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5.1 A bstract

Poly(vinylidene fluoride-co-Hexafluoropropylene) (PVDF-HFP) composites 
were fabricated via twin screw extruder to achieve the high dielectric and piezoelec­
tric properties and also utilized as a touch sensor. This chapter, extracted bacterial cel­
lulose (BC) from Nata de coco ill 1-5 wt.% were provided as an appropriate filler to 
improve the dipole alignment of PVDF-HFP matrix. The cast film extruder was used 
to produce the transparent composite films with unique properties. The increment in 
(3-phase crystalline presented with higher amount of BC. The dielectric constant cor­
responded to piezoelectric coefficient was enhanced from 2.00 of neat PVDF-HFP to
3.25 with 5 wt.% BC loading. Besides, the presence of BC in the composite films 
leaded to an improvement in thermal properties, and mechanical properties in terms of 
Young’s modulus and tensile strength with no dimensional changes at 110 °c due to 
the excellent thermal, and mechanical properties of BC structure.

5.2 In troduction

Films of some polymers, such as polyvinylidene fluoride (PVDF) and its 
copolymers, opportunely conditioned, exhibit piezoelectric and pyroelectric proper­
ties [1-7] with excellent sensitivity and a satisfactory dynamic response. Moreover, 
they can be reduced to tiny compliant strips for embedding in a continuous elastic 
layer. Used as isolated sensors/actuators or assembled into more complex multimodal 
devices, they offer challenging solutions in many application fields including robot­
ics. For these reasons they can be regarded as interesting candidates for touch sensors 
or touch screen panel [8]. PVDF is synthesized by addition polymerization of the 
CH2 CF2 monomer. When produced as the homopolymer (i.e. from 100% CH2 CF2 
monomer), the majority of the PVDF chains have a regular structure of alternating 
CH2 and CF2 groups. The crystalline phase of interest for PVDF feiToelectricity is
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the polar (3-phase. This structure can be obtained either by using the PVDF trifluoro- 
ethylene copolymer [P(VDF-TrFE)] which has the tendency to crystallize directly in 
the polar |3 -phase or by mechanical stretching of ofthe a -phase [9-12]. from melt 
under specific conditions such as high pressure [13-14], external electric field[15] 
and ultra-fast cooling [16]

However, there is a need to develop a touch sensor with high mechanical 
properties for their long term operation and tolerance to the applied force during 
electronic device lifetime. Up to the present time, in order to fulfill flexible charac­
teristic and maintain the excellence on dimensional stability, one of the materials 
found to be promising was transparent cellulose composite. The use of cellulose also 
generally provides numerous advantages including biodegradability, light weight, 
transparency, including high strength. Cellulose is typically separated from lingocel- 
lulosic plants, such as wood and agricultural crops, using mechanical treatment. Usu­
ally, lignin is also removed from the plant cell wall prior to fibrillation using chemi­
cal treatment. Moreover, some of researchers have proposed the novel method of cel­
lulose preparation from bacterial species which called bacterial cellulose (BC). The 
uniformity of cellulose prepared from bacterial is easier to control by means of bacte­
rial digestion mechanism than the plant-bases cellulose [17]. Soo this chapter, we 
focus on the BC as a filler.

Due to the fact that cellulose is hydrophilic and forms irreversible aggre­
gates when it dried, the most successful methods used to prepare the cellulose com­
posites have been solution casting of dilute slurry of matrix and cellulose. However, 
for larger scale production these methods are slow and expensive. Extrusion com­
pounding is one of the most promising methods for industrial processing due to easy 
scale-up and the possibility of further molding of the materials. It also tends to re­
duce environmental hazards. There are only few published studies on extrusion pro­
cessing of cellulose composites which is why more research is needed.

The objective of this work is to develop the transparent and flexible touch 
sensor based on piezoelectric material for touch screen applications. We used bacte­
rial cellulose (BC), extracted from Nata de coco, as a filler to improve the dipole 
alignment of PVDF-HFP matrix by using melt mixing method followed by cast film 
process. The dielectric constant was measured as the electrical and piezoelectric
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5.3 Experimental

5.3.1 Materials
Poly(vinylidene fluoride-co-Hexafluoropropylene) or PVDF-HFP 

with a melt How rate of 7 g/10 min (5 kg at 230°C). SolefK 1010/1001 from Solvay 
was purchased from Prostar Chemicals Co., Ltd., Thailand.; Nata de coco was pur­
chased from local food market: Sodium hydroxide (NaOH) (AR grade, 98%) were 
purchased from Merck Ltd.

5.3.2 Methods
5.3.2.1 Bacterial cellulose (BC) preparation [17]

BC was extracted from the Nata de coco product. The Nata 
de coco was rinsed with distilled water to remove some excess sugar and blended 
using a laboratory blender to reduce the size and then was treated in 0.1M sodium 
hydroxide (NaOH) at 80°c for an hour to remove any remaining microorganisms, 
medium component and soluble polysaccharides. The purified bacterial cellulose 
(BC) was then thoroughly washed with distilled water until reaching neutral pH. Af­
ter the extraction procedure, the BC was dried at 60 °c for 2 days. Then, the dry BC 
was sieved to produce uniform powder with size less than 74 pm.

5.3.2.2 PJ 'DF-HFP/BC composite film preparation
All materials were generously pre-compounded and 

pelletized using a co-rotating twin-screw extruder (LTE-20-40 Tab Tech). The 
PVDF-HFP pellets and BC powders were dried at 60l’C for 48 hours prior to remove 
adsorbing water. The amount of blends prepared was 1 kg per each blend ratio, de­
pending on main polymer. Pre-mixtures of PVDF-HFP with BC with the dry weight 
ratio between PVDF-HFP:BC varied at 1000:0, 99:1. 97:3. and 95:5 % by weight 
were blended in a laboratory blender to form uniform powder. The amount of mate­
rials prepared of each blend ratio was reported in Table 5.1.

properties. In addition, the morphological, thermal and mechanical properties were
analyzed and discussed based on basis properties for touch screen applications.
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Table 5.1 Amount of materials prepared for each blend ratio

Formula PVDF-HFP (g) BC (g)
PVDF-HFP 1000 -
PVDF-HFP/BC ( 1 wt.%) 990 10
PVDF-HFP/BC (3 wt.%) 970 30
PVDF-HFP/BC (5 wt.%) 950 50

PVDF-HFP/BC composites were melted mixing in a twin 
screw extruder. The processing temperature, residence time and the screw speed 
were maintained at 150-160-165-170-175๐c , 10 mill and 30 rpm. respectively. The 
extruder barrel was equipped with two atmospheric vents and vacuum ventilation in 
purpose to remove the vaporized water from the material.

After pelletizing, the PVDF-HFP and its composite pellets 
were dried at 60°c for 48 hours before film casting process to prepare the thin film. 
The temperatures of the extruder were set at 170-180°c. The screw speed for the 
samples was 65 rpm. The die temperature was fixed at 180°c. The chill roll was 
placed in 2 cm from the die and its temperature was kept at 20°c by temperature 
controller. The film was quenched by a chill roll and was transported to a pulling sta­
tion using a nip roll. The speed of chill and nip rolls were controlled separately from 
the extruder using a dial and digital display. As reference, the neat PVDF-F1FP film 
W'as also prepared in similar manner.

5.4 Results and Discussions

5.4.1 Bacterial Cellulose (BC) Characterization 
วิ.4.1.1 Morphological Properties

Figure 5.1 shows the visual appearance and SEM images of 
BC. The BC displays irregular shape and apparent size dispersion. The particles size 
varied widely in the range of 30-70 pm.
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Figure 5.1 (a) The visual appearance and (b) SEM image of BC.

5.4.1.2 Crystallinity
XRD diffractogram of BC is shown in Figure 5.2. The result 

shows three main diffraction peaks at 26 of 15.5°, 17.0, 22.5°, and 35.0° which refer 
to the 110,110, 020, and 004 diffraction planes, respectively. These diffractions cor­
respond to the typical profile of the cellulose 1 allomorph [18-19], The crystallinity 
of BC is 70% which was calculated based on crystalline peak.

Figure 5.2 XRD diffractogram of BC.
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5.4.13 Chemical Properties
The FT-IR spectra of BC is shown in Figure 5.3. The struc­

ture of BC is linear homopolymer composed of D-glucopuranose units linked by |3- 
1,4-glycosidic linkage at Cl and C4 carbon position [20], The peak at 3332 cm' 1 re­
ferred to O-FI stretching vibration, while the peak at 2893 cm'1 and 1429 cm'1 re­
ferred to C-H stretching and symmetric blending of -CFT. respectively. The peak at 
897 cm' 1 indicated to C-0 stretching [21]. The peaks at 1429. 1110. and 897 cm'1 
were thought to be the typical bonds of cellulose I (1(3) [22], which was consistent 
with XRD diffractogram.

Figure 5.3 FT-IR Spectra of BC.

5.4.1.4 Thermal Properties
TGA thermogram of the BC (a) and its derivative peak (b) 

are shown in Figure 4.4. There are two thermal degradation steps corresponding to 
the vaporization of adsorbed water in the BC (start from 40°C) and the degradation 
process such as depolymerization, dehydration and carbonization of BC chain (start 
from 300 °C). The degradation temperature (Td) of BC was 343°c [23]. When tem­
perature reaches 400 °c the formation of charred residue is occurred and its remain­
ing weight was evaluated at approximately 8% referring to char residue.
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Figure 5.4 TGA thermogram of BC (— ) and its derivative ( — ).

5.4.2 PVDF-HFP and PVDF-HFP/BC Films Characterization
5.4.2.1 Morphological Properties

Extruded pellet and casted films with a thickness ranging be­
tween 0.1 and 0.2 mm are shown in Figure 5.5. Both of neat PVDF-HFP pellet and 
casted film were transparency. After mixing, the composite pellets and films were 
more opaque than neat PVDF-HFP in agreements with observations reported previ­
ously by Fortunati (2010) [24-25]. This optical result can be confirmed by UV/Vis 
spectra (Figure 5.6). Neat PVDF-HFP film has 50-70% transmittance in the visible 
light region (400-750 nm), but when adding BC, the transmittance tends to decrease, 
which means BC exhibits the opacity property. It is due to the formation of a net­
work structure in the BC. It can be suggested that with high amount of BC may seg­
regate from the blend to form a micro-sized aggregation which can be observed in 
the visible light region. Similar to Auras's work, cellulose show a blocking effect on 
the ultra violet c region (280-100 nm). usually produced by artificial light sources 
[26],
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Figure 5.5 The visual appearance of extruded pellet and casted film of (a) PVDF- 
HFP, (b) PVDF-HFP/BC (1 wt.%), (c) PVDF-HFP/BC (3 wt.%), and (d) PVDF- 
HFP/BC (5 wt.%).

W avelength  (nm )

Figure 5.6 The UV/Vis spectra of neat PVDF-HFP and PVDF-HFP/BC composite
films.
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The dispersion of BC particles in the PVDF-HFP matrix were 
also observed by an optical microscope. Figure 5.8 shows the Optical microscope 
images. At low content of 1-3 wt.% (Figure 5.8b-c), most BC particles dispersed 
uniformly in the PVDF-HFP matrix without agglomeration and obtain a good orien­
tation in machine direction. While the aggregation of BC particles increased with an 
increasing BC content (Figure 5.8d).

(a) V

Figure 5.7TheOptical microscope images of (a) PVDF-HFP, (b) PVDF-HFP/BC (1 
wt.%), (c) PVDF-HFP/BC (3 wt.%), and (d) PVDF-HFP/BC (5 wt.%).

5.4.2.2 Crystallinity

PVDF, the main constituent of the PVDF-HFP copolymer 
used in this work as polymer host, can present several different crystalline structures. 
In general, the functional group of PVDF (-CH2-CF2-) exist 5 molecular conforma-
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mations (a, (3, ô, y, and 8). The a and P phases are commonly studied and also the 
most important polymorphs for PVDF and its copolymers.

The absorption bands characteristic of neat PVDF-HFP and 
PVDF-HFP/BC composite films was shown in Figure 5.8. The basic characteristic 
absorption peaks of PVDF-HFP. j.e. CH: wagging, antisymmetric CF: stretch, and 
CF;, out-of-plane deformation absorb IR radiation at 1402, 1180 and 1065 cm"1 [26- 
27]. respectively. Moreover, the absorption band of «-phase, which is a non-polar 
trans-gauche-trans- gauche' (TGTG1) conformation, were observed at 763 cm'1 (CF2 
bending), and 795 cm’1 (CF2 rocking). While the presence of P-phase, all-trans 
(TTTT) or planar zigzag conformations observed by the specific absorption bands at 
840 and 1285 cm '1 (CH2 rocking and bending, respectively) [26-29], While the 
amorphous region, which was observed at 873 cm-1, come from the HFP phase of 
PVDF-HFP.

According to Equation 3.2, the fraction of P-phase, F(/l). was 
calculated from FT1R spectra and presented in Table 5.2. assuming that there is no 
absorbance contribution from the BC. With the higher amount of BC incorporated, p 
phase tends to be increased because crystallization was obstructed by the network of 
BC. The p-phase content for neat PVDF-HFP film is 47% and increase with adding 
BC. This result indicated that the introduction of BC probably acting as a nucléation 
site led to a change of the crystalline phase from a to p phase crystals.
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Figure 5.8FT-IR spectra of (a) PVDF-HFP, (b) PVDF-HFP/BC (1 wt.%), (c) PVDF- 
HFP/BC (3 wt.%), and (d) PVDF-HFP/BC (5 wt.%).

Table 5.2 P-phase fraction; F(P), of neat PVDF-HFP and its composite films

Formula F(P)
PVDF-HFP 0.47
PVDF-HFP/BC (1 wt.%) 0.55
PVDF-HFP/BC (3 wt.%) 0.56
PVDF-HFP/BC (5 wt.%) 0.56

To confirm the presence of p-phase in PVDF-HFP/BC com­
posites, XRD analysis was also used to investigate. Figure 5.9 shows XRD patterns 
of crystalline phase of PVDF-HFP and its composite films with 1, 3, and 5wt.% of 
BC loading. Similar to Chang’s work [31], there were two characteristic peaks which 
refers to a and P-phases. เท our study, the characteristic peaks at 17.5°, 17.9°, 20.0°, 
and 27.0° corresponding to monoclinic a phase of a(0 2 0), a(l 0 0), a(l 1 0), and 
a(0 2 1), respectively [32]. เท the case of PVDF-HFP/BC composites, a new reflec­
tion peak at 20 = 20.4°corresponding to p phase, which has orthorhombic unit cell,
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appeared, and the peak intensity increased with increasing BC content which was 
corresponded to the FT-IR result. This result indicated that the introduction of BC 
probably acting as a nucléation site led to a change of the crystalline phase from a to 
p phase crystals. As well documented in literature [33-34], a-form crystal is nonpolar 
phase (trans-gauche-trans-gauche' (TGTG1), while p-form crystal shows polar prop­
erties. Therefore, it can be inferred that the polarity of the materials increased as the 
content of BC increasing.

10 15 20 25 30 35 40 45

20 (degree)

Figure 5.9XRD patterns of (a) PVDF-HFP, (b) PVDF-HFP/BC (1 wt.%), (c) PVDF- 
HFP/BC (3 wt.%), and (d) PVDF-HFP/BC (5 wt.%).

5.4.2.3 Thermal Properties
In order to determine the thermal behavior of the neat PVDF- 

HFP and PVDF-HFP/BC composite film, DSC studies were carried out. The DSC 
parameters are shown in Table 5.3. From the result, there are transition temperature 
peaks observed at about 160 ๐c  and 120 °c which corresponding to Tm and Tc of 
PVDF-HFP, respectively.

Figure 5.10 shows the second-heating curves of neat PVDF- 
HFP and its composite films. The inclusion of BC in polymer matrix shows slightly 
effects on Tm of PVDF-HFP matrix. The increase in the Tm value was due to the
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higher thermal stability of BC and the interaction between oxygen atoms of BC with 
hydrogen atoms of PVDF-HFP, while fluorine atoms in PVDF-HFP may also be at­
tracted to hydrogen atoms in BC [35],

Exothermic peaks of crystallinity temperature are showed in 
Figure 5.11 indicate that higher amount of BC shift Tc to higher temperature because 
the composite films need higher energy to crystallize with the presence of BC.

Furthermore, the degree of crystallinity (Xc) will be measured 
as the ratio between A//mand AHm, as equation 3.1.As shown in Table 5.3, the in­
creasing of BC causes slight decrement of x c from 55.5 to 53.0. It can be described 
that the PVDF-HFP crystallization process may be disturbed by the micro structure 
of BC. Conclusively, although the BC induced the crystal transformation from a to p 
form, it reduced the crystallinity of PVDF-HFP [36-38],

Figure 5.10 DSC second-heating curves of (a) PVDF-HFP, (b) PVDF-HFP/BC (1 
wt.%), (c) PVDF-HFP/BC (3 wt.%), and (d) PVDF-HFP/BC (5 wt.%).
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Figure 5.11 DSC first-cooling curves of (a) PVDF-HFP, (b) PVDF-HFP/BC (1 
wt.%), (c) PVDF-HFP/BC (3 wt.%), and (d) PVDF-HFP/BC (5 wt.%).

Table 5.3 DSC parameters of neat PVDF-HFP and its composite films

Formula Tma (°C) Tcb (°C) A H mc (J/g ) Xcd (%)
PVDF-HFP 161.6 120.0 57.5 55.5
PVDF-HFP/BC (1 wt.%) 159.3 121.0 59.1 57.0
PVDF-HFP/BC (3 wt.%) 162.0 122.0 56.8 54.8
PVDF-HFP/BC (5 wt.%) 162.6 122.3 55.0 53.0

a is melting peak temperature, b is cooling peak temperature, c is melting enthalpy, 
and d is Crystallinity o f PVDF-HFP
Note: Crystallinity of PVDF-HFP was calculated by using the data on heating 
process.

Thermal degradation behavior was observed by using TGA. 
Figure 5.11 showed TGA thermograms of BC, neat PVDF-HFP, and its composite 
films. It was found that the thermal degradation behavior of the PVDF-HFP/BC
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composite films was divided into two steps. The first step started at 300 °c, which 
corresponded to the degradation temperature of BC (see Figure 5.4) [31]. Where, the 
degradation of second step started at 420 °c, which corresponded to the degradation 
temperature of PVDF-HFP matrix [32], The degradation temperature of PVDF-HFP 
matrix was not affected by the dispersion of BC. When temperature reaches 550 °c, 

the formation of char residue is presented. The degradation temperature and char re­
sidue are shown in table 5.4.

Figure 5.12 TGA thermograms of neat PVDF-HFP and its composite films.

Table 5.4 The degradation temperature (Td) and char residue of PVDF-HFP and its 
composite films

Formula Tdi(°C) T„2(°C)
onset peak onset peak

PVDF-HFP - - 421 475
PVDF-HFP/BC (1 wt.%) 310 421 471
PVDF-HFP/BC (3 wt.%) 310 340 422 473
PVDF-HFP/BC (5 wt.%) 300 341 420 476
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5 .4 .2 .4  D ie le c t r ic  P ro p e rt ie s

The frequency dependence at 20°c of the dielectric constant 
at low and high frequency range of the films were shown in Figure 5.13(a) and 
5.14(a). respectively. The decrease in dielectric constant with increasing frequency 
could be explained on the basis of dipole relaxation phenomenon. At low frequency, 
the dipoles in polymeric chain had sufficient time to align with the electrical field 
direction causing the higher dielectric constant and the inability of the electric di­
poles to be in pace with the frequency of applied electric field at high frequency. It 
can be concluded that the dielectric behaviors of the PVDF-HFP and it composite 
film strongly depend on the variation of frequency. Dielectric constant of the compo­
sites slightly increases with increasing BC content. The highest dielectric constant 
value of PVDF-HFP composite was observed at 1 kHz when the content of BC was 
added 5 wt.%, the upper limit of the BC content in this study.

Figure 5.13(b) and 5.14(b) showed the frequency dependence 
of the dissipation factor at low and high frequency regions of all samples. It was ob­
served that the dielectric loss increased as frequency increased for both neat PVDF- 
HFP and PVDF-HFP/BC composite films at low frequency (from 1 kHz to 1 MHz), 
but decreased as frequency increased at high frequency up to 1 GHz. the upper limit 
of the frequency range in this study. The maximum value of dielectric loss is reached 
at the frequency of 1 MHz.

Figure 5.15 exhibits the temperature dependence of the die­
lectric constant and dissipation factor was at 2-5 and 0.02-0.20, respectively at wide 
range of temperature and frequency range from 10 MHz to 1 GHz. At constant fre­
quency with high temperature, the dielectric constant tended to be high due to poly­
mer chains can be free to vibrate, move and reorient which allowing them to keep up 
with the changing electric field. When the successfully orientation was obtained, the 
dielectric constant became constant. With lower temperature, the segmental motion 
of the chain is practically frozen when the temperature was much lower than dynam­
ic Tg which causing the lower dielectric constant [33]. Moreover, the result showed 
that dielectric constant was increase as increasing BC content which correspond to 
the result from previous paragraph. The dielectric relaxation mechanism of neat 
PVDF-HFP and composite films can be observed in Figure 5.15 (right), it was found



8 8

that there’ร only one relaxation mechanism appeared which was referred to the dy­
namic glass transition temperature (Tg) or the [3 relaxation that can be obtained by the 
dielectric response at very low frequency [34], With the increasing of frequency (10 
MHz to 100 MHz), this relaxation peak shifted to higher temperature (20 ๐c  to 60 °C) 
because of polymeric chains in amorphous region has not enough energy to relax due 
to the very short time to store the energy, so the higher energy was needed for the 
chains to vibrate and reorient along the electrical field. For the PVDF-HFP/BC com­
posite films, there’s only one relaxation mechanism, which means that the incorpora­
tion of BC didn’t have the effect on the relaxation behavior of the blend films.

(a)

c 7-

1 ^
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I04 I»'
Frequency (Hz)

(b)

Figure 5.13 The frequency dependence of dielectric constant (a) and dissipation fac­
tor (b) of PVDF-HFP and its composite films at low frequency (1 kHz-1 MHz) (T = 
20 °C)
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Figure 5.14 The frequency dependence of dielectric constant (a) and dissipation fac­
tor (b) of PVDF-HFP and its composite films at high frequency (10MHz-lGHz) (T =
20 °C).
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Figure 5.15 The temperature dependence of dielectric constant (left) and dissipation 
factor (right) of PVDF-HFP and its composite Films (-50 ๐c  - 130 °C) at frequency 
10 MHz, 100 MHz, and 1 GHz.

Figure 5.16, shown the dielectric constant and dissipation 
factor at 10 MHZ as a function of BC content, it can be seen that incorporation with 
higher amount of BC exhibited significantly higher dielectric constant and dissipa­
tion factor. This increasing occurred due to the interfacial polarization between the 
hydroxyl group in the BC chain and fluorine atom in PVDF-HFP chain. Moreover, as 
the particle size is in micrometer order, the number of particles per unit volume is 
large, hence the dipole moment per unit volume increases, and also the dielectric 
constant increases [35]. However, higher amounts of BC, more free space occurred 
from repulsive force between the hydroxyl groups, and it consequently decreased the 
polarization, resulted in increasing on the dissipation factor. Moreover, a higher con­
tent of BC in the composite Film caused higher water content, which increased the 
loss of the composite films due to lower stability of the PVDF-HFP structure and a 
higher dissipation factor from the water [30],
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Figure 5.16 Dielectric constant and dissipation factor of PVDF-HFP and its compo­
site films as a function of BC content measured at 10 MFIz and 20 ° c .

5.4.2.5 Mixture o f dielectrics
Figure 5.17 shows the typical experimental and theoretical di­

electric permittivities of the PVDF-HFP/BC composite films as a function of BC 
content; Maxwell (equation 3.6), and log (equation 3.7) mixing rule. It can be seen 
here that dielectric constant measurement was always greater than theories. From 
experimental, the dielectric constant increase with increasing BC content up to 5 
wt.%. It was also observed that the results of the Maxwell and log mixing rule calcu­
lations were very different from the experimental results in this frequency range. 
These theories are based on a spherical morphology of the filler particles. Due to the 
non-spherical morphology of the BC (see Figure 5.1), the theoretical calculations of 
the dielectric constant were not completely in accord with the experimental results. 
In this case, the results showed that the Maxwell and log mixing rule were not suita­
ble theory for calculating the dielectric constant of the PVDF-HFP/BC composite 
films which prepared by melt process.
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Figure 5.17 Dielectric constant of PVDF-HFP/BC composite obtained from expe­
rimental test and theoretical calculation (Maxwell, and Log mixing rule) at 10 MFlz 
and 20°c.

5.4.2.6 Mechanical Properties
Touch sensor for used as piezoelectric touch screen require 

high mechanical properties for their long term operation and tolerance to the applied 
force during operation. Here, Young's modulus, tensile strength, and elongation at 
break were measured with universal testing and results are given in Figure 5.18, 5.19, 
and 5.20, respectively. Loading of BC was effective for improving the Young’s 
modulus and Tensile strength of PVDF-HFP. The Young’s modulus which measures 
the stiffness of the film was dramatically improved from initial 649 to 1151 MPa in 
transverse direction and from 696 to 877 MPa in machine direction for 5 wt.% BC 
content. This outstanding property may be attributed to the formation of a networked 
structure above percolation threshold which was produced by BC interactions 
through hydrogen bonding and attributed to the stiff nature of the BC dispersed [38], 
Furthermore, the tensile strength of the composites also increases. The maximum 
strength was 39 MPa in transverse direction and 56 MPa in machine direction with 
5 wt.% loading of BC. These results further confirm the presence of strong interfacial
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of PVDF-HFP matrix is reduced when BC is added and the elongation drops from 
285% to 209% in transverse direction when the BC content is 5 wt.%. On the other 
hand, there is no obvious decrease in the elongation at break in machine direction 
with increasing BC content because BC are good orientation in machine direction as 
observed in an optical microscope image.

Figure 5.18 Young’ร modulus of neat PVDF-HFP and composite films.

Figure 5.19 Tensile strength of neat PVDF-HFP and composite films.
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F ig u re  5 .20  Elongation at break of neat PVDF-HFP and composite films.

5.4.2.7 Thermal shrinkage
Thermal shrinkage at high temperature causes the internal 

short circuit, measuring the thermal shrinkage is very important to evaluate the di­
mensional thermal stability of the touch sensor. The neat PVDF-FIFP and PVDF- 
FIFP/BC composite film were annealed at 130 °c  for 2 hours to further compare their 
thermal stability at high temperatures. The dimensional changes of neat PVDF-HFP 
film in the machine direction is 5% and no shrinkage happens in the transverse direc­
tion. For high BC content (1-5 %wt.), no dimensional changes can be observed at 
130 °c, indicating excellent dimensional thermal stability because the excellent di­
mensional stability of BC at high temperatures makes it promising for the application 
in high temperature.

5.5  C o n c lu s io n

The PVDF-HFP reinforced with bacterial cellulose (BC) at different weight 
percent, ranging from 1 to 5 wt.%, were successfully prepared by using melt mixing 
method follow by cast film process. The structure and morphology of the films were
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studied using SEM. The existences of BC in the composite films were confirmed by 
the analysis of FT1R, TGA, DSC, and XRD. The PVDF-HFP/BC composite film 
had appealing feature of optical transparency, high thermal properties, and dielectric 
properties in term of dielectric constant, which corresponded to piezoelectric coeffi­
cient was improve from 2.0 to 3.25 with the addition of 5%wt, the upper BC content 
in this study, of BC. In addition, their Young's modulus and also tensile strength 
were dramatically increased comparing with neat PVDF-HFP to the property of BC. 
These features satisfied the criteria for the touch sensor application.
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