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51 Abstract

Actuator is a mechanical device for displacing a system component under
some kind of energy. For the actuating applications, it should provide a large
deformation under activated energy. Generally, electric field is often used to induce
material deformation and certain electroactive polymers can offer large modulus
responses  under electric field. The aims of this work are to study the
electromechanical  properties  of sodium alginate  (SA)  hydrogel  and
polycartazole/sodium alginate (PCB/SA) hydrogel blend under the influence of the
electric field strength. The electromechanical properties of pristine SA were studied
under effects of crosslinking types and SA molecular weights. The electromechanical
properties of PCB/ SA blends were studied under the effect of PCB concentrations.
The electromechanical properties of the pristine SA as crosslinked by the ionic
crosslinking agent were higher than those of the covalent crosslinking. Moreover, the
electromechanical responses of SA increased with increasing molecular weight.
Finally, the electromechanical response of the SA/PCB blend was the highest at 0.10
Yvlv PCB which provided the storage modulus sensitivity of 185 under applied
electric field strength of 800 v/nim.

Keywords: Sodium alginate hydrogel, Biocompatible actuator, Electromechanical
properties, Polycarbazole.

52 Introduction

Polymer artificial muscle technology is being developed for large
deformations by repetitive molecular motions. Polymer artificial muscles have been
divided into two major groups (Mirfakhrai et al., 2007). The first group is an
electronic electroactive polymers (EAPS) in which the dimensional changes occur in
response to an electric field, for example: piezoelectric polymer (Mirfakhrai et al,
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2007). The second group Is an ionic electroactive polymers (DEAs) (Mirfakhrai et
al., 2007) in which the movement of ions is required to make an actuation possible,
for examples: conductive polymers, polymer gels. The applications of artificial
muscles are developed for animals, human, and the creation of human-like robots.
Electroactive condactive polymers can be used to enhance the electrical and
mechanical responses where biopolymers are used as the matrix phase.

Alginates are natural anionic biopolymers extracted from brown seaweeds.
They are unbranched polysaccharide consisting of 1,4-linked b-D- mannuronic acid
and a-L-uluronic acid units (Kuen et al, 2012). Alginates have been extensively
Investigated and used for many biomedical applications, due to its biocompatibility,
low toxicity, relatively low cost, and they can be prepared through gelation method at
room temperature (Kuen et al, 2012. Hydrogels are three dimensionally crosslinked
networks composed of hydraphilic polymers with high water content. Chemical or
physical crosslinking of hydrophilic polymers are typical approaches to form
hydrogels, and their physicochemical properties are highly dependent on the
crosslinking type and crosslinking density, in addition to the molecular weight and
chemical composition of the polymers.

Polycarbazole is one of the conductive polymers that contain two Six-
membered benzene ring fused on sice of a five-membered nitrogen containing ring,
It is synthesized through either electrochemical or chemical method (Gupta and
Prakash et al, 2010). Mostly, it can be used in the applications of light-emitting
diockes, electrochromic displays, organic transistors, and rechargeable batteries
(Harun et al., 2007; Gupta et al., 2010; and Raj et al., 2010) due to it is high
conductivity.

In this work, we are interested in fabricating an electroactive material from
alginate in a form of hydrogel as the matrix phase filled with polycarbazole. A small
amount of polycarbazole was added as a dispersed phase to improve the electrical
and electromechanical properties of the alginate hydrogel. It is of interest to stucy
the alginate hydrogels and alginate/polycarbazole hydrogel blends for an actuator
application,
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53 Experimental

531 Materials

Carbazole monomer as monomer and citric acid as a covalent
crosslinking agent were purchased from Merck. Ammonium persulphate as an
oxidizing agent, sodium alginates with different molecular weights as a metrix
Tiveen 20 as a surfactant were purchased from Sigma-Aldrich. Dichloromethane as a
solvent, sodium dodecyl sulfate (SDS) & a surfactant, perchloric acid as a doping
agent, hydrochloric acid as a solvent were purchased from RCI Labscan. Cetyl
trimethylammonium bromide (CTAB) as a surfactant, calcium chloricl as an ionic
crosslinking were purchased from Huka.

5.3.2 Characterizations and Testing
53.2.1 Fourier Transform Infrared Spectrometer
A Fourier Transform Infrared Spectrometer, FT-IR (Nicolet,
Nexus 670) was used to characterize the functional group of SA film. This technique
was Used to identify the absorption modes with 32 scans and a resolution oft 4 ¢cm']
covering a wavelength range of 4000-400 cm'1

5.3.2.2 X-ray Diffractometer
An Xay diffractometer, XRD (Rigaku) was used to
investigate the amount of crystallinity in the hydrogel samples. The diffractometer
was operated in the Bragg-Brentano geometry and fitted with a graphite
monochromator and the diffracted beam using a 57min scan rate.

5.3.2.3 Thermal Gravimetric Analyzer
A thermal gravimetric analyzer (DuPont, TGA 2950) was
Used to determine amount of moisture content and the decomposition temperatures of
SA hydrogels. The thermal behavior was investigated by weighting sample of 5-10
mg, placing it in a platinum pan, and then heating it under nitrogen flow with a
heating rate of 10°c/min from 30-800°C.
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5.3.2.4 Scanning Electron Microscope
A Scanning Electron Microscope, SEM (Hitachi, $4800) was
used to examine the morphological structure of the dispersion of PCB in SA
hydrogels. The samples were attached on to a brass-stub. Prior to observation,
samples were gold sputtered.

5.3.2.3 Atomic Force Microscope

An Atomic Force microscope, AFM (CSPM) images were

taken to determine the topology of the hydrogels of various crosslinking types and
concentrations of PCB by using a scan rate 0.5 Hz and a scan size of 25 X2.5 pm2

5.3.2.6 Crosslinking Density

The crosslinking density of hydrogel was analyzed by the
swelling method of Gudeman and Peppas (1995). A sample of the hydrogel (1 cm2
souare) was cut and weighed in air and heptane (a non-solvent). The sample was
placed ina stainless steel mesh basket which was suspended in heptane to obtain the
accurate weight measurements in heptane. The sample was then placed in a buffer
solution for 5 days to reach equilibrium, and then was weighed in air and heptane
again. Finally, the sample was dried at 25 ¢ in a vacuum for 5 days. Once again, it
was weighed in air and heptane. Mg the average weight between crosslinks, was
calculated from Equation 5.1;
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where M IS the number-average molecular weight of the polymer before cross-
linking, v is the specific volume of alginate (v =0.60 cmdg of alginate), j s the

molar volume of water (18.1 cm3/mol), v2ris the volume fraction of the polymer ina
relaxed state, v2 is the volume fraction of the polymer in solvent state, X is the
Flory polymer-solvent interaction parameter of alginate (x. for alginate is 0.473).
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5.3.2.1 Electromechanical Properties

The electromechanical properties of the SA hyarogels were
investigated in terms of electric field strength. A melt rheometer (Rheometric
Scientific, ARES) was fitted with a parallel plate fixture (diameter of 25 mm). ADC
voltage was applied with a DC power supply (Instek, GFGB216A). A digital
multimeter was used to monitor the voltage input. In these experiments, the
oscillatory shear mode was applied and the dynamic moduli (GLand G') were
measured as functions of frequency and electric field strength. Strain sweep tests was
first carried out to determine the suitable strains to measure G and G' in the linear
viscoelastic regime. The frequency sweep tests was carried out to measure G and G
of each sample as functions of frequency. The frequency was varied from 0.1 to 100
ragls. Prior to each measurement, the SA hydrogel samples were pre-sheared at a low
frequency under an electric field for 15 min to ensure the formation of equilibrium
polarization before the G and G measurements. Experiments were carried out at the
temperature of 300 K and repeated at least two or three times, The temporal response
experiments were also carried out at 800 v/mm. For the electromechanical properties
of PCB/SA hydrogel composites, it was carried out with the same procedure as the
pristine SA hydrogels.

5.3.2.8 Dielectropharesis Forces

The dielectrophoresis forces of the SA hydrogel and its
composites were determined by measuring the deflection distances of the specimens
in the vertical cantilever fixture under electric field. The specimens were vertically
immersed in the silicone oil (viscosity=100 ¢St) between parallel copper electrodk
plates (68 mm of length, 40 mm of width, and 2 mm of thickness). The gap between
the pair of the electrodes was 30 mm. A DC voltage was applied with a DC power
supply (Goldsun, GPS 3003B) connected to a high voltage power supply (Gamma
High Voltage, UC5-30P and UC5-30N). A video camera was used to record the
movement during experiment. Pictures were captured from the video and the
deflection distances inx (d) and'y axes (1) at the end of the specimen and determined
by using the Scion Image software (version 4.0.3). The electric field strength was
varied between 0 and 500 v/imm at the room temperature of 300 K. Both the voltage
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and the current were monitored. The resisting elastic force of the specimens were
calculated under electric field using the non-lingar deflection theory of a cantilever,
which was obtained from the stancard curve between (Fela?)/(EI) and dlo Qo= initial
length of specimens); Fe is the elastic force, d is the deflection distance in the
horizontal axis, 1is the deflection distance in the vertical axis, E is the Young's «
modulus which is equal to 2G'(I+v), where G is the shear storage modulus taken to
be G ( = Lradls) at various electric field strength and Lis the moment of inertia
|/12t3w, where tis the thickness of the sample and  is the wiath of the sample. The
electrophoresis force was calculated from the static horizontal force balance
consisting of the elastic force, the corrective gravity force (mgtanB), and the

buoyancy force (pvgtattB) as shown in Equation (5.2):
Fd~ Fe+my(tanB) - pVg(tanB) (5.2)

where g is 9.8 m/s2 m s the mass of the specimen, and 6 is the deflection angle, p is
the density of the fluid (silicon oil = B.97g/em3), V is the volume of the displaced of
fluid,

5.3.3 Preparation of SA Hydrogel

SA solutions with three molecular weights as low molecular weight
SA (LSA) of 2.83 « 105¢/mol, medium molecular weight SA (MSA) of 3.34 « 105
g/mol, and high molecular weight SA (HSA) 4.57 X 105 g/mol in distilled water
(1.0%vv) were prepared at room temperature under continuous stirring for 48 min.
(Kulkarni et /., 1999). The crosslinking of SA was carried out by the ionic and
covalent crosslinking methods (Kuen et ai, 2012). In case of the ionic crosslinking
method, it was prepared by adding the appropriate volume of CaCl2 solution to the
SA solution at room temperature under continuous stirring for 30 min with CaCl2
concentrations varying from 0.0050, 0.0100, 0.0150, 2.0, and 0.0200 %ulv. In case
of the covalent method, it was prepared by adding the appropriate volume of citric
acid solution to the SA solution at 80°c under continuous stirring for 30 min with
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citric acid concentration varying from 0.25, 0.50, 0.75, and 10 %uiv. Both of SA
mixture solutions were poured into plastic petri dishes (10 cm of diameter). The SA
hydrogels were obtained after allowing water evaporation at room temperature for a
period of 2 days and kept & 4°c for controlling water content within the SA
hydrogels.

5.3.4 Preparation of PCB/SA Hydrogel Composites
The polycarbazole synthesized with adding of CTAB via interfacial
polymerization method (Gupta et al., 2010) was dispersed into 70 ml SA solution
filled with crosslinking agent. The concentration of PCB was varied from 0.01, 0.05,
0.1, 0.5, 10, 3.0, and 5.0 %ulv. The solution was poured into a plastic Petri dish for
casting at room temperature for 2 days to get the hydrogel composites.

54 Results and Discussion

54.1 Crosslinking Density of SA Hydrogel

The crosslinked SA hydrogels were prepared by two different
crosslinking methods which were the fonic crosslinking from calcium chloride
(CaCh) and the covalent crosslinking from citric acid (CA). Table 5.1 shows the
crosslinking density of SA hydrogels of various CaClz and CA concentrations.

With increasing crosslinking concentration, the crosslinking density
of SA hydrogels continuously increases because of a higher probability of the
crosslinking agent to form SA hydrogel network (Paradee et al., 2012).

In the case of SA hydrogels crosslinked with CaClz, the crosslinking
density increases by a factor of two when increasing CaCh concentration from 0.005
t0 0.02 Yulv. For the effect of SA molecular weight, a lower molecular weight SA
possesses a higher crosslinking density compared with the others because a shorter
molecular chain has a larger free volume and chain ends that facilitate an easy
attachment between the Ca2+ ions and the functional groups of SA (Stone et al,
2013). Similarly, the crosslinking density of SA hydrogels crosslinked with CA
increases with CA concentration by about 8 times when increasing SA concentration
from 0.25 to 1.00 %ol
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Comparing the effect of crosslinking method, the CA system provides
a higher crosslinking density than the CaCb system because the carboxyl group of
CA molecule can permanently react with the carboxyl group of SA molecule as a
chemical bonding (Stone et al., 2013). While Ca2+ ions from a physical bond with
SA molecule. When crosslinked SA hydrogels were swollen in the water for
evaluating the crosslinking density, the physical bond was easily destroyed and water
can easily penetrate through the specimens causing a large amount of weight loss
(Kuenet. al., 2012).

The crosslinking densities of SA hydrogels from the two crosslinking
methods are nearly at 0.015%viv of CaClz and 0.50%uiv of CA The values are in
the range of 15x1 (6 to 20x1 C6 mol/cm3. Thus, these two samples were used in the
further studies,

5.4.2 Fourier Transform Infrared Spectroscope

SA hydrogels were prepared by the crosslinking agents through either
the ionic crosslinking (adding of CaCh) or covalent crosslinking (adding of CA), and
were first characterized for the functional groups by the FT-IR technique.

The characteristic FT-IR spectrum of HSA hydrogels, as shown in
Figure 5.2 (), indicates the peak of the O-H stretching at 3265 cm’], the -COO’ at
1590-1587 cm’1, the C-C and C-0 stretching at 1771 cm’], the C-C stretching a 1025
em’], and the C-H stretching at 800-815 cmi"l (Saarai et al., 2013). As can be
observed, the positions of the -COO" and OH bands shift and the vibration intensity
apparently decreases with the addition of CaClz (Figure 5.2 (b)) which implies that
both the -COO" and O-H groups on SA molecules had been preferentially
coordinated with calcium ions (Caz#) in the CaCh solution (Wang et al., 2010).
Moreover, the positions of the -COO" and O-H hands shift and the vibration intensity
apparently decreases with the addition of CA (Figure 5.2 (c)) which implies that both
the -COO" and O-H groups on SA molecules had been chemically crosslinked
between the -COO’and O-H groups on SA molecules and the -COOH of CA



65

543 X-ray Diffractometer

The amount of crystallinity of SA hydrogels was characterized by a
XRD technique. Figure 52 [A] shows the diffraction peaks before and after the
crosslinking process of SA hydrogels. It can be observed that, the crystallinity of SA
hydrogel decreases after crosslinking by CaCl: and CA because crosslinking
inhibites the SA chain packing (Li et al., 2007).

Moreover, the crystallinity of SA hydrogels with the covalent
crosslinking (Figure 5.3 [A] (c)) s higher than the ionic crosslinking method (Figure
5.3 [A] (b)), as evidenced by a shaper peak and a higher intensity of diffraction peak
around 30°. This Is because the chemical crosslinking agent provides greater
molecular chains packing efficiency compared with the physical bonding (Gupta et
al., 2010). The order orientation of SA molecule obtained from the crosslinking with
citric acid is also higher leacling to a greater chain alignment and crystallinity.

Figure 5.3 [B] shows the diffraction peaks of PCB/HSA blends to
compare the amount of PCB embedded in FISA hydrogels. The diffraction peak of
SA hydrogel with adding PCB is shifted towards 45°, which is the diffraction peak of
PCB (Gupta et al., 2010). The crystallinity of PCB/HSA hydrogel blends decreases
with increasing PCB concentration because of the inhibition of molecular chain
packing of HSA by PCB (Li et al., 2007 and Guptaet al., 2010).

34 Thermal Gravimetric Analysis

The thermal behavior and the water content of SA hydrogels were
characterized by TGA technique as shown in Table 5.2

Table 52 shows the water contents of SA hydrogels with the ionic
crosslinking and covalent crosslinking method. The data indicate an initial weight
loss of approximately 90 wi%as temperature increases to 100°c, which corresponds
o the desorption of bound water. In addition, the degradation of SA molecule occurs
in the degradation termperature (Tdlost) range of 200 - 230°c depending on
molecular weight of SA

Moreover, the weight loss of HSA hydrogels decreases with
increasing PCB hecause of the Van der Waals force and the hydrogel bonding
interaction between HSA and PCB (Pattavarakom et al., 2013). Tdarsg of PCB/HSA
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blends increases with increasing PCB because of higher Tdast of PCB (Gupta et al.,
2010).

5.4.4 Scanning Electron Microscope

Figure 5.4 shows SEM micrographs of the PCB/HSA hydrogel blends
of various PCB concentrations. PCB shows a moderate dispersion in the FISA
hydrogel at low PCB concentration; the dispersion becomes relatively poor at high
PCB concentration (concentration of PCB beyond 0.1 %v/v). Partially homogeneous
PCB/HSA hydrogel blend is obtained because of the Van der Waals force and the
hydrogen bonding interaction between PCB and HSA hydrogel (Tungkavet et al.,
2012).

5.4.5 Atomic Force Microscope

The phase separation in SA hydrogels of various crosslinking types
was investigated by EFM technique as demonstrated in Figure 5.5. Figure 5.5 (a)
shows a smooth phase with some small bright areas that refer to a low electrostatic
force under applied electric field. The bright regions can be assigned to the presences
of negative charges namely COO" and OH' on the HSA surface which provides the
attractive force between the positively charged EFM'tip and the negatively charged
HSA surface.

For the HSA hydrogels with crosslinking process, a higher response
to electric field is obtained, where the bright regions are more abundant as shown in
Figure 55 (b) and 55 (c). Between the ionic and covalent crosslinking, the ionic
crosslinking of CaCl show continuously brighter areas (Figure 5.5 (b)) of like eggs
shell block due to the formation of Ca2tin HSA hydrogel (Kueneet. al., 2012). Inthe
case of covalent crosslinking, the existence of COO' from CA is shown as the bright
regions as well (Dianaet. al., 2012).

\When HSA is added with PCB, the anionic phase becomes a more
brilliant phase because PCB acting as a conductive polymer has more freg electrons
present (Figure 55 (d)) (Tungkavet et al., 2012).
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54,6 Time Dependence of the Electromechanical Response

The temporal characteristics of a HSA hydrogel by ionic
crosslinking, a HSA hydrogel by covalent crosslinking; and a PCB/HSA hydrogel by
lonic crosslinking at PCB concentration of 0.1 %vlv at electric field strength of 800
vimra were investigated in which the electric field was tum on and off alternately at
every 600 second. The temporal characteristic of each sample was recorded in the
linear viscoelastic regime at a strain of 0.1 % and frequency of 100 radls.

Figure 6 shows a comparison of the storage modulus (G during the
time sweep test. Inall samples, G increases rapidly when the electric field is on due
to the polarization of HSA molecule (Tungkavet et al., 2012), and decreases
Instantaneously when the electric field is off. They attain the steady state at diifferent
actuating cycles where the HSA hydrogel by ionic crosslinking takes 3 cycles, the
HSA hydrogel by covalent crosslinking requires 2 cycles, but PCB/HSA takes only 1
cycle to reach the polarization equilibrium,

54.7 Electromechanical Properties

The electromechanical properties of SA hydrogels were characterized
by the melt rheometer uncer oscillatory snear mode at 300K. The strain sweep tests
were first carried out to determine an appropreate strain for measuring the storage
modulus (G ina linear viscoelastic regime. The appropriate strain value in the linear
viscoelastic regime  of 1%v/v HSA, 1%viv MSA, and 1%vliv LSA hydrogel
crosslinked with 0.025%viv CaCb was around 0.1%. The appropriate strain value in
the linear viscoelastic regime of 1 %wiv HSA, 1%viv MSA, and 1%v/v LSA
hydrogel crosslinked with 0.50 %oviv CA was around 0.1%

Foure 5.7 shows the storage moduli (G) and storage modulus
sentivities (AG/G0) \s. electric field of [%viv HSA crosslinked by 0.015 Yuiv
CaCh and crosslinked by 0.50%viv CA, respectively, at frequency 100 rad/s and at
300 K The cata clearly show that when the electric field is introduced into the
system, the GLof the samples increases because the electrostatic interactions
between induced dipole moments on the alginate chain occur leading to the
Intermolecular interaction similar to an electrical network (Niamlang  ai, 2008;
Hiamtup  al., 2008; Tungkavet et al.,2012; and Kunchornsupand et al., 2014). In
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other words, the SA hydrogels become polarized and dipole moments are generated.
This in tum  recuces the chain free movements and enhance the chain rigidity.
Moreover, the G of the samples increase with increasing the molecular weight of SA
as shown in Table 5.3, As the molecular weight of alginate increases, the number of
carboxylic groups or dipole moments increases leading to a stronger interaction
uncer applied electric field (Kunanuruksapong et al., 2008; Thipdecher ai, 2008;
Tungkavet et al., 2012; and Niamlangand et al., 2013). However, the loss modulus
(G") increased with increasing electric field strength and SA molecular weight due to
the polarization of water ions and hydrogen bonding between SA and water
(Thonksak et al., 2012).

At electric field of 800 v/mm, the highest molecular weight SA
showed the highest AG/Go values namely 7.5 and 55 for ionic crosslink and
covalent crosslink, respectively. But for the lowest molecular weight, the AG/Go
values for the fonic crosslink and covalent crosslink were 3.3 and 2, respectively.
From this result, it can be concluded that a higher molecular weight containing a
larger amount of polar groups provides a better electromechanical response
compared to those of the low molecular weight.

For the storage modulus sensitivity (AG/G0) of SA from ionic
crosslinking and covalent crosslinking, the storage modulus sensitivity of the ionic
crosslinking is higher than the covalent crosslinking because the fonic crosslinking is
a physical interaction and the dipoles and ions are easier to move or rotate within the
specimen. The covalent crosslinking is a chemical interaction between the carboxylic
group of SA and the carboxyl  group of citric acid (Kunchomsup et al., 2010 and
Tungkavet et al., 2012). The polar groups of SA are restricted in movement leading
to a lower electromechanical response (Tungkavet et ai, 2012).

In comparison with other electroactive polymers, the styrene-
Isoprene-styrene triblock (D [14P, D1164P, D1162P) exhibited the storage modulus
sensitivity of 0.122, 0.102, and 0.050 (Thonksak et al., 2012), the uncrosslinked
high-gel-strength  gelatin  exhibited the storage modulus sensitivity of 2.30
(Thwatchal et al., 2012). Both types of the crosslinked SA hydrogels possess the
Superior responses and sensitivity values which are an order of magnitude greater
than those triblock polymers and gelatin, as shown in Table 5.3.
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Figure 5.8 shows the storage modulus sentivity (AGYG0) vs. electric
field of PCB/PCB/HSA blends by ionic crosslinking (0.015 %viv CaCh) of various
PCB concentrations of 0.01 %wvlv, 0.05 %vlv, 0.10 %ulv, 0.03 Yaviv, and 0.50 Yy,
respectively, at frequency of 100 racls and at 300 K The data show that when the
PCB is introduced into the system at 0.01"%ulv, 0.05 %ulv, and 0.10 %ulv, the
storage modulus increases at a given electric field strength.  The highest AG/Go
obtained Is 1855 from the 0.10 %viv PCB/HSA blend. This is because the PCB acts
as a conductive polymer which produces adaitional dipole moments and enhencs the
electron mobility within the PCB/HSA hydrogel blenas (Ludeglerd et al., 2010;
Tangboriboon et al., 2010; Tangboriboon et al., 2011; Tungkavet et al., 2012; and
Tangboriboonand et al., 2013). At PCB concentrations higher than 0.10 %viv PCB,
the AGIGO decreases at a given electric field strength  because of the phase
separation between PCB and HSA or the PCB aggregation obstructs the dipole
moment interaction within -~ the  specimen  (Chotpattananont et al., 2006;
Tangboriboon et al., 2011; Tungkavet et al., 2012; and Tangboriboon et al., 2012).

5438 Deflection Responses

The deflection of the HSA hydrogel by ionic crosslinking; covalent
crosslinking; and PCB/HSA hydrogel blends was studied by vertically suspending
the hydrogels in a silicone oil bath. The electric deflection responses of HSA
hydrogel and 0.10 %viv PCB/HSA hydrogel blend with and without an electric field
strength of 500 vimm are shown in Figure 5.9. Upon applying an electric field, the
free lower ends of the hydrogels deflect toward the positive electrode, with the
amounts cepending on the electric field strength, Thedeflection responsessuggest an
attractive interaction between the positive electrode charge and the polarized
carboxyl and hydroxyl group, in which the HSA structures possesse net negative
charge. Another mechanism for the deflection also arises from the dieletrophoresis
force originated from polarizable body in a nonuniform electric field (Petcharoen et
al., 2013).The deflection distances, deflection angles and dielectrophoretic forces of
the HSA hydrogel and the PCB/HSA hydrogel blend are shown in Figure 5.10 and
Table 54. The HSA hydrogel shows a greater deflection distance value and
deflection angle than the PCB/HSA hydrogel blends. However, the HSA/PCB
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hydrogel blends show a higher dielectrophoretic forces at a given electric field
strength relative to the HSA hydrogel. The highest dielectrophoretic forces oocur
with the 0.1 %viv PCB because PCB acts as a conductive polymer producing
additional dipole moments and enhancing the electron mobility within the PCB/HSA
hydrogel composite (Niamlanget al., 2008 and Tungkavet et al., 2012). At a higher
PCB concentration, the dielectrophoretic force decreases because of the PCB
aggregation reaucing polarizability (Tungkavet et al., 201 land Kunanuruksapong al.,
2011). Whereas the deflection distance and deflection angle decrease because of the
higher initial rigidity and the PCB agglomoration (Tungkavet et al., 2011). The
dielectrophoretic forces at the electric field strength of 500 v/imm of the HSA, 0,01
Youlv PCBIHSA, 0.05 %oviv PCBIHSA, 0.10 %uiv PCBIHSA, 0.50 %viv PCBIHSA,
0.10 %uiv PCB/HSA, 0.30 %viv PCB/HSA, and 0.50 %viv PCB/HSA hydrogel
blends are 1.00, 1.78, 183, 2.76, 2.18 and 1,06 mN, respectively.

I comparison ~ with the previous work, the maximum
dielectrophoretic force at 500 v/imm of styrene-isoprene-styrene triblock copolymer
(D1114P) was 20.5 pN (Thonksak et al., 2010).The dielectrophoretic force of a
gelatin hydrogel at 600 v/mm was 7.05 mN (Tungkavet et al., 2012). The
dielectrophoretic force of a cellulosic gel at 500 vimm was 4.63 mN (Kunchomsup
etal., 2012).

5.5 Conclusions

The electromechanical properties and the cantilever bending of the SA
hydrogels and PCB/HSA hydrogel blends were investigated at electric field strength
varying from 0-800 v/imm. For the SA hydrogels, the storage modulus response
(AG) and the storage modulus sensitivity (AG/G0) increased dramatically with
increasing electric field strength. The AG' and AG/Go of SA hydrogels with ionic
crosslinking were higher than those of the SA hydrogels with covalent crosslinking.
Moreover, the AG' and AG/Go of the SA hydrogels increased with increasing
molecular weight of SA
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For the PCB/HSA hydrogel composites, The AGIGo increased with
increasing PCB concentration; it was the highest with the 0.10%v/v PCB/HSA, and it
decreased at PCB concentrations higher than 0.10%vv.

In the deflection measurement, the deflection distances and the
dielectrophoretic forces of the HSA hydrogel and PCB/HSA hydrogel blends
increased monotonically with increasing electric field strength. The PCB/HSA
hydrogel blends showed higherdielectrophoretic forces but lower dflection distances
relative to those those of the HSA hydrogel.
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Figure 5.2 FTIR spectra of SA hydrogels: (3) pristine 1%viv HSA; () 1%ulv HSA +
0.015%vlv CaCl2 and ¢ 1%viv HSA +0.50%viv CA
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Figure 5.3 XRD diffraction peaks of [A] HSA hydrogesl: (a) pristine HSA; (b) 1
Youlv HSA+ 0.015 %uiv CaCl2 and (c) 1 %viv HSA+ 0.50 %uiv CAand [B]
PCB/HSA hydrogel blends by ionic crosslinking method: (a) pristine HSA; (€) 0.01
%iv PCBIHSA; (f) 0.05 %viv PCBIHSA; and () 0.10 %viv PCBIHSA
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Table 52  Degracation temperatures and percent weight lossed from TGA
thermograms of pristine SA hydrogels and blends.

Water Content  Weight ~ TYrset

Sample N Loss (¢
i

1%uiv HSA + 0.015%viv CaCl2 93.15 979 25
|%uv/v MSA + 0.015%vlv CaCl2 93.17 977 209
|%uv/v LSA +0.015%vlv CaCl2 94.95 97.3% A1 *
|%vIv HSA + 0.5%uviv CA 80.45 8625 27
|%vIv MSA + 0.5%ulv CA 90.32 8167 220
1%viv LSA by + 0.5%uiv CA 91.78 838 210

0.01%viv PCB/HSA +0.015%viv CaCl2 9345 207 29
0.05%vi/v PCB/HSA +0.015%viv CaCl2 9293 8843 28
0.10%viv PCB/HSA +0.015%uiv CaCl2 9240 807 20
0.30%viv PCBIHSA +0.015%uviv CaCl2 213 866 252
0.50%viv PCB/HSA + 0.015%ulv CaCl2 89.82 8.4 - 27
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Figure 54 SEM photographs of PCB/HSA hydrogel blends of various PCB
concentrations: (a) pristine HSA; (b) 0.01%viv PCB; (c) 0.05%viv PCB; (d)
0.10%ulv; (8) 0.30%uiv PCB; and (f) 0.50%viv PCB.
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(€)

Figure 5.5 EFM images (2.5x2.5im2): (a) HSA without crosslinking; (b) 1 %viv
HSA + 0,015 %uiv CaCl2 (c) 1 %viv HSA + 0.50 %viv CA; and (d) 0.01%uiv
PCB/HSA+ 0015 %viv CaCl2hydrogel blend.

b
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Figure 5.6 Temporal response of 1%viv HSA hydrogels and 0.1%viv PCB/HSA
hydrogel blends a frequency of 100 radls, electric field strength of 800 v/imm, and at
300K
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Table 5.3 Comparison of storage modulus sensitivities (AG/G) of SA hydrogels

and electroactive materials
C
Material &trer!J Se,gﬁ@ Reference
[%viv HSA + 0.015%viv 748
CaCl2 08 100 '
1%\viv HSA + 0.50%v/v CA 550
Styrene-1soprene-styrene
Ve ocka1114 5 0.122
Styrene-isoprene-styrene Thonksak
Ve 00ka1164$ - ! 0102 s
Styrene-1soprene-styrene
G 0050
crossllnked hgeI 290
3%crossllnhed hl(ﬁh gel- odg b
strength gelat :
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Figure 58 The storage modulus sensitivity (AG/Ga) versus electric field strength of
pristine HSA and PCB/HSA hydrogel blend at strain of 0.1 % frequency of 100
ragls, and at 300 K



Table 54 Comparison of electromechanical properties of the SA hydrogels at

frequency of 100 rad/s, electric field strength of 800 v/imm, and at 300 K

Material

1%viv HSA +
0.015%viv CaCl2

Initial Storage
Moaulus (Go, Pa)

1.09x105+ 149x 104

JTRMSAL 8 sgEnts3 07l

[%viv LSA +
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0.50%v/v CA

[%v/v MSA +
0.50%viv CA

|%vlv LSA +
0.50%v/v CA
0.01%uv/v PCB/HSA
+0.015%vlv CaCl2
0.05%v/v PCB/HSA
+0.015%uiv CaCl2
0.10%v/v PCB/HSA
+0.015%viv CaCl2
0.30%v/v PCB/HSA
+0.015%uviv CaCl2
0.50%uv/v PCB/HSA
+0.015%viv CaCl2

251 X104+ 9.38X103

1.10x1056.69x103
9.50E+04+7.60x103
9.76x104+ 7.81X103
3.22x104+2.57x103
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3.30x104+2.64x103
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Figure 5.9 Bending of pristine HSA hyarogel and 0.10%v/v PCB/HSA hydrogel
blend at electric field strength 0 and 500 vimm.
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Table 5.5 Deflection angles, deflection distances, and dielectrophoresis forces of
PCB/HSA composites with at electric field strength of 500 v/imm

Deflection Deflection | _
M aterials Angle Distance Dielectrophoresis
(Degree) (mm) Force (mN)
1%uiv HSA +0.015 Youlv
CaCly 558 +023 1810+ 057 1004001
1%uiv HSA +0.50 %/
WA B0 B30 05+
0.01 Y%viv PCB/HSA +
0.015 Y%yl CaCl? 0L +176  1400+099 178+017
0.05 %viv PCB/HSA +
0015 Y%l CaCl2 4034+ 164 1435+03H 183+001
0.10 %oviv PCB/HSA +
0.015 Yvlv CaCl? M19+013  BBH+007  «27620.15
0.30 %viv PCB/HSA +
0015 Y%l Cacl2 3669+285  1260+099 218+002
0.50 Y%oviv PCB/HSA +
2420+017  889+0.07 1.06+ 1.16

0.015 %viv CaCl2
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