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A P P E N D IC E S

A P P E N D IX  A  Synthesized P o lyca rb a zo le  by In te r fa c ia l P o ly m e riz a tio n  

M e th o d

A l .  P re p a ra tio n  o f P o lyca rb a zo l (P C B ) by In te r fa c ia l P o ly m e riz a tio n  M e th o d

The synthesizing conditions of PCB by interfacial polymerization method 
with various concentrations and types of surfactant are shown in Table Al and the 
proposed mechanism of synthesized PCB is shown in Figure A l.

T a b le  À1 The synthesizing conditions of PCB by interfacial polymerization with 
various types and concentrations of surfactant at polymerization time of 24 h

S u rfa c ta n t M o n o m e r ะ S u rfa c ta n t
R e m a rk

T ypes (M o le  R a tio )

None 1:0 PCB
1:0.0034 PCB_TW20( 1:0.0034)

Tween 20 1:0.0068 PCB_TW20 (1:0.0068)
(nonionic) 1:0.0136 PCB TW20 (1:0.0136)

1:0.0272 -

CTAB
1:0.0034 PCB_CTAB (1:0.0034)

(cationic) 1:0.0068 PCB CTAB (1:0.0068)
1:0.0126 -
1:0.0034 PCBSDS (1:0.0034)

SDS 1:0.0068 PCBSDS (1:0.0068)
(anionic) 1:0.0126 PCB SDS (1:0.0126)

1:0.0272 PCB SDS (1:0.0272)
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F ig u re  A l  Proposed mechanistic scheme for the polymerization of PCB.

A 2. F o u r ie r  T ra n s fo rm  In fra re d  S pectroscopy

Polycarbazole (PCB) was synthesized via the interfacial polymerization of 
carbazole monomer. This polymerization was performed af30 °c (room temperature) 
with and without adding surfactant. The FT-IR characteristic peaks of synthesized 
PCB are shown in Figure A2.

Ü



97

W ave num ber (cm )

F ig u re  A 2  The FTIR spectra of PCB with interfacial polymerization synthesized by 
various surfactant types: (a) PCB monomer; (b) PCB; (c) PCB_TW20 (1 : 0.0068);
(d) PCB CTAB (1 : 0.ff068); and (d) PCB SDS (1 : 0.0068).

The spectra indicate the successfully synthesized PCB and all the systems 
show the same characteristic peaks. The absorbance peaks at 3400 cm'1, 1600-1625 
cm'1, 1400-1489 cm'1, 1200-1235 cm'1, 800-875 cm'1, and 700-750 cm'1 correspond 
to the N-H stretching of hetero-aromatics, the C=C stretching of aromatic compound, 
the C-N stretching of substitutions, the C-H in plane bending, the C-H deformation 
of tri-substituted benzene ring, and the C-H out-of-plane bending, respectively 
(Macit et a l., 2005, Gupta et al., 2010, and Raj et al., 2010). From this result, it can 
be claimed that the' synthesized PCB is not contaminated with any residual 
surfactant.
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A 3. T h e r m a l G rav im etr ic  A n a ly z e r  (T G A )

The thermal property of PCB, PCB_Tพ 20 (1:0.0068), PCBCTAB 
(1:0.0068), and PCB_SDS (1:0.0068) was investigated using TGA to obtain the 
onset decomposition temperature (Td,onset) of polymer as shown in Figure A3.

T em perature (°C)
-

F ig u r e  A 3  TGA thermograms of PCB with interfacial polymerization synthesized 
by various surfactant types.

PCB, PCB_Tพ20 (1:0.0068), PCB_CTAB (1:0.0068), and PCB_SDS 
( 1:0.0068) show two transition temperatures. In the first transition at 400-600 °G 
(Td,onset; 471.69, 485.34, 534.68, and 472.73 ๐c, respectively) can be assigned to the 
elimination of PCB small molecule. The second transition at 
400 - 800 ๐c  (Td,onset- 731.62, 746.86, 767.08, and 740.34 °c, respectively) can be 
referred to the decomposition of the polymeric chain (Abthagir et a l., 2004). This 
result indicated that Td,onset of both step increase after adding surfactant. Td,onset of 
PCB_SDS (1:0.0068) is higher than PCB due to decreasing of the particle size.
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Td,onset of PCB TW20 (1 : 0.0068) is higher than PCBSDS (1:0.0068) because of 
the changing of shape hollow sphere to macroporous honeycomb structure that is 
reduced surface area for thermal attachive. Td.onset of PCB_CTAB (1:0.0068) is the 
highest because its shape is a connected hollow microsphere that is the highest 
packing of hollow spheres (Figure A4). Moreover, The char yield increases with 
increasing Td onset because the higher Td.onset provides less time for decomposition and 
char formation (Paradee et a i ,  2013). The char yields at Td,onset of the polymeric 
chain are 18.51, 35.27, 60.85, and 27.47, respectively.

A 4  M o rp h o lo g ica l S tru c tu re

SEM images with a magnification of 6000 times were used to examine the 
morphological structure of the synthesized PCB with various concentrations and 
types of surfactant using three surfactants (nonionic as TW20, cationic as CTAB, and 
anionic as SDS), as illustrated in Figure A4.
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F ig u re  A 4  SEM photographs of PCB synthesized by interfacial polymerization with 
different surfactant types: (a) PCB; (b) PCB_TW20 (1:0.0068); (c) PCB CTAB 
(1:0.0068); and (d) PCB_SDS (1:0.0068) at 24 h).

Figure A4 shows the morphology of the synthesized PCB and the 
synthesized PCB of various types of surfactant fixed (monomer:surfactant mole 
ratios of 1:0.0068). The system of no adding surfactant, the particle shapes as the 
hollow sphere structure (Figure A4 (a)). The system of adding TW20, CTAB, and 
SDS reveal a porous structure (Figure A4 (b)), a connected hollow sphere structure 
(Figure A4 (c)), and a small hollow sphere structure {Figure A4 (d)), respectively. 
For the PCB synthesized without surfactant, the formation of the spherical PCB as 
polymerized by the interfacial polymerization occurs similar to the vesicle micelle 
forming mechanism (Gupta et al., 2010). Radical monomer cations are formed by the 
oxidation of the monomers near the interface between HC1 and DCM where 
polymerization takes place initially within the CB micelles (Gupta et al., 2010). The

๐
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shapes of PCB are change with type of surfactant types. For the PCB synthesized 
with TW20, it produces a porous structure duce to hexagonally packed cylinders 
formation of micelle. For the PCB synthesized with CTAB, it produces a connected 
hollow sphere structure because the reverse micelles generate pore spaces within the 
system and prodcues a fusion and aggregation of the hollow spheres. For the PCB 
synthesized with SDS, it produces a small hollow sphere due to vesicle forming of 
CB micelle. SDS as anionic surfactant neutralizes the charges of CB micelle to 
reduce the size of PCB.

F ig u re  A5 SEM photographs of PCB synthesized by interfacial polymerization at 
various monomer: CTAB mole ratios', (a) PCB:CTAB (1:0), (without CTAB); (b) 
PCB:CTAB (1: 0.0034), ( less than CMC; (c) PCB:CTAB (1:0.0068), (at CMC); and 
(d) PCB:CTAB (1:0.0126), (more than 2 X CMC) at 24 h.

o
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The morphology of the synthesized PCB (Figure A5 (a)) and the synthesized 
PCB of various surfactant concentrations (CTAB) (Figure A5 (b) -  A5 (d)) reveal the 
particle shapes as the hollow spheres structure and a connected closed-hollow 
spheres structure, respectively. For the PCB synthesized without CTAB, the 
formation of the spherical PCB as polymerized by the interfacial polymerization 
occurs similar to the micelle forming mechanism (Gupta et al., 2010). Radical 
monomer cations are fonned by the oxidation of the monomers near the interface 
between APS and DCM where polymerization takes place initially within the PCB 
micelles (Gupta et al., 2010). For the system with CTAB at concentration less than 
CMC (monomer: CTAB mole ratio of 1 : 0.0034) , it produces a closed-hollow 
spheres PCB structure similar to the case without CTAB added (Figure A5 (b)). At a 
CTAB concentration lower than CMC, micelle is not generated and it has no effect 
on the packing of PCB. In a system with CTAB concentration equal to CMC 
(monomer: CTAB mole ratio of 1:0.0068), the CTAB molecules form the reverse 
micelles (Preni et al., 1993). The formation of the spherical PCB occurs outside the 
reverse micelles. The mechanism is however the same as the system without CTAB. 
So, the reverse micelles generate pore spaces within the system and prodcues a 
fusion and aggregation of the closed-hollow spheres (Figure A5 (c)). For the system 
with CTAB concentration at more than 2 X CMC (monomer:CTAB mole ratio of 
1:0.0126), it produces even a higher packing of coanected closed-hollow sphere 
structures (Figure A5 (d)) when compared with the system synthesized at CMC 
(Figure A5 (c)). The size of micelle increases with increasing CTAB concentration 
thus a higher packing of the closed-hollow spherical structures can be expected. 
Furthermore the polymerization of PCB does not occur at a CTAB concentration 
more than 2 X CMC.



103

- .0030

- .0025 E

- .0020 ^
- .0015 I

C.0010 รั ไร
.0005 iO

- 0.0000 w 
- -.0005

1 :0  1:0.0036 1:0.0068 1:0.0136

Monomer : Surfactant (mole ratios)

F ig u re  A 6 The particle size and electrical conductivity of PCB with interfacial 
polymerization synthesized by various CTAB concentrations.

Figure A6 shows particle size and electrical conductivity under the effect of 
CTAB concentrations. When the concentration of CTAB is increased from 1 : 0 to 1 
: 0.0036 mole ratio, the particle size is decreased, but the electrical conductivity is 
slightly increased. When the concentration of CTAB is increased from 1 : 0.0036 to 
1 : 0.0068 and from 1 : 0.0068 to 1 : 0.0136 mole ratio, the particle size is 
continuously decreased, but the electrical conductivity is greatly increased because 
the smaller size and higher packing of particle corresponds to the higher surface area 
for electron transfer (Paradee et al., 2013).

The electrical conduction of both PCB_TW20 and PCB_SDS are 1.72E-04 
± 5.80E-06 and 2.62E-03 ± 7.88E-04 s/cm, respectively, which lower than 
PCB_CTAB (2.62E-03 ± 7.88E-04) because they have a lower particle packing that 
correspond to the lower surface area for electron transfer. However, PCB_TW20 
shows higher electrical conductivity because it has a lower particle packing that

o
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corresponds to the lower surface area for electron transfer (Table A2). Moreover, the 
electrical conductivity of the all systems of PCB is increased after doped by HCIO4. 
The concentration of HCIO4 affects to the electrical conductivity that is polymer : 
HCIO4 ratio of 1 : 50 mole shown the highest electrical conductivity (Table A2) 
because this condition Î S  appropriated for doped acting as an electron withdrawing 
group. It pulls an electron out of the polymer backbone. Then, the polymer backbone 
contains a hole and an electron from a neighboring bond jumps to fill the bond 
(Permpool et a i ,  2013). However, PCB_CTAB has the highest electrical 
conductivity after doped with the polymer:HClC>4 ratio of 1:50 mole that the 
electrical conductivity is increased four orders of magnitude relative to the undoped 
PCBCTAB and three orders of magnitude higher than doped PCB.

F ig u re  A7 The electrical conductivity of PCB after doped with various mole ratios 
ofPCB:HC104.
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T ab le  A2 Particle size and electrical conductivity of PCB with various surfactant 
types

S a m p les
P a r tic le  S ize E le c tr ic a l C o n d u ctiv ity  (S /cm )

(nrn) U n d o p ed D o p ed

PCB 3213 ±944 2.72E-06 ± 3.16E-07 5.59E-02 ± 2.69E-03
PCB_TW20 (1:0.0136) 1182 ±327 1.72E-04 ± 5.80E-06 7.67E-01 ± 3.70E-02
PCB CTAB (1:0.0136) 2068 ±455 2.62E-03 ± 7.88E-04 1,13E±01 ± 3.61E-01
PCB SDS (1:0.0136) 2841 ± 835 2.16E-05 ± 1.79E-05 4.49E-02 ± 3.32E-03

A 5 C r itica l M ic e lle  C o n cen tra tio n  o f  S u rfactan t

The critical micelle concentration (CMC) of the three surfactants were 
determined by measuring the surface tension of the pure surfactant with a 
tensiometer (Kruss/Easydyne tensiomeyer, K20) using the plate method. The three 
surfactants were dissolved in dichlomethan at various concentrations at 25 °c. 
Surface tension was recorded eight times and averaged for each sample.
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Figure A8 The critical micelle concentration (CMC) of CTAB in dichloromethane
at 25 °c.
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Figure A9 The critical micelle concentration (CMC) of TW20 in dichloromethane
at 25 °c.
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Figure A10 The critical micelle concentration (CMC) of SDS in dichloromethane at
25 °c.
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A6 Density of PCB after Doped with HCIO4

D en sity  o f  PC B w as analyzed by U ltrapycnom eter 100 (version  2 .4). 

Table A3 D en sity  o f  PCB after doped w ith  HCIO 4

Run Density' (g/cm )
1 2.1266

2 2 . 1 2 1 0

3 2.1224

4 2.1231

5 2 . 1 2 2 2

6 2.1255

7 2.1297

8 2.1266

9 2.1272

1 0 2.1274

Average Density' 2.1252
Deviation Achieved 0.0028

Ü
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APPENDIX B Characterization of Sodium Alginate Hydrogels (SA) 
BI Crosslinking Density of SA Hydrogel

The alginate hydrogels w ere analyzed  by sw e llin g  stud ies im m ediately after 
crosslink ing , accord ing  to the m ethod o f  G udem an and Peppas (1995). A sam ple o f

o

the hydrogel ( 1  cm 2 square) w as cut and w eigh ed  in air and heptane (a n on-solvent). 
The sam ple w as placed in a stain less steel m esh  basket w hich  w as suspended in 
heptane to obtain accurate w eight m easurem ents in heptane. The sam ple w as then  
placed  in a buffer solution at 37 ° c  for 5 days to a llo w  it to sw ell tow ards 
equilibrium , And then w as w eighed in air and heptane again. B efore w eighting, the  
sam ple w as blotted w ith tissue paper to rem ove surface water. Finally, the sam ple  
w as dried at 25 ° c  in a vacuum  for 5 days. O nce again it w as w eighed in air and 
heptane. The crosslink ing  density w as ca lcu lated  using equation  B l .

1 1
M e M n

pj-[ln(l -  v2 J + v 2 5 + P > 1,
(  \ 1/3 (  \

v 2,, 1 v 2 ,,— —:— — ---- --

K J
2

K J

(B l
ไ

W here:

M  ท = the num ber-average m olecular w eigh t o f  the polym er before cross- linking  

v =  the sp ec ific  volum e o f  alginate  

 ̂ 1 =  the m olar volum e o f  water (18.1 cm 3/m ol)
X =  the Flory interaction parameter o f  alginate and the d issociation  constant is

pKa =  4 .7
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B 1.1 C rosslink ing  D ensity  o f  S A  H ydrogel w ith Ionic C rosslinking (C aC b)

Table B1 W eight loss (%) and crosslink ing  den sity  (m o l/cm 3) o f  SA  hydrogels o f  
various C aC b concentrations

S A  Hydrogel Types
CaCb Concentrations

(% v /v ) Weight Loss 
(% )

Crosslinking
Density

(mol/cm3)xl06
r /o v /v

H igh  m olecu lar w eight 
( l% v /v  แ ร A )

0 .0 0 5 0 6 1 .4 0  ± 2 .0 5 10.36 ± 2 .3 3
0 .0 1 0 0 4 9 .6 7  ± 7 .5 0 14.70 ± 6 .2 8
0 .0 1 5 0 4 0 .5 7  ± 5 .4 0 18.50 ±  8 .87
0 .0 2 0 0 2 8 .3 9  ± 5 .9 1 19.80 ± 7 .3 1

l% v/v
M edium  m olecu lar w eight 

( l% v /v  M S A )

0 .0 0 5 0 75 .73  ±  1.62 11.47 ±  0 .58
0 .0 1 0 0 7 5 .28  ± 2 .2 5 12.06 ± 0 .0 4
0 .0 1 5 0 5 0 .3 4  ± 7 .3 0 16.71 ±  1.20
0 .0 2 0 0 4 2 .5 0  ±  1.02 21.01 ± 2 .0 0

l% v /v
L o w  m olecu lar w eight 

( l% v /v  L S A )

0 .0 0 5 0 81.51 ± 3 .3 3 12.66 ± 0 .2 1
0 .0 1 0 0 80 .38  ± 6 .9 1 14.43 ± 0 .7 2
0 .0 1 5 0 5 8 .98  ± 2 .3 0 22.31 ± 9 .4 6
0 .0 2 0 0 3 7 .15  ± 2 .2 6 38 .78  ± 0 .2 4

B 1.2  C rosslink ing  D ensity o f  S A  H yd rogels w ith  C ovalent Crosslinking ('Citric 

A cid ;C A )

Table B2 W eight loss (%) and crosslin k in g  den sity  (m o l/cm 3) o f  SA  hydrogel o f  
various C A  concentrations

SA Hydrogel Types CA Concentrations
(% v /v )

Weight Loss 
(% )

Crosslinking Density 
(mol/cm )X 1 0 6

l% v /v
H igh  m olecu lar w eight 

( l% v /v  H S A )

0.25 - -
0 .50 7 8 .4 2  ±  1.36 19.79 ± 8 .7 8
0 .75 7 5 .4 3 ± 4 .5 7 74 .34  ±  12.65
1.00 7 3 .5 8  ± 0 .5 2 165.8 ±  14.26

l% v/v
M edium  m olecu lar w eight 

( l% v /v  M S A )

0.25 - -
0 .50 7 8 .9 2  ± 2 .0 7 15.60 ± 2 .7 7
0 .75 7 4 .5 6  ±  1.34 63 .82  ± 8 .1 6
1.00 7 1 .4 2  ±  1.24 156.23 ± 2 8 .3 2

l% v /v
L o w  m olecu lar w eight 

( l% v /v  L S A )

0 .25 - -
0 .50 8 5 .2 2  ± 5 .3 5 2 0 .8 2  ± 9 .7 8
0 .75 80 .23  ± 2 .1 8 60 .23  ±  9 .6 4
1.00 72 .43  ±  1.35 132.76 ± 2 6 .5 4



B2 Fourier Transform Infrared Spectroscopy

Sodium  alginate (S A ) hydrogels w ere prepared by the crosslinkings through  

either ion ic  crosslinking (C aC l2)  or covalen t crosslin k in g  (citric  acid; ç a ) . B oth  o f
SA  hydrogels w ere first characterized for the functional groups by the Fourier 
transform  infrared spectrom eter (Therm o N ico le t, N ex u s 670) in the absorbance  
m ode w ith 64  scans at a resolution o f  4 c m '1.

3 5 0 0  3 0 0 0  2 5 0 0  2 0 0 0  1 5 0 0  1 0 0 0  5 0 0

Wave number (cm~^)
(A)

Figure B1 FTIR spectra o f  S A  hydrogels: (A ) ion ic  crosslinking m ethod; (B )  
covalen t crosslinking (B); (a) pristine l% v/v  FISA; (b) l% v/v  H SA  + 0 .0 15% vlv  
C aC l2; and (c) l% v/v  H A S +  0 .50% vlv  C aC l2.
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Figure B1 FTIR spectra o f  SA  hydrogels: (A ) ionic crosslinking m ethod; (B )  
cova len t crosslinking (B); (a) pristine l% v /v  H SA ; (b) l% v/v  H S A  +  0 .015% vlv  
C aC l2; and (c) l% v/v H A S +  0 .50% vlv  C aC l2. (C ont.)

๐
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Table B3 FTIR assignm ents o f  SA  h ydrogels

Wavenumber (cm 1) Assignment Peaks References
3265 O -H  stretching Saarai et ah, 2013

1590-1587 -C O O - Saarai et ah, 2013

1071 C-C and C - 0  stretching Saarai et ah, 2013

1200-1235 C -H  in plane bending Saarai et ah, 2013

1025 C-C stretching Saarai et al., 2013

800-875 C -H  stretching Saarai et al., 2013

B3 Thermal Gravimetric Analyzer

A  thermal gravim etric analyzer (D uPont, TG A 2 9 5 0 ) w as used to 
characterize the thermal behavior and the water content o f  SA  h ydrogels. T hey w ere  
investigated  by w eighting exam ple o f  5 -1 0  m g and placed it in p latinum  pan, and 
then heating it under nitrogen f lo w  w ith  the heating rate 1 0 °c /m in  from  3 0 -8 0 0 °C .

o
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(A)

(B)

Figure B2 TG A therm ogram  o f  S A  hydrogels: (A ) ion ic crosslin k in g  m ethod, (B ) 
covalent crosslinking.

๐
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B 4 X -ray  D iffra c tio n

X-ray diffraction  (G upta e t a l., 2 0 1 0 )  w as used to investigate the am ount o f
crystalline in SA  hydrogels in a based pow der form. T he d iffractom eter w as  
operated in the Bragg-Brentano geom etry  and fitted w ith  a graphite m onochrom ator  
in the diffracted beam  w ith 57m in  scan rate.

(A )

F ig u re  B3 XRJD m easurem ent o f  S A  hydrogels: (A ) ionic crosslin k in g  m ethod , (B )  
covalent crosslin k in g  m ethod.
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F ig u re  B 3 X R D  m easurem ent o f  S A  hydrogels: (A ) ion ic  crosslink ing  m ethod, (B ) 
covalent crosslin k in g  m ethod. (C ont.)

B5 A to m ic  F o rce  M icro sco p y  (A F M )

A FM  (C SP M  4 0 0 ) im ages w ere taken w ith a scanning electron  m icroscop e to 
determ ine the to p o lo g y  o f  the hydrogels at crosslinking types by using a scan rate 0.5  
Hz and a scan sized  o f  2.5 pm  X 2.5 p m 2.
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F ig u re  B 4 A FM  m icrographs: (a) H SA  w ithout crosslinking; (b) H S A  by ionic  
crosslinking; and (c) H SA  by cova len t crosslinking.
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A P P E N D IX  c  E le c tr o m e ch a n ic a l P ro p erties  M e a su r e m e n ts  o f  S o d iu m  
A lg in a te  (S A ) H y d ro g e ls

C l  S o d iu m  a lg in a te  h y d ro g e ls  cro sslin k ed  w ith  io n ic  c r o ss lin k in g  (C a C h )

T a b le  C l  The storage m odulus o f  sodium  alginate h ydrogels w ith  fixed  0 .015% v/v  
CaCE under applied electric field  strength (fixed  frequency = 1 0 0  and %strain =  0.1)

Electric
Field

Strength
(V/mm)

The Storage Modulus (Pa)
High Molecular 
Weight Alginate

Medium Molecular 
Weight alginate

Low Molecular 
Weight Alginate

0 1.09E+05 ±  1.49E+04 8.58E+04 ±  3.07E+03 5.75E +04 ±  2.15E+03

25 1.16E+05 ±  9.26E+03 9.68E+04 ±  3.62E+03 7.01E +04 ±  2.62E+03

50 2.06E+05 ±  4.99E+03 9.90E+04 ±  3.70E+03 8 .3 1E+04 ±  3 .1 1E+03

1 0 0 3.12E+05 ±  2.04E+04 1.20E+05 ±  4.49E+03 8.77E +04 ±  3.28E+03

2 0 0 4.53E+05 ±  2.07E+04 1.42E+05 ±  5.30E+03 9.54E +04 ±  3.57E+03

300 5.77E+05 ±  2.64E+04 2.05E+05 ±  7.65E+03 9.79E +04 ±  3.66E+03

400 6.39E+05 ±  2.92E+04 2.4.7E+05 ±  9.25E+03 1.08E+05 ±  4.03E+03

500 7.37E+05 ±  3.44E+04 2.78E+05 ±  1.04E+04 1.46E+05 ±  5.45E+03

600 7.85E+05 ±  4.40E+04 3.84E+05 ±  1.44E+04 1.83E+05 ± 6.84E+03

700 8.02E+05 ±  4.49E+04 4 .6 2 E + 0 5 ±  1.73E+04 2.12E+05 ะ!ะ 7.93E+03

800 8.16E+05 ±  3.81E+04 5.35E+05 ±  2.41E+04 2.51E+05 ±  9.38E+03

o
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T a b le  C 2 The storage m odulus sensitiv ity  o f  sodium  alginate hydrogels w ith  
0 .0 15% v/v  C a C f  under applied  electric field  strength (fixed  frequency = 100  and 
% strain = 0 .1 )

E le c tr ic  F ield T he s to ra g e  m o d u lu s  se n s it iv ity
S tren g th H ig h  M o lecu la r M ed iu m  M o lecu la r L ow  M o lecu la r
(V /ram ) W e ig h t A lg in a te W eig h t A lg in a te W e ig h t A lg in a te

25 0.06 ±  0.05 0.13 ± 0 .0 1 0.22 ± 0 .0 7

50 0.89 ± 0 .0 5 0.16 ± 0 .0 4 0.45 ± 0.08

1 0 0 1.86 ±  0.14 0.43 ± 0 .0 5 0.53 ± 0 .1 1

2 0 0 3.15 ± 0 .0 8 0 . 6 8  ± 0 .0 6 0 . 6 6  ± 0 .1 2

300 4.39 ± 0 .1 7 1.43 ± 0 .0 9 0.70 ± 0 .1 3

400 4.86 ± 0 .0 7 1.94 ±  0.11 0 . 8 8  ± 0 .0 6

500 5.76 ± 0 .0 8 2.30 ± 0 .1 2 1.54 ± 0 .0 9

600 6.19 ± 0.17 3.56 ± 0 .1 7 2.19 ± 0 .0 2

700 6.56 ± 0 .4 6 4.49 ± 0 .2 0 2.69 ± 0 .2 7

800 7.66 ± 0 .3 5 6 . 2 0  ± 0 .2 8 3.37 ±0.33

o
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Figure Cl Strain sweep test: (a) storage modulus and (b) loss modulus o f 1 %v/v
HSA hydrogel with 0.015%v/v CaCh at frequency 1 rad/s and 100 rad/s, electric
field strength 0 v /m m  and 800 v/m m, sample thickness 1.65 mm, 300 K.
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Figure C2 Strain sweep test: (a) storage modulus and (b) loss modulus o f l% v/v
MSA hydrogel with 0.015%v/v CaCl2 at frequency 1 rad/s and 100 rad/s, electric
field strength 0 v /m m  and 800 v/m m , sample thickness 1.69 mm, 300 K.
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o 1 rad/s at 0  v/m m
o 1 rad/s at 800 v/m m
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A 1 0 0  rad/s at 800 v/m rr

(a)
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Figure C3 Strain sweep test: (a) storage modulus and (b) loss modulus o f l% v/v
LSA hydrogel with 0.015%v/v CaCh at frequency 1 rad/s and 100 rad/s, electric
field 0 V/mm and 800 v/m m , sample thickness 1.63 mm, 300 K.
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Tim e (ร)

Figure C 4 Tem poral response test o f  1 % v/v H SA  hydrogel w ith 0 .015% v/v C aC h  
at frequency 100 rad/s, electric field  strength 800 v/mm, sam ple thickness 1.65 m m , 
300  K.
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Figure C5 Frequency sw eep  test: (a) storage 
1 % v/v H S A  hydrogel w ith 0.015% v/v C aC l2 at 
mm, tem perature 300 K.

m odulus and (b) loss m odulus o f  
strain 0.1%, sam ple th ick n ess 1.65

o
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Figure C6 Frequency sweep test: (a) storage modulus and (b) loss modulus o f
l%v/v MSA hydrogel with 0.015%v/v CaCF at strain 0.1%, sample thickness 1.69
mm, temperature 300 K.

o
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Figure C7 Frequency sweep test: (a) storage modulus and (b) loss modulus o f
l%v/v LSA hydrogel with 0.015%v/v CaCl2 at strain 0.1%, sample thickness 1.63 mm,
temperature300K.

๐



127

Figure C8 The storage m odulus response (AG') versus electric  fie ld  strength o f  
alg inate hydrogels crosslinked  w ith  0 .0 1 5 % v /v  C aC l2 at strain 0.1% , frequency 100  
rad/s, temperature 300  K.

4>

Figure C9 The storage m odulus sen sitiv ity  (AG'/G'o) versus e lectric  fie ld  strength o f  
alginate hydrogels crosslin k ed  w ith  0 .0 1 5 % v /v  C aC l2 at strain 0.1% , frequency 100  
rad/s, temperature 300  K.
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C2 Sodium Alginate Hydrogels Crosslinked with Ionic Crosslinking (Citric 
Acid; CA)
Table C3 The storage m odulus o f  sodium  alginate hydrogels w ith  fixed  0 .050% v/v  
„CA under applied electric field  strength, (fixed  frequency =  100 rad/s and % strain =  
0 .1 )

Electric
Field

Strength
(V/mm)

The Storage Modulus (Pa)
High Molecular 
Weight Alginate

Medium Molecular 
Weight Alginate

Low Molecular 
Weight Alginate

0 1.10E + 05 ±  6 .69E + 03 9 .5 0 E + 0 4 ±  7 .60E +03 9 .7 6 E + 0 4  ±  7 .8 1 E + 0 3
25 1.29E +05 ±  6 .06E + 03 1.21E +05 ±  9 .65E +03 1.33E +05 ±  1 .07E + 04
50 1.61E +05 ±  1 .29E +04 1.70E +05 ±  1.36E +04 1.52E +05 ±  1 .22E + 04

100 2 .24E + 05  ±  1 .79E +04 2 .2 6 E + 0 5  ±  1.80E +04 1.70E +05 ะเะ 1 .36E + 04
200 2 .89E + 05  ±  2 .3 1 E + 0 4 2 .6 2 E + 0 5  ±  2 .10E + 04 1.91E +05 ±  1 .53E + 04
300 3 .58E + 05  ±  2 .8 6 E + 0 4 3 .1 2 E + 0 5  ±  2 .49E + 04 2 .1 2 E + 0 5  ± 3 .6 6 E + 0 3
4 00 4 .25E + 05  ±  3 .4 0 E + 0 4 3 .66E + 05  ± 2.93E + 04 2 .2 4 E + 0 5  ± 1 .89E + 04
500 5 .03E + 05  ± 4 .0 2 E + 0 4 4 .2 3 E + 0 5  ± 3 .39E +04 2 .3 6 E + 0 5  ± 5 .4 5 E + 0 3
600 5 .87E + 05  ± 4 .7 0 E + 0 4 4 .8 1 E + 0 5  ± 3 .85E +04 2 .4 5 E + 0 5  ±  6 .8 4 E + 0 3
700 6 .38E + 05  ± 5 .1 1E+04 5 .26E + 05  ± 4 .21E + 04 2 .8 0 E + 0 5  ± 7 .9 3 E + 0 3
800 6 .89E + 05  ± 5 .5 1 E + 0 4 6 .1 0E + 05 ± 4.88E + 04 3 .0 6 E + 0 5  ±  9 .3 8 E + 0 3
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Table C4 The storage m odulus sen sitiv ity  o f  sodium  alginate h ydrogels w ith  fixed  
0.50% v/v C A  under applied electric fie ld  strength, (fixed frequency = 1 0 0  rad/s and 
%strain = 0.1)

Electric Field The storage Modulus Sensitivity
Strength High Molecular Medium Molecular Low Molecular
(V/mm) Weight Alginate Weight Alginate Weight Alginate

25 0 .18  ±  0.01 0.25 ± 0 .0 2 0 .3 5 ±  0.03
50 0 .57  ± 0 .0 4 0 .77  ± 0 .0 6 0 .55 ± 0 .0 4
100 1.20 ±  0 .1 0 1.37 ±  0.11 0 .73 ± 0 .0 6
200 1.85 ± 0 .1 5 1.76 ±  0.14 0 .94  ± 0 .0 8
300 2.53 ± 0 .2 0 2 .29  ± 0 .1 8 1.02 ± 0 .0 8
400 3 .20  ± 0 .2 6 2 .87  ± 0 .2 3 1.32 ±  0.11
500 3 .97  ± 0 .3 2 3 .49  ± 0 .2 8 1.40 ±  0.11
600 4 .75  ± 0 .3 8 4.11 ± 0 .3 3 1.50 ±  0 .12
700 5 .16  ±  0.41 4 .58  ± 0 .3 7 1.86 ±  0 .15
800 5 .3 6 ±  0.43 5 .02 ± 0 .4 0 2 .12  ±  0 .17
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Figure CIO Strain sweep tests: (a) storage modulus and (b) loss modulus o f l% v/v
HSA hydrogel with 0.50%v/v CA at frequency 1 rad/s and 100 rad/s, electric field
strength 0 v /m m  and 800 v / m m ,  sample thickness 1.65 mm, 300 K.
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(a)

S tra in  (% )
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Figure C ll Strain sweep tests: (a) storage modulus and (b) loss modulus o f l% v/v
MSA hydrogel with 0.50%v/v CA at frequency 1 rad/s and 100 rad/s, electric field
strength 0 v / m r a  and 800 พ ทนท, sample thickness 1.69 mm, 300 K.
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Figure C12 Strain sweep tests: (a) storage modulus and (b) loss modulus o f 1 %v/v
LSA hydrogel with 0.50 %v/v CA at frequency 1 rad/s and 100 rad/s, electric field 0
v/m m  and 800 v/m m , sample thickness 1.63 mm, 300 K.

๐
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Figure C13 Tem poral response test o f  l% v /v  HSA hydrogel w ith  0 .50% v/v  CaCh 
at frequency 100 rad/s, e lectric  field  strength 800  v/mra, sam ple th ickness 1.65 mm, 
300  K.
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F ig u r e  C 14  Frequency sw eep  test o f  l% v /v  FISA hydrogel w ith  0 .50% v/v  C A  at 
strain 0.1% , sam ple th ickness 1.65 mm, tem perature 3 00  K.
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Figure 15 Frequency sweep tests: (a) storage modulus and (b) loss modulus o f
1 %v/v MSA hydrogel with 0.50%v/v CA at strain 0.1%, sample thickness 1.69 mm,
temperature 300 K.
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Figure C16 Frequency sweep tests: (a) storage modulus and (b) loss modulus of
l% v/v LSA hydrogel with 0.50 %v/v CA at strain 0.1%, sample thickness 1.63 mm,
temperature 300 K.
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Figure C17 The storage modulus (G1) versus electric field strength of alginate 
hydrogels crosslinked with 0.50%v/v CA at strain 0.1 %, frequency 100 rad/s, 
temperature 300 K.

E l e c t r i c  f i e l d  s t r e n g t h  ( V / m m )

Figure C18 The storage modulus response (AG1) versus electric field strength of 
alginate hydrogels crosslinked with 0.50%v/v CA at strain 0.1 %, frequency 100 
rad/s, temperature 300 K.

๐
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E le c tr ic  fie ld  s tre n g th  (V /m m )

Figure C19 The storage modulus sensitivity (AG'/G'o) versus electric field strength 
of alginate hydrogels crosslinked with 0.50%v/v CA at strain 0.1 %, frequency 100 
rad/s, temperature 300 K.
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C3 Comparison of Crosslinking Method Affected to Electromechanical 
Properties.
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Figure C20 The storage modulus (G1) versus electric field strength of l%v/v HSA at 
strain 0.1 %, frequency 100 rad/s, temperature 300 K.

E l e c t r i c  f i e ld  s t r e n g t h  ( V / m m )

Figure C21 The storage modulus response (AG') versus electric field strength of 
l%v/v HSA at strain 0.1 %, frequency 100 rad/s, temperature 300 K.
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Figure C22 The storage modulus sensitivity (AG'/G'o) versus electric field strength 
of l%v/v HSA at strain 0.1 %, frequency 100 rad/s, temperature 300 K.
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C4 Deflection Responses of Pristine High Molecular Weight Sodium Alginate 
Hydrogel with Crosslinked by Ionic Crosslinking (CaCF) and Ionic 
Crosslinking (CA)

Table C5 Deflection angle (0) and dielectrophoresis force (F(j) versus electric field 
strength of pristine HSA hydrogel with crosslinked by ionic crosslinking (CaCh) 
(sample width 3 mm, sample thickness 1.25 mm, sample weight 0.0812 g)

Electric Field 
Strength (V/mm)

Deflection 
Angle (Degree)

Deflection 
Distance (mm)

Dielectrophoresis 
Force (mN)

0 0 0 0
25 7.13 ± 0.11 1.55 ±0.01 8.60E-02 ± 2.75E-03
50 8.40 ±0.29 1.83 ±0.08 1.02E-01 ± 7.03E-03
75 10.77 ±0.80 2.36 ±0.30 1.31E-01 ± 1.98E-02
100 21.19 ± 0.80 4.81 ±0.08 2.66E-01 ± 1.04E-02
125 25.22 ±0.38 5.85 ±0.46 3.24E-01 ± 1.81E-02
150 32.33 ±0.62 7.87 ±0.90 4.35E-01 ± 3.98E-02
175 38.30 ±1.19 9.80 ±0.29 5.43E-01 ± 3.64E-03
200 41.31 ±0.09 10.90 ±0.42 - 6.05E-01 ± 3.74E-02
225 45.35 ±0.88 12.55 ±0.07 6.96E-01 ± 1.20E-02
250 47.33 ±0.25 13.45 ±0.07 7.46E-01 ± 1.32E-02
275 49.85 ±0.25 14.70 ± 0.14 8.15E-01 ± 1.08E-02
300 51.07 ± 0.19 15.35 ±0.35 8.51E-01 ± 1.11E-04
325 51.61 ±0.01 15.65 ±0.35 8.67E-01 ± 2.70E-04
350 51.96 ±0.02 15.85 ±0.35 8.79E-01 ± 5.23E-04
375 52.82 ±0.01 16.35 ±0.64 9.06E-01 ± 1.45E-02
400 53.40 ±0.22 16.70 ±0.71 9.25E-01 ± 1.80E-02
425 53.88 ±0.27 17.00 ±0.85 9.42E-01 ± 2.55E-02
450 54.43 ±0.37 17.35 ±0.92 9.61E-01 ± 2.89E-02
475 54.74 ±0.41 17.55 ±0.92 9.72E-01 ±2.87E-02
500 55.58 ±0.40 18.10 ± 0.57 1.00E±00 ± 8.38E-03

๐
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T a b le  C6 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of pristine sodium alginate hydrogel with crosslinked by covalent 
crosslinking (CA) (sample width 3 mm, sample thickness 1.25 mm, sample weight
0.1112 g)

E le c tr ic  F ie ld D e fle c tio n  A n g le D eflection D ie le c tro p h o re s is

S tre n g th  (V /m m ) (D egree) D istance (m m ) F orce  (m N )

0 0 0 0
25 3.40 ±0.92 0.88 ±0.47 4.09E-02 ± 0.02
50 7.15 ± 0.56 1.85 ±0.29 8.62E-02 ± 0.01
75 9.01 ±3.13 2.35 ± 1.65 1.10E-01 ±0.08
100 13.17 ± 1.71 3.45 ±0.93 1.61E-01 ±0.04
125 19.15 ± 3.14 5.14 db 1.81 2.40E-01 ±0.08
150 27.40 ±2.78 7.67 ± 1.82 3.58E-01 ±0.08
175 30.61 ±3.48 8.79 ±2.43 4.10E-01 ±0.11
200 35.54 ± 1.77 10.53 ± 1.37 4.92E-01 ±0.06
225 36.28 ± 1.41 10.81 ± 1.12 5.05E-01 ±0.05
250 - 41.04 ± 0.31 12.80 ±0.28 5.98E-01 ±0.01
275 41.41 ±0.36 12.97 ±0.33 6.06E-01 ±0.02
300 41.70 ± 0.31 13.10 ± 0.28 6.12E-01 ±0.01
325 41.92 ±0.31 13.20 ±0.28 6.17E-01 ±0.01
350 42.67 ±0.07 13.55 ±0.07 6.33E-01 ±0.02
375 42.98 ±0.35 13.70 ±0.07 6.41E-01 ±0.03
400 44.21 ±0.28 14.30 ±0.28 6.68E-01 ±0.01
425 44.60 ±0.42 14.50 ±0.42 6.78E-01 ±0.02
450 45.09 ±0.34 14.75 ±0.35 6.89E-01 ±0.02
475 45.86 ±0.33 15.15 ± 0.35 7.08E-01 ±0.02
500 46.15 ±0.39 15.31 ±0.42 7.15E-01 ±0.02
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F ig u re  C23 Deflection angle (9) and dielectrophoresis force (F(i) versus electric 
field strength of pristine sodium alginate hydrogel with crosslinked by ionic 
crosslinking (CaCF) (sample width 3 mm, sample thickness 1.25 mm, sample weight
o.llg).
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F ig u re  C24 Deflection angle (0) and dielectrophoresis force (Fd) versus electric 
field strength of pristine sodium alginate hydrogel with crosslinked by covalent 
crosslinking (CA) (sample width 3 mm, sample thickness 1.25 mm, sample weight 
0.13 g).
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F ig u re  C25 Deflection angle (0) versus electric field strength of pristine sodium 
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Figure C27 Bending of pristine HSA hydrogel at electric field strength 0 and 500 
v/mm.

500 v/mm

Figure C28 Bending of pristine HSA hydrogel at electric field strength 0 and 500 
v/mm.



1 4 6

APPENDIX D Characterization of Polycarbazolc/Sodium Alginate Hydrogel 
Blends (PCB/HSA)
D1 Thermal Gravimetric Analyzer

A thermal gravimetric analyzer (DuPont, TGA 2950) was used to 
characterize the thermal behavior and the water content of PCB/HSA hydrogel 
blends. They were investigated by weighting example of 5-10 mg and placed in 
platinum pan, and then heating under nitrogen flow with the heating rate of 10°c/min 
in the temperature range of 30-800°C.

0 2 0 0  4 0 0  6 0 0  8 0 0

Temporature ( C)

Figure D1 TGA thermogram of PCB/HSA hydrogel blends with various PCB 
concentrations.
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Table D1 The summary of degradation temperature and percent weight loss in TGA 
thermograms of pristine HSA hydrogel and HSA hydrogel blends with various PCB 
concentrations.

Sample Water Content
(%)

Td (°C) Weight Loss (%)
Pristine l%v/v HSA 93.15 132 95.23
0.01%v/v PCB/HSA 93.45 239 92.07
0.05%v/v PCB/HSA 92.93 248 88.43
o'lO%v/v PCB/HSA 92.40 250 88.07
0.30%v/v PCB/HSA 92.13 252 87.66
0.50%v/v PCB/HSA 89.82 257 83.74

D2 X-ray Diffractionometer

X-ray diffraction (Gupta et al., 2 0 1 0 ) was used to investigate the amount of
crystallinity in PCB/HSA hydrogel blends in hydrogel form. The diffractometer was 
operated in the Bragg-Brentano geometry and fitted with a graphite monochromator 
in the diffracted beam with scan rate of 5Ymin scan rate.
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Figure D2 XRD diffraction peaks of PCB/HSA hydrogel blends with various PCB 
concentrations: (a) pristine HAS; (b) 0.01 %v/v PCB; (c) 0.05 %v/v PCB; and (d)
0.10 %v/v PCB.

Table D2 The summary of XRD diffraction of pristine HSA hydrogel and HSA 
hydrogel blends with various PCB concentrations. ■**

Sample 2 Theta (Degree)
Pristine 1 %v/v HSA 29
0.01%v/v PCB/HSA 29,45
0.05%v/v PCB/HSA 29, 45
0.10%v/v PCB/HSA 29,45

๐
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D3 Scanning Electron Microscope (SEM)

Scanning electron microscope (Hitachi, S4800) was used to determine the 
morphological structure. The SEM images were captured at the magnification of 250 
times with acceleration voltage of .10 kV.

Figure D3 SEM photographs of PCB/HAS hydrogel blends with various PCB 
concentrations: (a) 0.01%v/v PCB, (b) 0.05%v/v PCB, 0.10%v/v, 0.30%v/v PCB, 
and 0.50%v/v PCB

o
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Figure D3 SEM photographs of PCB/HAS hydrogel blends with various PCB 
concentrations: (a) 0.01%v/v PCB, (b) 0.05%v/v PCB. 0.10%v/v, 0.30%v/v PCB, 
and 0.50%v/v PCB. (Cont.)

D5 Atomic Force Microscopy (AFM)

AFM (CSPM 400) images were taken with a scanning electron microscope 
to determine the topology of PCB/HSA hydrogel blends by using a scan rate 0.5 Hz
and a scan sized of 2.5pm X 2.5pm2.

.๔*-

Figure D4 AFM micrographs: (a) HSA by ionic crosslinking; and (b) 0.01%v/v 
PCB/HSA hydrogel blend by ionic crosslinking.



The electromechanical properties of the hydrogel blends were carried out by a 
melt rheometer (Rheometric Scientific, ARES). It was fitted with a costom-built 
copper parallel plate fixture, diameter 25 mm. A DC voltage was applied by DC 
power supply (Instek, GFG 8216A). A digital multimeter was used to monitor the 
voltage input. Dynamic strain sweep test was first carried out to find an appropriate 
strain by measuring G' and G" in the viscoelastic regime of the polycarbazole/sodium 
alginate hydrogel blends of various polycarbazole concentrations.

APPENDIX E Electromechanical Properties of Polycarbazole/Sodiuin Alginate
(PCB/HSA) Hydrogel Blends



Table E l The storage modulus o f sodium PCB/HSA hydrogel blends o f various PCB concentrations under applied electric field
strength, (fixed frequency =100 rad/s and %strain = 0.1)

Electric Field 
Strength 
(V/mm)

Storage Modulus (Pa)

Pristine HSA 0.01%v/v PCB 0.05%v/v PCB 0.1%v/v PCB 0.3%v/v PCB 0.5%v/v PCB

0 1.02E+05 ± 
1.38E+03

3.22E+04 ± 
2.57E+03

3.25E+04 ± 
2.60E+03

3.30E+04 ± 
2.64E+03

3.32E+04 ± 
2.66E+03

5.02E+04 ± 
4.01E+03

25 1.17E+05 ± 
1.15E+03

5.42E+04 ± 
4.34E+03

4.36E+04 ± 
3.48E+03

3.40E+04 ± 
2.72E+03

5.37E+04 ± 
4.E29+03

5.11E+04 ± 
4.88E+03

50 2.06E+05 ± 
1.49E+04

6.68E+04 ± 
5.34E+03

4.50E+04 ± 
3.60E+03

3.57E+04 ± 
2.85E+03

5.55E+04 ± 
4.44E+03

6.87E+04 ± 
5.49E+03

100 3.12E+05 ± 
2.50E+04

9.37E+04 ± 
7.49E+03

7.27E+04 ± 
5.82E+03

3.75E+04 ± 
3.00E+03

6.05E+04 ± 
4.84E+03

7.44E+04 ± 
5.95E+03

200 4.53E+05 ± 
2.07E+04

1.84E+04 ± 
1.47E+04

1.86E+05 ± 
1.49E+04

4.42E+04 ± 
3.53E+03

7.65E+04 ± 
6.12E+03

8.12E+04 ± 
6.49E+03



Table E l The storage modulus o f sodium PCB/HSA hydrogel blends o f various PCB concentrations under applied electric field
strength (fixed frequency =100 rad/s and %strain = 0.1)(Cont.)

Electric Field 
Strength 
(V/mm)

Storage Modulus (Pa)

Pristine HSA 0.01 %v/v PCB 0.05%v/v PCB 0.1%v/v PCB 0.3%v/v PCB 0.5%v/v PCB

300 5.88E+05 ± 
3.86E+04

2.29E+05±
4.23E+04

2.61E+05 ± 
2.09E+04

1.40E+05 ± 
1.12E+04

1.26E+05 ± 
1.01E+04

9.56E+04 ± 
7.65E+03

400
6.39E+05 ± 
2.92E+04

3.30E+05 ± 
2.64E+04

3.19E+05 ± 
2.55E+04

2.25E+05 ± 
1.80E+04

2.26E+05 ± 
1.81E+04

1.04E+05 ± 
8.34E+03

500 7.37E+05 ± 
4.22E+04

3.36E+05 ± 
2.69E+04

4.05E+05 ± 
3.24E+04

3.01E+05 ± 
2.41E+04

2.80E+05 ± 
2.24E+04

1.10E+05 ± 
8.81E+03

600 7.85E+05 ± 
5.38E+04

3.46E+05 ± 
2.77E+04

4.35E+05 ± 
3.48E+04

4.52E+05 ± 
3.62E+04

3.17E+05 ± 
2.54E+04

1.12E+05 ± 
9.83E+03

700 8.25E+05 ± 
8.06E+04

3.92E+05 ± 
3.13E+04

4.96E+05 ± 
3.97E+04

5.99E+05 ± 
4.79E+04

3.93E+05 ± 
3.14E+04

1.39E+05 ± 
1.11E+04

800 8.36E+05 ± 
6.83E+04

4.44E+05 ± 
3.55E+04

5.27E+05 ± 
4.22E+04

6.26E+05 ± 
5.01E+04

4.21E+05 ะ!ะ 
3.37E+04

1.44E+05 ± 
1.15E+04

*



Table E2 The storage modulus sensitivity o f PCB/HSA hydrogel blends o f various PCB concentrations under applied electric field
strength (fixed frequency =100 and %strain = 0.1)

Electric Field 
Strength 
(V/mm)

Storage Modulus Sensitivity
Pristine HSA 0.01 %v/v PCB 0.05%v/v PCB 0.1%v/v PCB 0.3%v/v PCB 0.5%v/v PCB

25 0.08 ± 0.05 0.68 ±0.05 0.34 ±0.23 0.06 ±0.01 0.68 ± 0.05 0.89 ±0.07
50 0.95 ±0.11 1.07 ±0.09 0.38 ±0.03 0.11 ±0.01 0J3 ± 0.06 1.55 ±0.12
100 1.99 ±0.23 *1.91 ±0.15 1.24 ± 0.10 0.17 ±0.02 0.89 ±0.07 1.76 ± 0.14
200 3.37 ±0.19 4.71 ±0.38 4.71 ±0.38 0.38 ±0.27 1.39 ± 0.11 2.01 ±0.16
300 4.69 ±0.40 6.12 ±0.49 7.04 ±0.56 3.38 ±0.27 2.93 ± 0.23 2.55 ± 0.20
400 5.19 ±0.29 9.27 ±0.74 8.81 ±0.71 6.03 ± 0.48 6.05 ± 0.48 2.87 ±0.23
500 6.16 ±0.43 9.45 ±0.76 11.47 ±0.92 8.41 ±0.67 7.75 ±0.62 3.08 ±0.25
600 6.62 ±0.54 9.75 ±0.78 12.39 ±0.99 13.12 ะfc 1.05 8.90 ±0.71 3.56 ±0.28
700 7.03 ± 0.84 11.18 ± 0.89 14.25 ± 1.14 17.72 ± 1.42 11.26 ±0.90 4.16 ±0.33
800 7.13 ± 0.72 12.80 ± 1.02 15.21 ± 1.22 18.55 ± 1.48 12.15 ±0.97 4.33 ±0.35
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Figure E l Strain sweep test: (a) storage modulus; (b) loss modulus of 0.01%v/v 
PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCl2 at frequency 
of 1 rad/s and 100 rad/s, electric field strength of 0 v/mm and 800 v/mra, sample 
thickness of 1.65 mm, 300 K.



156

(a)

S tr a in  (% )

(b)

Figure E2 Strain sweep test: (a) storage modulus; (b) loss modulus of 0.05%v/v 
PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCh at frequency 
of 1 rad/s and 100 rad/s, electric field strength of 0 v/mm and 800 v/mm, sample 
thickness of 1.68 mm, 300 K.
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Figure E3 Strain sweep test: (a) storage modulus; (b) loss modulus of 0.10%v/v 
PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCh at frequency 
of 1 rad/s and 100 rad/s, electric field strength of 0 v/mm and 800 v/mm, sample 
thickness of 1.73 mm, 300 K.
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Figure E4 Strain sweep test: (a) storage modulus; (b) loss modulus of 0.30%v/v 
PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCh at frequency 
of 1 rad/s and 100 rad/s, electric field strength of 0 v/mm and 800 v/mm, sample 
thickness of 1.68 mm, 300 K.
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(a)
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(b)

Figure E5 Strain sweep test: (a) storage modulus; (b) loss modulus of 0.50%v/v 
PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCB at frequency 
of 1 rad/s and 100 rad/s, electric field strength of 0 v/mm and 800 v/mm, sample 
thickness of 1.68 mm, 300 K.

o
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Figure E6 Temporal response test of 0.1%v/v PCB/HSA hydrogel blend with ionic 
crosslinking of 0.015%v/v CaCf at frequency 100 rad/s, electric field strength 800 
v/mm, sample thickness 1.65 mm, 300 K.
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Figure E7 Frequency sweep test: (a) storage modulus; (b) loss modulus o f 0.01%v/v
PCB/HSA hydrogel blend with ionic crosslinking o f 0.015%v/v CaCl2 at strain 0.1%,
sample thickness 1.75 mm, temperature 300 K.
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Figure E8 Frequency sweep test: (a) storage modulus; (b) loss modulus o f 0.05%v/v
PCB/HSA hydrogel blend with ionic crosslinking o f 0.015%v/v CaCl2 at strain 0.1%,
sample thickness 1.73 mm, temperature 300 K.
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Figure E9 Frequency sweep test: (a) storage modulus; (b) loss modulus
PCB/FISA hydrogel blend with ionic crosslinking of 0.015%v/v CaCl2 at
sample thickness 1.65 mm, temperature 300 K.
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Figure E10 Frequency sweep test: (a) storage modulus; (b) loss modulus of
0.30%v/v PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCl2 at
strain 0.1%, sample thickness 1.65 mm, temperature 300 K.

4X

๐



G
’ (

Pa
)

165

le+ 6

le+5 -

Ie+4

.01

o g Q Q O Q ^ a n a a a a Q U S
l isHisiiii-l io o n o a o o o a n a S o o a n

แ;-1 !แ!!แ!แ
10
-k

100
F r e q u e n c y  (ร )

(a)

๐ E 0  v /m m
A E 2 5  V /m m

V E 5 0  V /m m

□ E l 00 V /m m

o E 2 0 0  V /m m

0 E 3 0 0  V /m m
๐ E 400  V /m m
A E 5 0 0  V /m m

□ E 6 0 0  V /m m

o E 7 0 0  V /m m

0 E 8 0 0  V /m m

1000

a.
O

le+6

le+5

le+4 -

le+3

.01

a O

o  E0 V /m m

A E25 V /m m

V E50 V /m m

a o  o □  E l 00 V /m m

ES S O  E200 V /m m

a  o a 0  E300 V /m ma a a °  E400 V /m m

A E500 V /m mท & . zs 0 E600 V /m m

O  E700 V /m m

ธ ร § 0  E800 V /m m

a  a

1 10 100 
Frequency (rad/s)

1000

(b)

Figure E ll Frequency sweep test: (a) storage modulus; (b) loss modulus of
0.50%v/v PCB/HSA hydrogel blend with ionic crosslinking of 0.015%v/v CaCh at
strain 0.1%, sample thickness 1.71 mm, temperature 300 K.
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Figure E12 The storage modulus (G') versus electric field strength of PCB/HAS 
hydrogel blend of various PCB concentration at strain 0.1%, frequency 100 rad/s, 
temperature 300 K.

E l e c t r i c  f i e l d  s t r e n g t h  ( V / m m )

Figure E13 The storage modulus response (AG1) versus electric field strength of 
PCB/HSA hydrogel blend of various PCB concentration at strain 0.1%, frequency 
100 rad/s, temperature 300 K.
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E l e c t r i c  f i e l d  s t r e n g t h  ( V / เฑ เฑ )

Figure E14 The storage modulus sensitivity (AG'/G'o) versus electric field strength 
of PCB/HSA hydrogel blend of various PCB concentration at strain 0.1%, frequency 
100 rad/s, temperature 300 K.
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APPENDIX F Deflection Responses of Pristine High Molecular Weight Sodium 
Alginate (HSA) Hydrogel and Polycarbazole/High Molecular Weight Sodium 
Alginate (PCB/HSA) Hydrogel Blends
Table FI Deflection angles, deflection distances, and dielectrophoresis forces of 
PCB/HSA blends with crosslinked by ionic crosslinking (CaCC) at electric field 
strength of 500 v/mm

Materials PCB
(%v/v)

Deflection
Angle

(Degree)

Deflection
Distance

(null)
Dielectrophoresis 

Fforce (mN)

HSA by ionic 
crosslinking 0 . 0 0 55.58 ±0.23 18 .10 ± 0.57 1 . 0 0  ะ± 0 . 0 1

HSA by covalent 
crosslinking 0 . 0 0 46.15 ±0.39 15.31i0.42 0.75 ±0.02

PCB/HSA by ionic 
crosslinking 0 . 0 1 40.11 ± 1.76 14.00 ±0.99 1.78 ±0.17

PCB/HSA by ionic 
crosslinking 0.05 40.34 ± i.64 14.35 ±0.35 1.83 ±0.01

PCB/HSA by ionic 
crosslinking 0 . 1 0 44.19 ± 0.13 15.75 ±0.07 2.76 ±0.15

PCB/HSA by ionic 
crosslinking 0.30 36.69 ±2.85 12.60 ±0.99 2.18 ± 0 . 0 2

PCB/HSA by ionic 
crosslinking 0.50 24.29 ±0.17 8.89 ±0.07 1.06 ± 1.16
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Figure F l Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of 0.01 %v/v PCB/HSA hydrogel blend (sample width 3 mm, sample 
thickness 1.5 mm, sample weight 0.21 g).
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Figure F2 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of 0.05 %v/v PCB/HAS hydrogel blends (sample width 3 mm, sample 
thickness 1.5 mm, sample weight 0.22 g).
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Figure F3 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of 0.10 %v/v PCB/HSA hydrogel blends (sample width 3 mm, sample 
thickness 1.5 mm, sample weight 0.28 g).
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Figure F4 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of 0.30 %v/v PCB/HSA hydrogel blend (sample width 3 mm, sample 
thickness 1.5 mm, sample weight 0.29 g).
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Figure F5 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field 
strength of 0.50 %v/v PCB/HSA hydrogel blend (sample width 3 mm, sample 
thickness 1.5 mm, sample weight 0.26 g).
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Figure F 6  Dielectrophoresis force (Fd) versus electric field strength of pristine HSA 
and PCB/HSA hydrogel blends.
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Figure F7 Deflection angle (0) versus electric field strength of pristine HSA and 
PCB/HSA hydrogel blends.
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Figure F 8  Bending of pristine HSA hydrogel at electric field strength 0 and 500 
V/mm.
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Figure F9 Bending of pristine 0.01%v/v PCB/HSA hydrogel blend at electric field 
strength 0 and 500 v/mm.

Figure F10 Bending of pristine 0.05%v/v PCB/HSA hydrogel blend at electric field 
strength 0 and 500 v/mm.
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0,10%v/Y PCB + HSA 
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Figure F l 1 Bending of pristine 0.10%v/v PCB/HSA hydrogel blend at electric field 
strength 0 and 500 v/mm.

Figure F12 Bending of pristine 0.30%v/v PCB/HSA hydrogel composite at electric 
field strength 0 and 500 v/mm.
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Figure F13 Bending of pristine 0.50%v/v PCB/HSA hydrogel blend at electric field 
strength 0 and 500 v/mm.
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