dioxide transforms polyurethane into PU foam. The pressure sensors were then
prepared in several steps as shown in Figure 12 a-e. First, ~0.147 g N-BCNT was dispersed in 100
mL patosolv for 8 min using a Hielscher UIPHdt1000 tip homogenizer (340 W/19.42 kHz, Figure
12 b). Then, the PU foam samples were immersed into the N-BCNT dispersions and after that, the
samples were dried at 105 °C to evaporate patosolv and obtain the N-BCNT/PU pressure sensors
(Figure 12 c,d). Immersion and drying were repeated three times to maximize the amount of N-
BCNT absorbed by the foam samples. The weight percentage of the added N-BCNTs to PU foam
is the same for all samples as shown in Table 6. The results proved that the best type of
polyurethane is 1.0:0.8 a polyol-to-isocyanate ratio to be used in the manufacture of N-BCNT/PU

pressure sensors as a result of its superior pressure-sensing behavior.
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Figure 12. Schematic representation of the preparation and testing of the designed N-BCNT/PU
sensor. Mixing N-BCNT with alcohol (a), dispersion of N-BCNT in alcohol by applying sonication
(b), immersion of PU samples into the N-BCNT dispersion (c), drying the N-BCNT/PU system

(d-e), testing the pressure sensor (f-h), picture of the pressure sensor (i).
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Table 6. N-BCNT and PU weight of the prepared N-BCNT/PU nanocomposite

samples  Polyol: Isocyanate ratio N-BCNT weight PU weight
sample 1 1.0:0.8 0.146 g 1.46 ¢
sample 2 1.0:1.0 0.147¢ 1479
sample 3 1.0:11 0.141 ¢ 1419

2.3.6 Preparation of N-BCNT: CB-PU/SR flexible pressure sensors for e-skin application.
Manufacturing high-performance FPS for e-skin applications requires optimum
manufacturing technology. Therefore, as previously discussed in sections 2.3.3, 2.3.4, and 2.3.5
and highlighted in Figure 13 an analysis was made to select the best manufacturing technology,
PU foam type, and nanofiller. To obtain high performance of FPS, a novel technology was used
by dispersion of nanofiller on PU foam by dip coating to obtain electrically conductive structure,
then impregnation is silicon rubber. This technology provides a shortcut for electron transport
inside silicone rubber. In addition, the best nanofiller mixing was found to be a 7:3 N-BCNT: CB
mixing ratio, because the use of a hybrid nanofiller revealed improved pressure sensitivity
compared to the use of N-BCNT alone. Furthermore, the selection of PU foam was according to a
suitable mixing ratio of polyol: isocyanate (1:0.8), as it was found to result in the best sensing
performance. The e-skin fabrication process was conducted in several steps, as outlined in Figure
14. The PU foam was cast using a topline casting machine, and the nanofiller (N-BCNT: CB) was
dispersed in patosolv solvent via ultrasonic treatment for 8 minutes. The resulting nanofiller
suspension was then utilized to impregnate the PU foam, which was dried at 105°C to evaporate
the solvent, resulting in the formation of a stable N-BCNT: CB/PU system. The PU samples were
then impregnated with SR and subjected to vacuum treatment to fill the pores of the PU foam. This
resulted in the formation of the N-BCNT: CB/PU-SR pressure sensor, which was then cut and

shaped for use in e-skin applications.
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Figure 13. The optimization of the technology, PU foam type, and mixing ratio of nanofillers for

the fabrication of e-skin was carried out.
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Figure 14. Preparation steps for the manufacture of e-skin. The process includes mixing a
nanofiller with ultrasonication in patosolv (a), dip coating of PU in the nanofiller suspension (b),
heating to evaporate the patosolv (c), impregnating the sample in SR to obtain N-BCNT: CB/PU-
SR (d-e), cutting and slicing (f), resulting in the final e-skin sample (g) and the e-skin (h), e-skin
layers (i).
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Chapter 3

Results and Discussion

3.1 Characterizing of N-BCNT and CB
3.1.1 Characterizing N-BCNT and CB Purity Via Thermogravimetric Analysis

TGA is an analytical technique used to test material purity by measuring weight loss with
temperature at a constant rate of heating[174]. For this analysis, 20 mg of N-BCNTs and CB were
heated from 35 °C to 800 °C at 10 degrees Celsius/min as shown in Figure 15. Pure oxygen was
considered too rapid for combustion, so a mixture of nitrogen and oxygen was employed instead
to burn off the carbon content in the samples. Therefore, TGA measurements were conducted in a
mixed atmosphere of nitrogen (4.5) and oxygen (5.0), with flow rates set to 6 mL/min for O, and
14 mL/min for N2. The analysis for CB revealed its purity was 100%; thus, there were no
impurities present. Conversely, N-BCNT's purity was 93% due to residual catalytic material due

to the CCVD method utilized during production.
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Figure 15. TGA for N-BCNT (a) and CB (b).

3.1.2 Identification of hetero atoms incorporated into the N-BCNT structure by XPS method

XPS was utilized to identify the types of nitrogen incorporation in N-BCNTSs. Three
distinct forms were detected: graphitic, pyridinic, and oxidized. XPS measurements confirmed this
incorporation of nitrogen. The structure of an N-BCNT contains C-N bond types as a result of the
deconvolution of the N 1s band (Figure 16a). There are three bands at 404.8, 401.3, and 398.7eV

which correspond to graphitic (pyridine N-oxide), pyridinic, and graphitic nitrogen respectively.
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The XPS spectrum also revealed other bonds. The peak in C 1s deconvoluted band of nanotubes
corresponds to the C=C bond (graphitic Carbon), at 284.5 eV binding energies (Figure 16a). C-O
and C-N bonds were detected as an adsorption peak at 287.6 eV, while another peak at 291.1 eV
could have been caused by C-O bonds within the structure itself. The incorporation of these
nitrogen atoms into the system will lead to structural distortion (bamboo-shape, edges) and

electronic property change [175].
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Figure 16. XPS spectra of N-BCNT: N 1s band E and C 1s band (F) are presented to showcase

the chemical binding types of the species incorporated in N-BCNT respectively.

3.1.3 Identification of surface functional groups of CB and N-BCNT by FTIR analysis

FTIR tool that can be utilized to study the functional groups chemical and composition
present on the surface of materials[176]. In the case of N-BCNTs and CB, FTIR can be used to
identify the presence of functional groups, such as hydroxyl and carboxyl groups. These functional
groups are formed during the synthesis of CB and the acid purification of N-BCNTs. FTIR spectra
of N-BCNTs and CB were obtained by the absorption of infrared radiation by the sample. The
spectra were then examined to determine which absorption peaks correspond to the vibrational
modes of particular functional groups[177]. The synthesis of CB and purification of N-BCNT
results in the presence of functional groups, this enhances the dispersibility in liquid media. The
FTIR spectra of N-BCNT and CB, shown in Figure 17, reveal a band at 1065 cm™ associated with
C-O stretching vibrations of hydroxyl and carboxyl groups. An absorption peak at 1400 cm™,

corresponding to the BOH vibrational mode, is indicative of the presence of hydroxyl, carboxyl
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groups, and adsorbed water. Peaks at 1631 cm™ (N-BCNT) and 1628 cm™ (CB) are attributed to
vC=C stretching, corresponding to skeletal vibrations of CNTs and the graphitic structure of carbon
black. The vC=0 bands at 1661 cm™, overlapping with C=C bands in both nanostructured carbon
forms, likely originate from carbonyl or carboxyl groups. Additionally, peaks at 2823 cm™ and
2905 cm™ are due to C-H bond stretching. Broadband around 3400 cm™ owing to stretching
vibration (VOH) of hydroxyl functional groups. Deprotonation of hydroxyl groups, leading to a

decrease in the zeta potential of N-BCNT and CB and stabilization of their aqueous dispersion[178].
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Figure 17. FTIR analysis of N-BCNT and CB

3.1.4 Zeta potential analysis of N-BCNT and CB

Zeta potential is the charge generated at the interface between particles and their liquid
medium [179]. The zeta potential provides information about the stability of dispersions of
nanomaterials in the aqueous phase, the wettability of these materials, and the polar character of
their surface. As can be seen in Figure 18 the zeta potential of CB and N-BCNT is -21.8 mV and
-24.5 mV, respectively. The negative zeta potential is due to the oxygen-containing functional
groups on the surface, especially the hydroxyl and carboxyl groups, donating their protons and

creating a negative charge on the surface of the carbon particles. The negative zeta potential leads
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to electrostatic repulsion between the carbon nanoparticles, which is why stable aqueous
dispersions can be prepared from them. This zeta potential indicates that CB and N-BCNTs are
stabilized in aqueous media, so the potential for aggregation decreases, and the suspension remains
dispersed. This ensures that the carbon nanotubes and carbon black particles can be
homogeneously distributed in the structure of the PU foams during their wet impregnation. The
homogeneous distribution of the carbon nanomaterials in the foam structure is a prerequisite for
proper electrical contact between these electrically conductive nanoparticles. For this reason, this
information is important to understand the interactions of CB and N-BCNTSs in aqueous media and

to predict their stability or dispersibility.
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Figure 18. Zeta potential analysis of N-BCNT and CB

3.1.5 Characterization of CB and N-BCNT morphology and structure by HRTEM

HRTEM was used to characterize the microstructure of CB and N-BCNT at the nanoscale
level. As shown in Figure 19 a-d the fibrous structure of the carbon nanotubes can be seen on the
purified N-BCNT sample. The average diameter of the outer tube is 19.7 nm, Catalyst-related
contamination is not visible next to the nanotubes, and the hemispherical fullerene-like building
blocks of the N-BCNTSs are also visible in the images. Graphene edges are visible on the walls of

carbon nanotubes in the high-resolution image, as result in the formation of a high number of
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oxygen-containing functional groups in those areas. The majority of these functional groups are
hydroxyl and carboxyl groups. These groups experience deprotonation when exposed to an
aqueous medium and contribute to the formation of a stable dispersion. In the case of CB, the
images show the aggregated structure of CB, which is composed of smaller carbon particles in the
nanoscale range( Figure 19 e-f). The two conductive carbon nanomaterials have different
morphologies that result in improved electrical conductivity when coated on PU foam. This
synergistic effect can be explained by the fact that the carbon nanotubes behave like nanosized
tubes when they connect the carbon black aggregates.
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Figure 19.HRTEM images of N-BCNT and CB at various magnifications (a-f).
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3.2 N-BCNT-PU-SR flexible pressure sensor performance evaluation

In this part, | will analyze the N-BCNT-PU/SR FPS that was the manufacturing process
described in 2.3.3. Including sensing mechanisms, cyclic load, pressure sensitivity, and mechanical
properties. In addition, the investigation of sensor morphology and its relationship to performance

outcomes is explored.

3.2.1 Piezoresistive and electrical properties of N-BCNT-PU/SR flexible pressure sensor
Figure 20 depicts the investigation of the electrical resistance of the N-BCNT: CB/PU- SR
in response to the applied pressure. The data indicate that the electrical resistance reduces with
increasing pressure. For example, when the pressure is increased from 100 kPa to 200 kPa, sample
1 resistance falls from 90 kQ to 20 kQ. Because under pressure the distance between the N-BCNT
will be closer, resulting in a more conductive network being created. Additionally, greater N-
BCNT loading resulted in lower initial resistance, namely 450 kQ, 2220 kQ, and 6500 kQ for
sample 1, sample 2, and sample 3, respectively. The phenomena associated with increased N-
BCNT loading as a conductive nanofiller reduces electrical resistance. Since the presence of

additional N-BCNT increases the polymer matrix's conducting network.
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Figure 20. The relationship between applied pressure and electrical resistance for N-BCNT-PU/SR
in three distinct samples (1, 2, and 3).
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Furthermore, in the range of 80 kPa and 210 kPa, where the pressure climbs gently and the curve
flattens, is the plateau region. The pressure increases considerably at the compaction zone (>210

kPa) because the conductive N-BCNTSs within the PU skeleton are too close together.

The pressure sensitivity (S) of the piezoresistive pressure sensor is calculated by measuring
the slope of the curve of the relative resistance changes versus the applied pressure and can be
calculated according to the following equation:

S = (AR/Ro)/AP (1) [180]

The relative resistance changes are (AR/Ro), where AR=R-R,, R, is the initial resistance in Q, R is
the electrical resistance while the sensor is under pressure, and AP is the varying pressure in Pa.
The pressure sensor's pressure sensitivity is the most important characteristic since it determines
the sensor's measuring efficiency and accuracy. [181] According to Table 7 and Figure 21, the
result shows that when N-BCNT concentration increases, the pressure sensitivity increases. This
is because the N-BCNTSs act as the conductive phase, and it’s responsible for the resistance change
in response to applied pressure. Increasing N-BCNT leads to a greater more conductive inside
polymer matrix. Therefore, a larger amount of N-BCNTSs, more of this conductive path created in
the sensor, contributing to an increase in the overall resistance change at a given pressure. These
results suggest that N-BCNT is an efficient nanofiller for FPS to enhance sensitivity and

performance due to the high aspect ratio and high electrical conductivity [182].

Table 7. The pressure sensitivity of N-BCNT: CB/PU-SR pressure sensor samples in different

pressure ranges

Sinthe Sin the
Samples
range of 0-75 kPa!  range of 180-500 kPa!
1 3.5*10° 8*10*
2 2.1*10°° 6.5%10*
3 1.9*1073 5.7%10*
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Figure 21. Applied pressure vs AR/R, of sample 1, sample 2, and sample 3 in an N-BCNT-

PU/SR pressure sensor.

The gauge factor (GF) is an important parameter for studying the performance of FPS,
as it describes the change in resistance in response to strain. The GF is defined as the change in
relative electrical resistance as a function of applied strain. The GF of the N-BCNT/PU-SR
sensors was also determined according to the following equation:

GF = (AR/Ro)/g (2)

where AR the resistance change, Ro is the initial resistance, and ¢ is the strain. The AR/Ro increases
monotonically with the applied pressure for all samples. As shown in Figure 22 and Table 8 the
AR/R, increases with the applied strain for sample 1, sample 2, and sample 3. However, sample 1
has greater GF, because high N-BCNT leads to lower initial resistance, resulting in a greater shift

in AR/Ro under a given strain.
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Figure 22. strain and the change in relative electrical resistance of sample 1, sample 2, and
sample 3 in an N-BCNT-PU/SR pressure sensor.

Table 8. The gauge factor of N-BCNT /PU-SR pressure sensor samples in different pressure

ranges
GF in strain range of GF in strain
Samples
0.0-0.02 range of 0.2-0.43
1 3.00 0.50
2 1.70 0.42
3 1.60 0.37

3.2.2 Stress-strain curve for N-BCNT-PU/SR flexible pressure sensor

The stress-strain curve of N- BCNT-PU /SR of sample 1, sample 2, and sample 3 is shown

in Figure 23. The modulus for samples 1, 2, and 3 was measured to be 1.3 MPa, 1.2 MPa, and 1

MPa, respectively. The results show that sample 1, which has the highest N-BCNT loading, has a

higher elastic modulus. This is due to the fact that N-BCNT is used for reinforcing the polymer

matrix, and more N-BCNT leads to more improvement in the load transfer in the sensor due to the

high strength and aspect ratio of N-BCNT [183] [184]. Furthermore, the unique characteristics of

N-BCNT allow it to withstand high tension and compression, contributing to enhancing the
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stiffness and subsequently improving the modulus of elasticity in the sensor that has higher

concentrations of N-BCNT.
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Figure 23. the stress-strain behavior of N-BCNT-PU/SR flexible pressure sensor for sample 1,

sample 2, and sample 3)

3.2.3 Cyclic load test of N-BCNT-PU/SR flexible pressure sensor

Cyclic load testing is a crucial methodology for evaluating the performance of flexible
pressure sensors. The technique involves the application of a series of cyclic loads and the
measurement of the sensor's response over time, enabling the assessment of the sensor's durability,
reliability, and overall performance under varying conditions[185]. The significance of this
method is particularly relevant for flexible pressure sensors, as they are frequently utilized in
applications that involve repeated loading and unloading, such as in wearable devices, medical
implants, and industrial process control systems. By simulating real-world conditions in the
laboratory, engineers and researchers can gain a more profound understanding of the sensor's
performance in the field. Figure 24 investigated the repeatability and recoverability of
nanocomposites using the N-BCNT-PU/SR flexible pressure sensor for sample 1, sample 2, and
sample 3. The experiments comprised ramping up the pressure on the samples from 10 to 30
strain% and holding the pressure for two minutes after each cycle, under compressive loading and

unloading conditions. The results of the study showed that the sensor had an outstanding ability to
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detect signal outputs with different pressures. The cycles and peak amplitudes were uniform and
stable after a few cycles for sample 1. However, for sample 2 and sample 3, stable peaks were only
achieved after two and four cycles, respectively. The fluctuations and signal drifting observed in
the first cycles when N-BCNT was present in the system at a lower concentration may be attributed
to nano- or microcrack formation in the nanotube layers of the sensor. These results indicate that
high N-BCNT loading leads to improved sensor performance under cyclic load [186]. This may
be because carbon nanotubes create a more robust structure within the sensor, allowing it to sustain
its performance under high pressures and cyclical loading conditions. The experiment highlights
the significance of evaluating the concentration of N-BCNT in the development of flexible
pressure sensors, as well as its potential impact on sensor performance under cyclic loading

circumstances.
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Figure 24. Cyclic load test for sample 1 (a), sample 2 (b), and sample (3) N-BCNT-PU/SR

flexible pressure sensor.
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3.2.4 Morphological Characterization of the N-BCNT-PU system and N-BCNT-PU/SR
system

The structure and morphology of the N-BCNT/PU system have also been examined by
optical microscopy and scanning electron microscopy as shown in Figure 25a and Figure 25b.
The high quantity of micro-pores in PU has been validated with optical microscopy as well, and
the surface area is high and fully covered by N-BCNTs. The PU skeleton displayed a wrinkled
structure due to the presence of N-BCNT, which indicated that the nanotubes were attached to the
foam through the dip-coating process. The SEM images confirmed that the PU structure has been
coated successfully with N-BCNTs. Figure 25¢ and Figure 25d show the final pressure sensor and
optical images of the N-BCNT-PU/SR flexible pressure sensor. PU acts as a supporting skeleton
for the N-BCNT, which is responsible for creating a conductive path inside the insulator silicone
rubber. The N-BCNTSs serve as a 3D conductive network in the PU which will change its electrical

features when pressure is applied to the system.

SEM was used to investigate the N-BCNT-PU/SR cross-section area (Figure 26a-f). These
images offer a close-up view of the internal structure of the sensor, showing how SR filled in pores
within N-BCNT/PU foam as seen in Figure 26a. This impregnation of silicone rubber creates a
homogenous distribution of material throughout the PU foam structure, improving its mechanical
properties. Figure 26b-c illustrates the distinct structural relationship between SR and N-
BCNT/PU foam by way of element mapping. The orange color denotes carbon from N-BCNTs
and PU, while purple denotes silicone. The element mapping offers a detailed view of the
distribution of materials within a nanocomposite. Pores in the PU are filled with silicone rubber
(Figure 26a-f), which serves primarily to increase the structural stiffness of the sensor. The filled
PU pores by SR are due to a large number of micropores present in both PU and N-BCNTSs coating,
enabling SR to effectively fill those spaces. Overall, there was good adhesion among the
constituents of this nanocomposite as evidenced by their performance under cyclic load.
Furthermore, the SEM images provide visual proof of the internal structure of the N-BCNT-PU
system, impregnation of SR inside the PU foam structure, and excellent adhesion between

materials.

The N-BCNT-PU/SR cross-section area was studied using SEM (Figure 26a-f). These images
provide a detailed examination of the internal structure of the sensor. The SR filled the pores of
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the N-BCNT/PU foam as seen in Figure 26a. This impregnation of silicone rubber creates a
homogenous distribution of the material throughout the PU foam structure, which improves the
overall mechanical properties of the composite. The SR and the N-BCNT/PU foam can be clearly
distinguished in two layers on the element mapping of the nanocomposite (Figure 26b,c). The
orange color represents carbon (from N-BCNTSs and PU), while the purple represents silicone. This
element mapping allows for a clear understanding of the distribution of different materials within
the composite. The pores of the PU are filled by silicone rubber (Figure 26 d-f), whose primary
role is to improve the structural stiffness of the sensor. The filled PU pores by SR can be attributed
to the high quantity of micro-pores in PU and N-BCNTs coating, which allows the SR to fill the
pores effectively. Overall, good adhesion was detected among the constituents of the
nanocomposite as observed in the performance of the samples under cyclic load. In addition, the
SEM images provide visual evidence of the internal structure of the N-BCNT-PU system, the

impregnation of the SR inside the PU foam structure, and the good adhesion of the materials.

Figure 25. Examining the N-BCNT-PU system and final pressure sensor via optical microscopy
and SEM revealed: an optical image of N-BCNT distribution on PU (a), SEM image of N-
BCNT/PU(b) the final pressure sensor structure and silicone rubber impregnation within PU foam
(c-d).

41



200 um

Figure 26. SEM images and mapping of a cross-section of N-BCNT-PU/SR flexible pressure

sensor (a-f)

3.2.5 X-ray micro-CT characterization of the PU and N-BCNT/PU-SR
A pure PU foam sample was scanned with micro-CT to obtain a comprehensive

understanding of its cell structure. This imaging approach provides the non-destructive mapping
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of internal structures within a material, allowing for the examination of foam's porosity and pore
size distribution. A micro-CT scan was used to map the cell structure of the pure PU foam. The
applied scan plane was 8 pum on the upper half portion of the sample. The norm of the mapping
plane is parallel to the sample’s long axis. The scan indicates that the majority of the pores in the
PU were open and available to be filled with silicone rubber (Figure 27a-d). Most of the pores
(90%) are >50 um, but <1000 um, while the average diameter of the cells is 620 = 329 um. This
finding is crucial as it indicates that silicone rubber may easily permeate PU foam. The capacity
to fill PU foam pores with silicone rubber can be used to optimize the production of pressure
sensors. Due to their porous structure and flexibility, PU foams are frequently utilized as the
supporting skeleton for N-BCNT in pressure sensors. A greater number of open holes in the PU
foam facilitates the entry of nanofillers, resulting in a more uniform dispersion of the filler
throughout the foam. To optimize the performance and durability of the sensor, it is necessary to
fill the pores with a substance that will not degrade with time. Filling the PU foam's pores with

silicone rubber increases the sensor's durability and stability.

The N-BCNT/PU-SR were also characterized by using micro-CT scans (Figure 28a-f). The
PU foam was the least filled in the case of sample 3 (air volume 5.6 vol%), while sample 2 was
the one that was filled the most with silicone rubber (air volume 1.6 vol%). In the absence of
silicone rubber, the nanotubes could be removed unintentionally from the N-BCNT/PU system
when pressure was applied, as only van der Waals forces keep them together. However, when the
N-BCNT-coated PU is impregnated with silicone rubber, the position of the nanotubes will be
fixed and the structural integrity will be preserved during mechanical impact. These findings have
significant implications for the manufacture of FPS with high performance. The utilization of N-
BCNT/PU-SR could lead to the development of sensors that are more resilient and resistant to

mechanical stress and impact.
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Figure 27. A micro-CT image of PU foam, depicting its vertical and horizontal location within the

sample is shown in panels (a) and (b). Cell structure, represented by blue and grey colorations

denoting pores and walls respectively, is highlighted. Furthermore, panel (c) displays cell size
distribution within the foam (d).
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Figure 28. Micro-CT images of N-BCNT/PU-silicone rubber nanocomposites. Mapping plane and
CT scan of sample 1(a,b), sample 2(c,d), and sample 3(e,f). White zones represent regions filled

with silicone rubber; blue zones indicate no silicone rubber present.

3.2.6 Application of N-BCNT-PU/SR

As shown in Figure 29 a-b the N-BC/PUR pressure sensor show good performance in
motion and finger touch detection. The sensor possesses exceptional piezoresistive and
compressibility properties, making it well-suited for movement detection applications. To detect
the motion and finger touch detection the sensor was placed between two electrodes and the
electrical resistance signals were collected during the loading and unloading pressure sequence.
The peak amplitudes were dependent on the amount of pressure applied on the sensor by the foot
or finger recorded for each movement. These results prove the sensor has the potential to be
developed and used precisely, and capable of detecting a wide range of motions owing to

remarkable piezoresistive, electrical, and compressibility properties.
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Figure 29. The various range of applications for N-BCNT-PU/SR, including motion detection (a)

and finger touch detection (b).

3.4 N-BCNT: CB-PU/SR flexible pressure sensor evaluation

This section will discuss and analyze the N-BCNT: CB-PU/SR flexible pressure sensor as
the manufacturing process displayed in section 2.3.4. The sensor uses a hybrid nanofiller with
different mixing (5:5, 6:4, 7:3, 8:2, 9:1) of N-BCNT: CB ratios at fixed nanofiller loading to
demonstrate the best mixing ratio for sensor performance. The results show that the optimal mixing
ratio of 7:3 N-BCNT: CB performs better than another mixing ratio and N-BCNT alone. In
addition, the surface morphology of the sensor was analyzed and its relationship with performance

results was investigated.

3.4.1 Piezoresistive and electrical properties of N-BCNT: CB-PU/SR flexible pressure sensor

The electrical and piezoresistive properties of the prepared N-BCNT: CB/PU-SR hybrid
nanofiller were measured. Each sensor contained an equal weight ratio of N-BCNT and CB (0.4%)
with different mixing of (N-BCNT: CB 5:5, 6:4, 7:3, 8:2, and 9:1). In Figure 30, samples with N-
BCNT: CB ratios of 5:5, 6:4, 7:3, 8:2 and 9:1 had initial electrical resistances of (446, 442, 308,
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435, and 449) kQ respectively. As expected, electrical resistance decreased when compressive
pressure was applied to these same N-BCNT: CB/PU-SR samples. For example, when pressure is
increased from 66 kPa to 75 kPa, the resistance drops from 150 kQ to 100 kQ. Such effects could
occur as the distance between nanofillers decreases, creating more conductive paths and thus
higher electrical conductivity. The electrical behavior is almost identical for samples with 5:5, 6:4,
8:2,and 9:1 N-BCNT: CB ratios. However, in the case of the sensor with a 7:3 NBCNT: CB ratio,
electrical resistance significantly drops. Thus, this mixing ratio is optimum since electrical
conductivity reaches its maximum due to the synergistic effect of nanofillers. By increasing the
N-BCNT: CB ratio beyond 7:3, it becomes harder for N-BCNT to align and expand, while
decreasing its relative amount of CB, leading to minimal contact between fillers. On the contrary,
decreasing N-BCNT content reduces electrical charge transport over long distances along aligned
and extended nanotubes [187]. Thus, even with its high aspect ratio, it may still not be possible for
perfect conductive networks to form. CB can fill the gaps between N-BCNT to enhance electrical
conductivity, leading to a decrease in resistance for the nanocomposite. Furthermore, this shows
that nanotubes are essential in creating conductive networks; thus, N-BCNT forms the backbone
for electrical conductivity within hybrid nanofillers, while CB further reinforces these areas [183]
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Figure 30. This graph displays the relationship between resistance and pressure for N-BCNT: CB-
PU/SR composites with N-BCNT: CB mixing ratios of 5:5, 6:4, 7:3, 8:2, and 9:1.
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As shown in Figure 31 and Figure 32, the S and GF value of N-BCNT: CB-PU/SR flexible
pressure sensors was conducted. The AR/Ro increases monotonically with the applied
pressure/strain for all samples. The S and GF are almost the same for the 5:5, 6:4, 8:2, and 9:1 N-
BCNT: CB/PU-SR sensors (Table 9). However, the sample with 7:3 N-BCNT: CB ratio has the
highest S and GF, because this sensor has the lowest initial resistance. Here, the low initial
resistance plays a crucial role in changing the relative resistance during pressure/strain application.
Therefore, compression of the sensor would cause a rapid change in relative resistance. All in all,
it can be concluded that the 7:3 N-BCNT: CB sensor has good overall performance in both low
and high pressure/strain ranges. This may be due to the synergistic effect of the N-BCNT and CB
nanofillers, which could interact in a manner that enhances the overall performance of the pressure
sensor. The specific properties of N-BCNT and CB, such as their electrical conductivity, surface
area, and mechanical strength, may also contribute to the observed improvement in GF at this
mixing ratio. The ratio of the two nanofillers may also affect the distribution and orientation of the

nanofillers within the silicone rubber matrix, which could influence the sensor’s performance.
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Figure 31. This figure illustrates the relationship between applied pressure and changes in relative

electrical resistance (AR/Ro) for a (5:5, 6:4, 7:3, 8:2, 9:1) N-BCNT: CB mixing ratio in an N-
BCNT-PU/SR flexible pressure sensor.
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Figure 32. The relationship between strain and the change in relative electrical resistance
(AR/Ry) of (5:5, 6:4, 7:3, 8:2, 9:1) N-BCNT: CB mixing ratio in an N-BCNT-PU/SR pressure

Sensor.

Table 9. The S and GF N-BCNT: CB/PU-SR pressure sensor samples in different pressure and

strain ranges

) Sinthe GF in strain GF in strain
N-BCNT: CB Sinthe
. ) range of 179-525 range of range of 0.14-
mixing ratio range of 0-75 kPa'!
kPa! 0.000-0.018 0.43
5:5 7.8*10° 2.9*10* 5.00 0.59
6:4 7.1*10°3 2.9*10* 4.00 0.40
7:3 1.3*10? 4,010 25.00 0.69
8:2 5.4*10° 3.6*10* 4.67 0.49
9:1 5.7*10° 3.0*10* 4.70 0.60
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3.4.2 Cyclic load test of N-BCNT: CB/SR flexible pressure sensor

The repeatability under compressive loading and unloading was investigated (Figure 33). The
strain ramped from 10% to 30%, with a hold time of two minutes after each cycle. The samples
were tested under these conditions to evaluate the performance and stability of the pressure sensor.
The samples are tested in twenty compression cycles with a hold time of two minutes after each
cycle. The relative electrical resistance decreased with increasing pressure and returned to baseline
after the pressure was removed. The signal drift in the 1-3 cycles may be related to the CB and N-
BCNT layers being significantly damaged at high pressure due to the increasing distance between
the adjacent carbon nanofillers. These defects can disrupt the electrical conductivity of the
composite, leading to a drift in the signals. The presence of microcracks may be more likely to
occur during cyclic loading, as the repeated stressing of the material can lead to the formation of
cracks. With the addition of CB particles, the N-BCNT network becomes more compact and forms
a more stable hybrid conductive network. During compression, the CB nanoparticles can repair
the damaged N-BCNT pathways by filling the gaps between the nanotubes, which is due to their
greater mobility in the polymer matrix [186]. In general, the excellent recoverability and
repeatability of the pressure sensors are due to the extreme flexibility of SR and the ability of the

hybrid nanofillers to establish conductive networks.
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Figure 33. Cyclic load tests of the N-BCNT: CB/PU-SR pressure sensors with different N-BCNT:
CB ratios of 5:5 (a), 6:4 (b), 7:3 (¢), 8:2 (d), and 9:1 (e).
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3.4.3 Stress-strain curve for N-BCNT: CB/SR flexible pressure sensor

The results for pressure and strain show that the behavior of all samples is similar, and the
pressure for all samples is in the range of 495-573 kPa below the applied strain (Figure 34). This
similarity could be related to the stability and robustness of the conductive nanofiller network in
the sensors. The addition of N-BCNT: CB improves the electrical conductivity and stability of the
sensors, resulting in similar mechanical behavior. Moreover, the ratio of N-BCNT to CB has been
shown to have little effect on the stress-strain behavior of the conductive sensor network compared
to its overall stability. Thus, the mechanical properties of the samples remain similar despite the
changes in the ratio of N-BCNT to CB.
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Figure 34. Stress vs strain curve to N-BCNT: CB/SR for different mixing ratios (5:5, 6:4, 7:3,

8:2,9:1) N-BCNT: CB.

3.4.4 Morphological characterization of the N-BCNT: CB/PU-SR system

The morphology of the pressure sensor and dispersion state of the nanofiller were evaluated
by SEM for 7:3 N-BCNT: CB samples as shown in Figure 35. The PU skeleton shows a wrinkled
surface due to the incorporation of N-BCNT and CB (Figure 35 a). Indicating that the N-BCNT
and CB were bonded to the foam by the dip coating process. At higher magnification, the nanofiller
coating on the PU structure is visible, and the CBs are close to the N-BCNT which leads to the
formation of a synergistic conductive network (Figure 35 b). This hybrid nanofiller can efficiently

improve the piezoresistive performance of nanocomposites ([188] by creating a grape-cluster-like

52



between N-BCNT and CB (Figure 35 c-d) [187]. CB acts as a bridging point between N-BCNTs
and would improve electrical conductivity and pressure sensitivity. As it is shown on the cross
section of the 7:3 N-BCNT: CB/ PUSR sensor, the SR fills the pores of PU (Figure 35 e). In
addition, the SR and the N-BCNT: CB/PU can be clearly distinguished into two layers on the
elemental mapping of the nanocomposite (Figure 35 f). The green color represents N-BCNT and

CB, which were deposited onto the surface of PU, while the purple color represents silicone.

Figure 35.SEM image of the dispersed N-BCNT: CB on the PU skeleton (a-b), nanofiller coating
of PU and the grape-cluster-like model of the hybrid N-BCNT: CB nanofiller (c-d), cross-section
and elemental mapping of the N-BCNT: CB/PU-SR sensor (e-f).
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All in all, good adhesion was observed between the components of the nanocomposite, which is
clearly reflected in the performance of the sensor. Overall, the SEM analysis of the pressure sensor
provides insight into the morphology and dispersion state of the nanofiller, which is crucial for
understanding the performance of the sensor.

3.4.5 Structural analysis of the PU and the N-BCNT: CB/PU-SR pressure sensor

A micro-CT was used to map and characterize the cell structure of the pure PU foam and
the N-BCNT: CB/PU-SR nanocomposites (Figure 36). The size of 90% of the total pores ranged
from 50 to 1000 mm, and the average cell diameter was 620 + 329 mm. These results show that
the pure PU foam exhibited a high degree of open porosity, which is beneficial for the subsequent
impregnation of SR.

Figure 36. Horizontal and vertical mapping of CT plane position of pure PU (a-b), and the N-
BCNT: CB/PU-SR flexible pressure sensors with different N-BCNT: CB ratios of 5:5 (c,d), 6:4
(e, 1), 7:3 (f, ]), 8:2 (g, k), and 9:1 (h, 1.
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Furthermore, the volume of the pressure sensors that were not filled with SR was also evaluated
(Figure 36 c-j and Table 10). The white areas refer to the PU foam filled with SR and the blue
areas refer to PU, which is not filled with silicone rubber. In general, only a small portion of the
total volume is not filled with SR which does not affect the applicability of the sensors. By using
a better vacuum during the preparation, the volume without SR could be further decreased. If
pressure is applied to the N-BCNT: CB/PU system in the absence of SR, the nanofiller may be
unintentionally removed. This is because only van der Waals forces hold the system together.
However, by applying SR, the position of the nanofiller is fixed and the structural integrity of the
sensor is maintained.

Table 10. Volume % of pressure sensors which is not filled with SR.

Pressure sensors vol%
5:5 N-BCNT:CB/PU-SR 1.0
6:4 N-BCNT:CB/PU-SR 3.2
7:3 N-BCNT:CB/PU-SR 1.7
8:2 N-BCNT:CB/PU-SR 2.2
9:1 N-BCNT: CB/PU-SR 1.2

3.4.5 Application of N-BCNT: CB/SR flexible pressure sensor

The N-BCNT: CB/SR flexible pressure sensor demonstrates excellent repeatability and
sensitivity, making it well-suited for monitoring human activity (Figure 37 a-b). It can
successfully record different pressure levels for various activities, such as motion detection, and
finger touch detection. To measure the movement (or step-counter) and detect finger touch, the
pressure sensor was placed between two electrodes and the relative change in resistance was
recorded during the pressure sequence of loading and unloading. The relative change in the
resistance of the sensor was due to the tunneling of the resistance between the nanofillers and the
loss of the connections between them. The peak amplitudes are indicated by the amount of pressure
applied to the sensor during each movement with the finger or foot. Overall, these flexible pressure
sensors have the potential to enable various touch and motion detection applications in a wide

range of fields, from consumer electronics to healthcare.
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Figure 37. The application of 7:3 N-BCNT: CB/PU-SR sensor in motion and finger touch

detection (a-b).

3.5 N-BCNT-PU flexible pressure sensor evaluation

This section will discuss and analyze the N-BCNT-PU flexible pressure sensor as the
manufacturing process displayed in section 2.3.5. Three different PU foams were prepared by
mixing commonly used isocyanate and polyol with different isocyanate indices (1.0:0.8, 1.0:1.0,
1.0:1.1) to create PU foam samples with different pore volumes (Table 6). The PU was then coated
with by dip coating the same N-BCNT percentage for all samples to study the effect of varying
pore volumes on pressure sensor performance while keeping other parameters constant like the
type of nanofiller added, and without impregnation in silicone rubber. By precisely adjusting the
pore volume while fixing all other parameters constant, the influence of pore volume on the
performance of the pressure sensor may be measured with increased precision and reliability. By
changing the pore volume of PU foam, the outcomes of these studies will provide useful insights

into enhancing the performance of pressure sensors.

3.5.1 Piezoresistive and electrical properties of N-BCNT-PU flexible pressure sensor
The changes in electrical resistance of the N-BCNT/PU flexible pressure sensors were
investigated as a function of compression pressure (Figure 38). The results show that the electrical

resistance decreases as the applied compression pressure increases. This could be related to the
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fact that the distance between the N-BCNTs becomes smaller, resulting in a more electrically
conductive pathway in the PU system. In addition, the change in the initial resistance of the
samples is also recorded (Figure 38). The initial resistance was 310 in the case of sample 1 to 1034
and 5200 in the case of sample 2 and sample 3, respectively. This phenomenon indicates that the
volume of the pores is a critical factor and can drastically change the resistance. Therefore, the
pore volume of the samples (Figure 39) was examined using the Micro-CT instrument to
investigate the relationship between pore volume and resistivity values. The total pore content of
sample 1, sample 2, and sample 3 are 91.6, 85.3, and 78.1 volume percent, respectively. The most
interesting result is that a sensor with larger pores has lower electrical resistance. This can be
explained by the fact that the larger the pores, the smaller the total PU scaffold, and density.
Consequently, more N-BCNTSs are interconnected, resulting in more conductive paths and a larger
effective conductive area across the PU scaffold. As can be clearly seen in Figure 39, the plateau
is described by a progressive compressive deformation at a relatively constant compressive stress
due to the elastic buckling of the PU scaffold[189][190]. The plateau region appears clearly in the
ranges of 9-17 kPa and 7-14 kPa for sample 2 and sample 3, respectively (Figure 38).
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] l’l:llmmI sample 2
— sample 3
G
"
W lk—i
g i
S Plateau
o
3100 ~
4 '-..\_\‘-‘-\R
-._\_\_\_‘_\_‘_\_‘_\_\___\_\_\_

0 5 10 15 20 25 30
Pressure (kPa)

Figure 38. Resistance vs. pressure plots of the N-BCNT/PU composite (sample 1, sample 2, and
sample 3).
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On the other hand, there is no clear plateau for sample 1, which means that PU provides a suitable
spatial for the elastic deformation of the foam due to its large pore volume. These results are useful
in the improvement of flexible pressure sensor performance by adjusting the pore volume of PU
foam and demonstrating the relationship between the electrical resistance value and the pore
volume of the samples.
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Figure 39. Micro-CT mapping plane and images of sample 1 (a-b), sample 2 (c-d), and sample 3
(e-f) along with the pore volume distribution (g).

As shown in Figure 40 and Table 11 the pressure sensitivity of the N-BCNT/PU flexible
pressure sensor was measured in the range (0-30) kPa. The pressure sensitivity was calculated by
using Equation 1. In the range (0-15) kPa sample 1 revealed higher pressure sensitivity than sample
2 and sample 3. Such phenomena could be related to sample 1 having a lower initial resistance.
Therefore, high changes in the resistance in response to the applied pressure led to a large variation

in pressure sensitivity. On another hand, sample 3 possesses a greater initial resistance than
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samples 1 and 2. Consequently, it is not particularly sensitive to tiny pressure variations (0—15
kPa). However, at higher pressures (15-30 kPa), sample 3 exhibits larger changes in the electrical
resistance in pressure variation, yielding a larger change in resistance value and, hence, a larger

pressure sensitivity value.
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Figure 40. The change in relative resistance vs pressure of N-BCNT-PU for sample 1, sample 2,

and sample 3.

Table 11. The S and GF of all samples are in different pressure and strain ranges.

SinPressure Sin Pressure SinPressure GFin Strain GF in Strain GF in Strain

Samples Range 0-3 Range 6-15 Range 16-30 Range (0.00- Range (0.18- Range (0.27-

kPa™! kPa™! kPa™! 0.08) 0.27) 0.57)
Sample 1 0.12 kPa™! 0.05 kPa™! 0.008 kPa™' 3.17 2.87 0.58
Sample2  0.08 kPa™! 0.04 kPa! 0.017 kPa™! 1.68 3.91 1.09
Sample3  0.02 kPa™! 0.09 kPa! 0.019 kPa™! 0.75 4.58 1.27

The GF is represented by the slope of the curve between relative change in resistance and
strain, as shown in Figure 41. The gauge factor was calculated according to Equation 2. The gauge
factor in the strain range of 0.00-0.25 for sample 1 is higher than that of samples 2 and 3 (Table
11). As mentioned above, sample 1 has a high pore volume. Therefore, this phenomenon could be
related to the fact that the increase in AR/Ro at a low compressive strain is mainly determined by

the interconnection of the pores, which leads to the formation of a more effective conductive
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structure. In the strain range of 2.5-0.6, sample 3 has the highest GF compared to samples 2 and
1. This phenomenon could be related to the fact that at high compressive strain, the PU foam
becomes denser, and the contact area increases. Hence, the sensor with the smaller pore volume
(sample 3) plays a crucial role in reducing the AR/R, of the foam structure.
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Figure 41. The relative change in resistance vs strain of N-BCNT-PU for sample 1, sample 2,

and sample 3.

The corresponding stress—strain curves were also recorded for the prepared sensors (Figure
42). The compressive modulus of the sensors is 0.064, 0.095, and 0.15 MPa for sample 1, sample
2, and sample 3, respectively. Such results correspond to the high pore volume of sample 1, which
makes the stiffness decrease. Moreover, the compressive strength is also improved by increasing
the isocyanate content. Thus, the compressive strength of the PU foam can be improved by
increasing the isocyanate index. These results support the idea that decreasing the diisocyanate

content leads to an increase in the total pores of the PU foam.
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Figure 42. Stress-strain curve of N-BCNT/PU for sample 1, sample 2, and sample 3

3.5.2 Cyclic load of N-BCNT-PU composite

To investigate the repeatability and recoverability of the sensors, a cyclic load was applied
to them as shown in Figure 43. The pressure on the N-BCNT/PU nanocomposite sensors was
repeatedly increased and removed at two-minute intervals for 55 min with a ramp of 10% to 30%.
The samples show different behavior in terms of output signal stability and peak amplitude. There
are several fluctuations and a gradual increase in peak amplitude over time in sample 1 and sample
2 compared to sample 3. Sample 1 has a large pore volume and, thus, has more N-BCNT layers
deposited than sample 2 and sample 3. Hence, too many N-BCNT layers in the PU scaffold

increase the probability that the system will fracture under cyclic pressure [84].
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Figure 43. Cyclic load of N-BCNT-PU composite for sample 1(a), sample 2 (b), and sample 3 (c).

3.5.3 Morphology of N-BCNT-PU composite

The morphology of the N-BCNT/PU was investigated as shown in Figure 44, and it was
found that the PU foams are completely coated with N-BCNT, and the structure reveals a wrinkle
due to the presence of N-BCNTs. This could indicate that the nanotubes are bound to the foam by
the dip-coating process. In addition, sample 1 is more wrinkled than samples 2 and 3, due to the
larger total pore volume, which leads to a lower total PU scaffold and density. Consequently, more
interconnected N-BCNTs lead to more wrinkles and burrs. The burrs and wrinkles serve as
“microswitches”, which regulate the electrical resistance [191]. Therefore, the electrical resistance
of sample 1 is expected to be lower than that of sample 2 and sample 3. In addition, the surface of
sample 1 is rich and covered with more carbon nanotubes. Thus, sample 1 has a higher electrical

conductivity and lower electrical resistance than sample 2 and sample 3.
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Figure 44. SEM images of N-BCNT/PU sensors for samples 1 (a-b), sample 2 (c-d), and sample
3 (e-f).

3.5.4 Application of N-BCNT-PU composite

The PU/N-BCNT pressure sensors were tested in different applications to prove their
applicability (Figure 45). The detection of motion and finger touch is possible as shown in Figure
45 a-b. The resistance changes in the sensor was recorded during the pressure sequence during
loading and unloading. The amount of pressure applied to the sensor during each movement with
the finger or foot determines the peak amplitudes. This demonstrates the developed sensors’ ability
to detect different types of motion. In addition, the sensor shows high performance in detecting
the low-pressure range, even for noncontact pressure modes such as the detection of breath (Figure
45c¢). Moreover, gentle breathing results in a nearly identical and repetitive change in resistance,
while rapid breath leads to irregular patterns. To prove the piezoresistive effect of one of the
pressure sensors, a LED -containing pressure sensor circuit was also created by using sample 1
(Figure 45 d). The brightness of the light from the LED increases when pressure is applied to the
sensor. This also shows that the developed N-BCNT/PU nanocomposite has a piezoresistive effect
and can be utilized as a pressure sensor. All in all, the properties of the developed sensors are very

promising and indicate that these could be utilized in wearable device applications.
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Figure 45. The N-BCNT/PU (sample 1) pressure sensor was tested in motion detection (a) finger
touch detection (b), and breath detection (c¢), and a LED-containing pressure sensor circuit was

successfully created (d).

3.6 N-BCNT: CB-PU/PU flexible pressure sensor for e-skin application evaluation

The fabrication process of the flexible pressure sensor for e-skin application is detailed in
section 2.3.6. The preparation of e-skin required high reliability in the selection of materials and
methodology used. The optimum methodology was selected as described in section 3.2.1 because
this approach ensures the high quality of dispersion on the nanofiller in the polymer matrix. The
optimum selection of nanofiller based on results described in section 3.4.1 by utilizing a 7:3 N-
BCNT: CB mixing ratio. The best PU foam type was selected according to results described in
section 3.5.1 by using 1.0:0.8 isocyanate: polyol mixing ratio because this type of PU foam is
characterized by the large size of the pores, which ensures the best sensitivity to pressure, as well

as allows subsequently penetration of the largest amount of silicone rubber easily into the PU pore.
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3.6.1 Piezoelectric and electrical properties of e-skin

Figure 46 revealed the relationship between relative change in resistance and applied
pressure. The relative change in resistance as the pressure increased, and vice versa. This
phenomenon could be explained by the decreasing distance between nanofillers, creating more
conductive paths and giving e-skin a higher electrical conductivity. Pressure sensitivity is one of
the key parameters that define sensor performance. To measure pressure sensitivity, one would
calculate the slope of the curve of relative change in resistance and apply pressure using Equation
1. Results showed that in the range of 0-120 kPa, the pressure sensitivity was 0.04 kPa®; similarly,
in the 180-1000 kPa range it was also 0.07 kPa™*. These findings demonstrate the versatility of the
e-skin in terms of pressure detection. The high sensitivity of the e-skin is due to a synergistic effect
between N-BCNT and CB, which enhances pressure sensitivity and performance. N-BCNTs have
high electrical conductivity and a large surface area [192] [193][194], thus increasing sensitivity
even further. Although N-BCNTSs have a high aspect ratio, their conducting networks may not be
perfect in the polymer matrix. CB can fill in any gaps between N-BCNTSs to enhance electrical
conductivity and lower the skin's electrical resistance. Furthermore, this indicates that nanotubes
are crucial in the formation of conductive networks. N-BCNTSs serve as the backbone for electrical
conductivity in hybrid nanofillers while CB fills any gaps between them to further improve
electrical conductivity [187][183]. The combined electrical and mechanical properties of these
materials may enhance sensitivity to changes in pressure. Furthermore, CB's high surface area may
increase sensitivity by providing more points of contact with the matrix material, providing a more
sensitive response when pressure changes occur. Overall, N-BCNT and CB combine for excellent

pressure sensor sensitivity when combined.
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Figure 46. Relative change resistance vs pressure to demonstrate the pressure sensitivity of e-

skin

Figure 47 illustrates an investigation of pressure's effect on signal stability for the e-skin
using relative change in resistance as a function of time. Results revealed an inversely proportional
relationship between applied pressure and noise level. Hence, noise levels are higher at low
pressures and reduced at high pressures. This pattern could be due to two possible reasons. First,
signal noise is highly dependent on the pressure sensitivity of the pressure sensor. Low pressure
causes high-pressure sensitivity, leading to a strong output signal and plenty of noise. On the other
hand, high pressure has low sensitivity; thus, we get a weak output signal with reduced noise levels.
The second explanation for the inverse relationship between pressure and signal noise can be
explained by considering the distances between nanofillers in the polymer matrix and their source
of electrical current flow. Conversely, at high pressure, the distances between nanofiller particles
in a polymer matrix are decreased, leading to new conductive networks and greater current flow -
ultimately leading to lower signal noise. The relationship between pressure and signal noise in e-

skin is determined by both sensor sensitivity and how far apart each nanofiller is within its matrix.
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Figure 47. depicts the relationship between relative resistance and time under various pressure

levels, emphasizing how pressure affects noise signals in e-skin.

The hysteretic behavior of the e-skin sensor was evaluated across a pressure range of 0 to 1000
kPa by measuring relative change in resistance (Figure 48). Analysis of the hysteresis loop
revealed the minimal difference between ascending and descending pressure paths due to the
viscoelastic characteristics of the SR matrix. Combining PU with SR in the sensor structure
resulted in a significant reduction of this loop, showing improved precision when measuring
pressure changes within a specified pressure range. Furthermore, the N-BCNT: CB hybrid
nanofiller further enhanced sensor performance by blocking noise out while increasing signal

integrity for better measurement purposes.
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Figure 48. Demonstrates the hysteresis loop of the e-skin through the representation of relative

change in resistance as a function of applied pressure.

A cyclic test was conducted to evaluate the performance and stability of a pressure sensor
under repeated loading and unloading conditions. Figure 49 depicts the results, showing that after
pressure was removed from the sensor, its relative resistance returned to a certain degree. This
confirms its consistency and repeatability. The addition of N-BCNT and CB as nanofillers in the
pressure sensor significantly enhanced its electrical conductivity. It demonstrated excellent
recoverability and reproducibility due to strong bonding at the interface between CB and N-BCNT
in the sensor. Compression enabled CBs to repair damaged N-BCNT pathways by filling gaps
between nanotubes due to their greater mobility in the polymer matrix[186][186]. In conclusion,
pressure sensor performance was exceptional due to SR's extreme flexibility and hybrid

nanofillers' capacity to create conductive networks.
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Figure 49. Cyclic load of e-skin

3.6.2 Morphology and structure characterization of e-skin

Figure 50 (a-e) provides an analysis of the performance and morphology of an e-skin sensor
through SEM imaging. These images demonstrate a PU coating with a nanofiller that surrounds a
flexible SR, giving it electrical conductivity thanks to its nanofiller coating. Meanwhile, the SR
provides durability and flexibility so it can withstand various environments without damage or
breakage. Figure 50 (c-d) illustrates this uniform dispersion of nanofiller through PU foam. This
homogenous structure improves sensor performance by offering higher electrical conductivity and
enhanced data transmission. In addition, Figure 50e displays the superior performance of N-
BCNT: CB at a 7:3 mixing ratio on a pressure sensor. This combination increases its conductivity,
enabling it to accurately measure and transmit pressure data. As all parts work in synergy, N-
BCNT: CB increases both the reliability and durability of the device. Figure 51a depicts a Micro-
CT scan of the e-skin, the plane from which this sample has been examined, while Figure 51b
gives an understanding of e-skin's architecture. Micro CT scan results reveal that SR had
penetrated and filled every pore space of PU foam, providing improved flexibility and durability.
Micro CT scan results demonstrate that SR had penetrated and filled every pore space of PU foam,

leading to improved flexibility and durability.
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Figure 50. The morphology of e-skin (a). A schematic representation of an SR surrounding the
PU (b). SEM images of N-BCNT: CB hybrid structures (c-d) and demonstrate their synergistic

effect when combined (e).
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Figure 51. Micro-CT imaging allows us to view the internal microstructure of an e-skin. Panels
depict various planes of the skin (a), while cross-sectional views reveal its intricate

microarchitecture (b).

3.6.3 Application of e-skin

Figure 52 and Figure 53 demonstrate the relative change in resistance over time for a
flexible pressure sensor designed to detect finger, wrist, elbow, and knee movements as well as
twisting and stretching. The data demonstrate the sensor's excellent sensitivity and responsiveness
to different movements, as evidenced by the distinct waveforms on each curve for each motion.
The pressure sensor's high sensitivity is achieved through the combination of N-BCNT and CB,
with N-BCNT providing electrical conductivity while CB fills any gaps between them. This
working relationship enables the sensor to detect and respond to various movements. Additionally,
the good dispersion of the nanofiller and the high flexibility of the SR contribute to the sensor's
sensitivity. The efficient transfer of movements within the SR facilitates efficient detection, further
increasing its response. On the other hand, the high flexibility of the SR enables it to detect

movements even when deformed. These findings indicate that pressure sensors have potential
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applications beyond e-skin applications where accuracy in detection and response to different

movements is essential.
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Figure 52. The illustration shows a pressure sensor suitable for use in an e-skin application. It
can detect movement at the elbow joint (a), the wrist joint(b), the knee (c), and the index finger
joint(d).
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Figure 53. The twisting (a) and stretching movements (b) of e-skin.

73



Chapter 4

4. Conclusion

Flexible pressure sensors have a wide range of applications in areas such as e-skin and
wearable technology. Nanocomposites consisting of nanofillers combined with a polymer matrix
have shown tremendous potential and are more cost-effective than other conventional methods.
Fabrication of flexible pressure sensors using nanocomposite technology primarily involves
converting insulating polymers into conductive ones by mixing them with conductive nanofillers
to sense the change in electrical resistance in response to applied pressure. To efficiently utilize
the properties of nanofillers in FPS, it is critical to create a continuous conductive network pathway
within the polymer matrix and achieve an electrical conductivity percolation threshold. In
conventional approaches such as direct mixing and mixing in solution, the nanofiller loading must
be increased to reach the electrical threshold. However, when the nanofiller loading is high,
bundles are more likely to occur, this bundling causes an increase in the viscosity of the polymer
matrix, which affects sensor performance. Also, the use of high-power ultrasonication and shear
mixing to achieve uniform dispersion of nanofillers in the polymer matrix. However, this approach
can lead to thermal degradation and structural damage, which affects the durability of the sensor.
This is because the high power can cause the polymer chains to break in the center point or at the
structurally weakest points. An alternative approach is to disperse nanofillers on a foam skeleton
using an immersion process. This structure is then impregnated and combined with a polymer to
produce the final sensor system. In this approach, the nanofiller spans the entire volume of the
polymer and provides electrical conductivity in the macroscopic dimension of the sensor. It also
minimizes the negative impact on the sensor's performance since no further processing is required.
Using this approach, a flexible pressure sensor was fabricated for use in e-skin applications, with
the lowest added weight percentage (0.4) compared to previous research.
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New Scientific Results
Thesis 1
Fabrication of a novel flexible pressure sensor for e-skin applications with very low
nanofiller loading. Moreover, compared to other works, our pressure sensor satisfies the electrical

conductivity at nano-filler loading as low as (0.4 wt.%).

Thesis 2

Improve the dispersibility of the nanofiller through a unique technique for the first time by
dispersing it on the PU foam skeleton to create a continuous conductive network, which is then
impregnated in silicone rubber. This approach is like an implanted conductor network in the
insulating silicone rubber. Each of these materials has a specific role: PU serves as the supporting
skeleton, the nanofiller provides the electrical conductivity to measure the change in resistance
when pressure is applied, and the silicone rubber serves as the matrix and provides the flexibility

and elasticity of the nanocomposite.

Thesis 3

A novel investigation of the effect of the pore volume of PU foam by designing three
different types of PU prepared as the supporting skeleton for the nanofiller, using isocyanate
indices of 1.0:0.8, 1.0:1.0, and 1.0:1.1 to obtain different pore volumes of PU foam. Our work
revealed that the best isocyanate index was 1.0:0.8 because the synthesized PU foam has a higher
pore volume than the others. Regarding the pressure sensitivity of the pressure sensor, the results
show that the PU foam with high pore volume has the highest pressure sensitivity when used as a
supporting skeleton for the nanofiller. Since a high total pore volume leads to a lower PU foam
scaffold, more nanofillers are consequently interconnected, resulting in more conductive paths and
a larger effective conductive area in the PU scaffold. In addition, a large pore volume provides
suitable spatial pores for elastic deformation of flexible pressure sensors.

Thesis 4

Using cutting- edge technology, | evaluate the pore volume from PU is based for the first
time on micro-CT, which offers higher accuracy than conventional methods such as mercury
intrusion porosimeter, gas adsorption, and SEM. Micro-CT is the best choice because scanning the
sample produces a 3D image that enables highly accurate measurements for the analysis of pore

size and polyurethane distribution. Micro-CT technology offers a highly accurate method to
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precisely measure the pore volume within polyurethane foam. Its excellent technology in
visualizing each individual pore, a unique advantage over traditional techniques. With its detailed
imaging, it preserves the foam's structure without causing damage. Thus, Micro-CT is considered
a valuable tool, to in-depth exploration of the foam's pore structure and providing critical insights
into pressure sensor behavior and performance. In addition, micro-CT provides a complete
understanding of the pore size and distribution of polyurethane foams, which allowed us to

accurately investigate the relationship between pore size and pressure sensitivity.

Thesis 5

Novel design of a flexible pressure sensor by impregnation with silicone rubber to fill all
pores of the PU foam. In the absence of silicone rubber, the nanofiller could be unintentionally
removed from the nanofiller/ PU system when pressure is applied, as only van der Waals forces
hold them together. Furthermore, impregnation with silicone rubber can mitigate the toxicity of
CNTs in several ways. First, it can create a barrier that prevents CNTs from entering the
environment. Second, it can interact with the surface of the CNTs and change their surface
chemistry, making them less toxic. | believe that my work makes an important contribution to
CNT research by proposing a method to reduce the toxicity of CNTSs. This is an important topic as
it could enable the use of CNTs in a wider range of applications, including those where humans
may be at risk. While my work proposes a technique to reduce CNT toxicity, further research is
needed to fully understand the long-term health effects of exposure to CNT-silicone rubber

composites.

Thesis 6

Optimization of nanofiller using different mixing ratios (5:5, 6:4, 7:3, 8:2, 9:1) of N-BCNT:
CB on the behavior of the flexible pressure sensor investigated. The results show that the optimal
mixing ratio is 7:3 N-BCNT: CB, which is even better than N-BCNT alone. This mixing ratio is
optimal for pressure sensitivity due to the synergistic effect of the nanofillers. When the ratio of
N-BCNT to CB goes beyond 7:3, it becomes more difficult for the N-BCNT to align and expand,
and the relative amount of CB also decreases, resulting in minimal contact between the fillers. On
the other hand, the reduction of the N-BCNT fraction decreases the ability of electrical charge

transport over long distances along the aligned and extended nanotubes.
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