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APPENDICES

Appendix A Identification of FT-ER Spectrum

Synthesizedpolydiphenylamine (PDPA) and dedoped Polydiphenylamine

Polydiphenylamine (PDPA) was synthesized via the oxidative polymerization 
of diphenylamine(DPA) to obtains doped-PDPA (DPDPA) (Orlov et al., 2005). The 
PDPA was dedoped by immersing in ammonium hydroxide solution to become 
neutral PDPA (DePDPA). The polymers were first characterized for the functional 
groups by a FT-IR spectrometer (Thermo Nicolet, Nexus 670) in absorption mode 
with 32 scans and a resolution of ± 4 cm'1, wavenumbers range of 4000-400 cm'1, 
and using a deuterated triglycine sulfate as a detector. Optical grade KBr (Carlo Erba 

•Reagent) was used as the background material. De PDPA and D PDPA were 
intimately mixed with dried KBr at a ratio of PDPA: KBr = 1:20.

1
ร ุX 5

<

4000 3000 2000 1000
Wavenumbers (cirfl)

D PDPA 
De PDPA

Figure A1 The FT-IR spectrum of doped-Polydiphenylamine (D PDPA) and 
dedoped_polydiphenylamine (De PDPA).



Table A l The FT-IR absorption spectrum of D PDPA and D ePD PA

Wavenumbers (cm 1)
Assignments References

D PDPA DePDPA References
3387 3387 3400 N-H (stretching) Zhao e t  a l , 2 0 0 5

3034 3032 3100-3000 C-H Aromatic Santana e t  a l . ,2003
1595, 1499 .1595, 1501 1595, 1506 c= c (stretching) Santana e t  a l . ,2003

1448 1447 1450 O N  (stretching) Zhao e t  a l , 2 0 0 5

1317 1319 1317 C-N (stretching) 
Benzenoil Santana e t  a l . ,2003

1173, 1237 •1174, 1237 1260-1000 C-0 Alcohol Santana e t  a l . ,2003
824 822 812 1,4 disubstitute ring Zhao e t  a l , 2 0 0 5

900-650 900-650 900-650
Substitution pattern 

on
aromatic rings

Zhao e t  a l . ,2 0 0 5

■ V a r ia tio n  o f  d o p in g  m o le  r a t io  ( N u c /N monomer) o f  p D P  A

The dedope-PDPAr was doped with HC1 at various doping mole ratio 
(N nci/N m onom er)- The mole ratios chosen were 1:100, 1:10, 1:1, 10:1, 100:1, and 
200:1. The dedoped-PDPA powder was stirred with HC1 solutions for 24 hrs, 
flittered, and vacuum dried at 25°c for 24 hrs. To compare peaks intensity of FT-IR 
spectra of DePDPA and DPDPA of various doping mole ratios PDPA 10:1, 100:1, 
200:1, and synthesized PDPA in 1 M HC1. 0.76 mg of each polymer was precisely 
mixed with 51.4 mg of dried-KBr, or 3:200 (g/g), the mixed samples were 
compressed into sample pellets. The FT-IR spectrum of each polymer is compared to 
each others as in the following (Figure A2).
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4000 3000 2000 1000
Wavenumber (cm‘1)

Figure A’2 FT-IR spectra of dedoped-Polydiphenylamine (De PDPA) and 
dopedPolydiphenylamine (DPDPA) of various doping levels 10:1, 100:1, 200:1, 
and the synthesized PDPA in 1 M HC1.

The spectra show above the N-H stretching peaks at 3400 cm'1 (Zhao et a l, 
2005); the peak intensity significantly decreases as the doping mole ratio is increased 
(Figure A3). Moreover, in the range of 2000 cm'1 to 3800 cm'1, the spectra of the 
doped PDPA become broad peaks while the spectrum of dedoped PDPA becomes 
shape and planar peak.
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Wavenumber (cm"l)
Figure A3 FT-IR spectra of dedoped-Polydiphenylamine (DePDPA) and 
dopedPolydiphenylamine (D PDPA) of various doping level 10:1, 100:1, 200:1, 
and the synthesized PDPA in 1 M HC1, at wavenumber between 3200-3600 cm'1.
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Appendix B Identification of Characteristic Peaks of Dedoped and Doped 
Poly(diphenylamine) from UV-Visible Spectroscopy

UV-Vis spectra were recorded with a UV-Vis absorption spectrometer 
(Perkin-Elmer, Lambda 10). Measurements were taken in the absorbance mode in 
the wavelength range of 200-900 nm. Doped-PDPAs were prepared by stirring the 
polymers powder with HC1 solutions for 24 hours using various mole ratio of HC1 to 
PDPA monomer (100:1 10:1 1:1 1:10 and 1:100). Dedoped-PDPA was dissolved in 
THF at the concentration of 0.05 g/L. Scan speed is 240 mm/min, and a slit width of 
2.0 nm, using a deuterium lamp as the light source.

300 400 500 600 700 800 900
Wavelenght(nm)

(a)
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Figure B1 UV-Visible spectra of Dedoped-poly(diphenylamine)(De_PDPA) and 
HCl-doped poly(diphenylamine)(D_PDPA) at the mole ratio of acid to monomer of 
100:1, 10:1, 1:1, 1:10 and 1:100 in THF : (a) the significant peak at wavelength 
about 320 nm for the Benzenoid ring; (b) the peaks at wavelength about 520nm 
indicating the neutralized amine.
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Table B1 Absorbance spectra of Dedoped-poly(diphenylamine)(De_PDPA) and 
HCl-doped-poly(diphenylamine)(D_PDPA) at the mole ratio of acid to monomer 
100:1, 10:1, 1:1, 1:10 and 1:100, in THF

Wavelength (nm)

DePDPA 330 - 528 -

DPDPA 100:1 332 - 524 -

DPDPA 10:1 335 - 523 -

DPDPA 1:1 335 - 519 -

DPDPA 1:10 332 -• 510 -

DPDPA 1:100 331 - 514 _

[320] [460] [520] [630]

Assignment ใ!-ใ!* transition of 
benzenoid ring

protonation of 
amine sites neutralized polaron

Hua et al.,2003 Tsai et al.,2003 Hua et ฟ .,2003 Hua et ฟ .,2003

[ ] refer to results of the assignments cited from references.
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0 .0

300 400 500 600 700 800 900
D~PDPA !;!o° w  avelength(nm)

........ D~PDPA 1:1
.........D~PDPA 10:1
— — DJPDPA 100:1 
------ DePDPA

F ig u r e  B 2  U Y -V is ib le  spectra o f  D ed op ed -p o ly (d ip h en y lam in e)(D e_P D P A ) in TH F  
and H C l-doped  p o ly (d ip h en y lam in e)(D _ P D P A ) at the m o le  ratios o f  acid to  
m onom er 100:1, 10:1, 1:1, 1:10 and 1:100, in HC1 so lu tion s at each concentrations :
a) the sign ifican t peak at w a velen gth  about 3 2 0  nm in d icative  o f  the B en zen o id  ring;
b) th e peak at w a velen gth  about 520nm  ind icative o f  neutralized am ine.
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T a b le  B 2  A bsorbance spectra o f  D ed op ed -p o ly (d ip h en y lam in e)(D e_P D P A ) in  TH F  
and H C l-d op ed  p o ly (d ip h en y lam in e)(D _ P D P A ) at the m o le  ratios o f  acid to  
m onom er o f  100:1, 10:1, 1:1, 1:10 and 1:100 in HC1 so lu tion  at each concentration

W a v e le n g th (n m )

D e P D P A 3 3 0 - 5 2 8 -

D P D P A  100 :1 3 3 2 4 4 1 - 6 6 0 (sh o u ld e r )

D P D P A  10:1 3 3 5 4 2 0 - 6 5 0 (sh o u ld e r )

D  P D P A  1:1 3 3 5 4 1 4 - 6 4 0 (sh o u ld e r )

D P D P A  1 :1 0 3 3 2 4 1 6 - 6 4 0 (sh o u ld e r )

D P D P A  1 :1 0 0 3 3 1 4 0 0 - 6 2 0 (sh o u ld e r )

[3 2 0 ] [4 6 0 ] [5 2 0 ] [6 3 0 ]

A s s ig n m e n t ใ]-ใ]* tra n sit io n  o f  
b e n z e n o id  r in g

p r o to n a tio n  o f  
a m in e  s ite s n eu tr a lized  ' p o la ro n

H u a e t a l . ,2 0 0 3 T sa i e t  a l . ,2 0 0 3 H u a  e t a l.,2 00 3 . H u a  e t  a l . ,2 0 0 3

[ ] refer to  results o f  the assignm ents cited  from references.
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A p p e n d ix  c  T h e  T h e r m o g r a v im e t r y  A n a ly s i s  o f  d e d o p e d - p o ly d ip h e n y la m in e  
( D e P D P A )

The therm ogravim etric analyzer (Perkin E lm er, T G A 7) w a s used to  
determ ine the therm al b ehavior o f  polym ers. The experim ent w as carried out by  
w eig h tin g  a p ow d er sam ple o f  5 -10  m g and p laced  it in  a platinum  pan, and then  
heated it under n itrogen  flo w  w ith  the heating rate 10 °c /m in  from  30-800°c. From  
Figure C l ,  the T G A  therm ogram  o f  D e  P D P A  ind icates degradation o f  D e  P D P A  
m ain chain  beyond  the tem perature o f  440°c.

F ig u r e  C l  T G A  therm ogram  o f  D e  P D P A .
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A p p e n d ix  D  P o la r iz in g  O p t ic a l  M ic r o s c o p e

F ig u r e  D 1  T he m orp h o logy  o f  SIS film s prepared from  3%  (w /v ) SIS in to luene of: 
(a) D 1 1 14P (1 9  % w t P S , top  v iew ); (b ) D 1 1 14P (19  % wt PS, side v iew ); (c) D I 164P  
(29  % w t P S , top v iew ); (d ) D I  164P (2 9  % wt P S, sid e v iew ); (e) D 1 1 6 2 P  (44  % wt 
PS, top v iew ); (f) D I  162P  (4 4  % wt PS, side v iew ), at 2 0 0  tim es m agnification.
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(a) (b)

1- "รพ"
(c) (d)

(e) (f)

F ig u r e  D 2  T he m o rp h o logy  o f  SIS film s prepared from  3%  (w /v ) SIS in to lu en e of: 
(a) D 1 1 14P (19  % w t P S, top v iew ); (b) D 1 1 14P (1 9  % wt P S, side v iew ); (c ) D I  164P  
(2 9  % w t PS, top v iew ); (d ) D 1 1 6 4 P  (2 9  % w t P S, side v iew ); (e ) D 1 1 6 2 P  (4 4  % wt 
P S, top v iew ); (f) D I  162P (4 4  % w t PS, side v ie w ), at 500  tim es m agnification.



8 2

F ig u r e  D 3  T h e m orphology  o f  SIS film s prepared from  5% (w /v )  SIS in  to lu en e of: 
(a) D 1 1 14P (1 9  % wt P S, top  v iew ); (b) D 1 1 14P (19  % w t PS, sid e v iew ); (c ) D I  164P  
(2 9  % wt P S, top v iew ); (d ) D I 164P (2 9  % wt PS, s id e  v iew ); (e ) D I 162P  (4 4  % wt 
P S , top v iew ); (f) D I  162P  (4 4  % wt PS, side v iew ), at 2 0 0  tim es m agnification .
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(a) (b)

(c) (d)

F ig u r e  D 4  T he m orp h ology  o f  SIS film s prepared from  5% (พ /v ) SIS in to lu en e of: 
(a) D 1 1 14P (19  % wt P S, top v iew ); (b) D 1 1 14P (1 9  % w t PS, s id e  v iew ); (c )  D I  164P  
(2 9  % wt P S, top v iew ); (d) D I 164P  (2 9  % wt PS, sid e v iew ); (e )  D I 162P  (4 4  % wt 
P S, top v iew ); (f) D I  162P (44  % wt PS, side v iew ), at 5 00  tim es m agnification .
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(e) (f)

F ig u r e  D 5  The m orp h ology  o f  SIS film s prepared from  10% (w /v ) SIS in to lu en e  
of: (a) D 1 1 1 4 P  (19  % w t P S , top v iew ); (b) D 1 1 1 4 P  (19  % w t P S, side v iew ); (c)  
D I 164P (2 9  % wt PS, top v iew ); (d) D I 164P  (29  % wt P S, side v iew ); (e ) D I 162P (4 4  
% w t PS, top  v iew ); (f) D I  162P (4 4  % wt P S , side v iew ), at 2 0 0  tim es m agnification.
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(a) (b)

(d)

(e)

(d)

(f)

F ig u r e  D 6  The m orp h ology  o f  SIS film s prepared from  10% (w /v ) SIS in to lu en e  
of: (a) D 1 1 1 4 P  (19  % w t PS, top v iew ); (b ) D 1 1 1 4 P  (19  % w t PS, side v iew ); (c)  
D 1 164P  (2 9  % wt P S, top  v iew ); (d) D 1 164P  (2 9  % wt PS, side v iew ); (e ) D 1 162P  (44  
% w t PS, top  v iew ); (f)  D I  162P (4 4  % wt P S, side v iew ), at 500  tim es m agnification .



8 6

(e) (0

F ig u r e  D 7  T h e m orp h ology  o f  SIS film s prepared from  15% (w /v ) SIS  in to lu en e  
of: (a) D 1 1 1 4 P  (19  % w t P S, top  v iew ); (b) D 1 1 1 4 P  (1 9  % w t P S , side v iew ); (c)  
D 1164P  (2 9  % wt PS, top  v iew ); (d ) D I 164P (2 9  % wt P S , side v iew ); (e ) D I  162P (44  
% w t PS, top  v iew ); (f) D I 162P (44  % wt P S , side v iew ), at 2 0 0  tim es m agnification .
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(a) (b)

(e) (f)

F ig u r e  D 8  T he m orp h ology  o f  SIS film s prepared from  15% (พ /v ) SIS in to lu en e  
of: (a) D 1 1 1 4 P  (19  % w t P S, top  v iew ); (b) D 1 1 1 4 P  (1 9  % wt P S , side v iew ); (c) 
D I 164P (2 9  % wt PS, top v iew ); (d ) D I  164P (2 9  % wt PS, side v iew ); (e) D I  162P  (44  
% wt P S, top v iew ); (f) D I  162P (4 4  % wt PS, side v iew ), at 5 00  tim es m agnification.



88

(a) (b)

(c) (d)

(e) (f)

F ig u r e  D 9  T h e m orp h ology  o f  SIS film s prepared from  20%  (w /v ) SIS in to lu en e  
of: (a ) D 1 1 1 4 P  (1 9  % wt P S, top v iew ); (b) D 1 1 1 4 P  (1 9  % wt P S , side v iew ); (c) 
D I 164P  (29  % w t P S, top v iew ); (d) D I  164P (2 9  % wt PS, side v iew ); (e ) D I 162P (44  
% w t P S, top v iew ); (I) D I  162P  (4 4  % wt PS, side v iew ), at 2 0 0  tim es m agnification.
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(a) (b)

(e) (f)

F ig u r e  D IO  T he m orp h ology  o f  SIS film s prepared from  20%  (w /v )  SIS in to lu en e  
of: (a ) D 1 1 1 4 P  (1 9  % w t P S , top v iew ); (b) D 1 1 1 4 P  (19  % wt P S , side v iew ); (c)  
D I 164P  (2 9  % w t P S, top  v iew ); (d) D I  164P (2 9  % wt PS, side v iew ); (e) D I  162P  (4 4  
% wt PS, top  v iew ); (f) D I  162P  (44 % w t PS, side v iew ), at 500  tim es m agnification.
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A p p e n d ix  E  C o r r e c t io n  F a c t o r  ( K )  M e a s u r e m e n t

A  tw o  point probe m eter connected  w ith  a source p ow er supplier (K eith ley / 
M o d el 6 5 1 7 A )  w a s  em p loyed  to  determ ine the electrical con d u ctiv ity  o f  m aterials. A  
constant v o ltage  w a s applied and the current w a s  sim ultaneously  m easured.

A ccord in g  to  the geom etric  e ffec ts  o f  th e probe, the geom etrical correction  
factor depends on  the configuration  and probe tip spacing:

K  =  w / l  (E .l)
w h ere K  is  the geom etric  correction factor, พ  is  the probe w idth  or the tip spacing  
(cm ), and /  is  the probe length  (cm ).

The geom etric  correction  factor can be determ ined by u sin g  standard 
m aterials w h o se  sp ec ific  resistiv ity  va lu es are know n. In our case, s ilico n  w afer  ch ips 
w ere  used  as th e  standard m aterials. The resistance w as m easured by u sin g  our 
custom -m ade, tw o-p o in t probe, obtained b y  applying various v o lta g es  and 
sim u ltan eou sly  m easuring currents. T he geom etric  correction factor w a s calculated  
v ia  th e equation: -

K  = p/Rxt = I *  p/Vxt (E .2)
w h ere p is  the resistiv ity  o f  a standard silicon  w afer  (£2. cm ), R is the resistance o f  
film  (£2), t is the film  th ick n ess (cm ), /  is the m easured current (A )  and V is the 
applied vo ltage  (V ).
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T a b le  E l  V oltage-current data o f  the probe num ber 1 calibration w ith  S i-w afer  
w h o se  sh eet resistiv ity  o f  1 0 7 .3 7 3  £2/sq, 25°c, 6 0 -6 5  % R H

V I K = พ * p /t
1 2 3 1 2 3 1 2 3

0 . 2 0 . 2 0 . 2 1.07E -07 1 .01E -07 9 .8E -08 5 .76E -05 5 .44E -05 5 .26E -05
0  3 0 3 0.3 2 33 E -07 2 .3E -07 2 .37E -0 7 8 .35E -05 8 .24E -05 8 49E -05
0 .5 0.5 0.5 6 .67E -0 7 6 .64E -0 7 6  65E -07 1.43E -04 1.43E -04 1.43E -04
0 .7 0 .7 0 7 1 12E -06 1 .14E -06 1.16E -06 1 72E -04 1.75E -04 1.78E -04

1 1 1 1 88E -06 1.88E -06 1 87E -06 2 02E -04 2 .01E -0 4 2 01E -04
2 2 2 4.05E -Q 6 4 .0 7 E -0 6 4 .05E -0 6 2 18E -04 2 18E-04 2 17E-04
3 3 3 6  32 E -06 6 .3E -06 6 .3E -06 2 2 6 E -0 4 2 .26E -0 4 2 2 5 E -0 4
4 4 4 8 .4E -06 8 .48E -0 6 8 .43E -06 2 2 5 E -0 4 2 28E -04 2 26E -04
5 5 5 1.04E -05 1.05E -05 1.05E -05 2 2 3 E -0 4 2 .25E -0 4 2 .26E -0 4
6 6 6 1 25E -05 1.27E -05 1 27E -05 2 .23E -04 2 28E -04 2 26E -04
7 7 7 1.56E -05 1.52E -05 1 47E -05 2 .39E -0 4 2 33E -04 2 26E -04
8 8 8 1 77E -05 1.81E -05 1.8E -05 2 .38E -0 4 2 4 3 E -0 4 2 .42E -04
9 9 9 2 .1 7 E t05 2.17E -05 2 .11E -05 2 .59E -0 4 2 58E -04 2 52E -04
10 10 10 2 4 2 E -0 5 2 4 5 E -0 5 2 .4E -05 2 .59E -04 2 .63E -0 4 2 58E -04

C o r r e c t io n  fa c to r  ( K )
1 2  3  A v g . S D

1 .9 8 E -0 4 1 .9 8 E -0 4  1 .9 7 E -0 4  1 .9 8 E -0 4 6 .1  I E -0 5

Voltage(V)
F ig u r e  E l  V o lta g e  vs. current data o f  the probe num ber 1 calibration w ith  S i-w afer  
w h o se  sheet resistiv ity  o f  107 .373  £2/sq, 2 5 °c , 6 0 -6 5  % R H .
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A p p e n d ix  F  C o n d u c t iv i t y  M e a s u r e m e n t

T he electrical con d u ctiv ity  (a )  can be m easured by u sin g  the tw o-p o in t probe 
m ater connected  w ith  a v o lta g e  supplier (K eith ley , 6 5 1 7 A ) w h o se  constant v o lta g e  
can b e  varied and the current is  m easured. T h e conductiv ity  m easurem ent w as  
perform ed under atm ospheric pressure, 4 0 -6 0  % RH and at 25-27°C . The regim e  
w here resp on sive  current is  linearly  proportional to  the applied  v o lta g e  is called  the  
linear O hm ic reg im e w h ich  can be identified  by p lotting the applied v o lta g e  against 
w ith  the current. T he vo lta g e  and th e current in  the regim e w ere converted to  the 
electrical con d u ctiv ity  by fo llo w in g  equation:

a  =7//) =  l/(Rxt) = I/(Rs Xv*t) (F. 1)
w here a  is  the sp ec ific  con d u ctiv ity  (S /cm ), p  is  the sp ec ific  resistiv ity  ( ท cm ), Rs is 
the sh eet resistance (O /sq ), t is the th ick n ess o f  sam ple p e lle t  (cm ), V is  the applied  
v o lta g e  (V o lta g e  drop)(V ), /  is the m easured current (A ), and K is  the geom etric  
correction factor o f  the tw o-p o in t probe m eter. A ll sam ple th ick n esses w ere  
m easured b y  u sin g  a th ickness gauge. •
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T a b le  F I  T he sp ecific  conductiv ity  (S /cm ) o f  D e P D P A ,  D _ P D P A  w ith  various  
doping le v e ls , SIS D l l  14, SIS D 1 1 6 4 , and SIS D 1 162

S a m p le s S p e c if ic  c o n d u c t iv i t y ( S /c m )
D e  P D P A (2 .8 9 ± 0 .3 1 5 )x l0 *

D  P D P A 200:1 (2 .3 5 ± 0 .2 1 4 )x l0 '4
D  P D P A  100:1 (6 .3 1 ± 0 .2 3 4 )x l0 ‘5
D~ P D P A 10:] (9 .4 6 ± 0 .3 4 9 )x l0 '6
D  P D P A T 1 (3 3 2 ± 0 .2 2 9 )x l0 ‘6

D  " P D P A l.10 (2 .6 5 ± 0 .1 1 8 )x l0 'b
D  P D P A T 1 0 0 ( 3 : l3 ± 0 .1 6 7 )x l0 'b

SIS D l l  14 (1 .2 8 ± 0 .1 5 8 )x l0 '19
SIS D 1 164 (2 6 9 ± 0 .3 2 6 )x l0 " 17
SIS D 1 162 (1 .1 7 ± 0 .1 0 0 )x l0 ‘17

5% D e  P D P A /D 1 1 1 4 P (2 .2 4 ± 0  1 0 6 )x l0 '16
10% D e P D P A /D l 114P (2 .6 5 ± 0 .1 4 1 )x l0 '15
20%  D e P D P A /D l 114P (2 .2 5 ± 0 .5 3 6 )x l0 ‘14
30%  D e P D P A /D l 114P (4 .8 0 ± 0 .8 3 0 )x l0 " 14

P o lv d ip h e n y la m in e

le-3

le-4

le-5

le-6
.01 .1 1 10 100 1000

Doping mole ratio(NHCl/Nmonomer)

F ig u r e  F I  S p ec ific  conductiv ity  versus doping m o les ratio (N nci/N m onom er) o f  P D P A .
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T a b le  F 2  V oltage-current data in linear regim e o f  D e  P D P A  at 25°c, 6 0-65  % RH

V o lt a  g e (V ) C u r r e n t(A S p e c i f ic  c o n d u c t iv i ty ( S /c m )
1 2 3 1 2 3 1 2 3
1 1 1 1 .06E -11 1 .0 3 E -1 1 1.1E -11 2 .12E -06 2 .0 5 E -0 6 2 .20E -0 6
2 2 2 2 37E-11 2 .3 4 E -1 1 2 .36E -11 2 .3 7 E -0 6 2 34 E -06 2 3 6 E -0 6
3 3 3 4 .2 4 E -1 1 4.32E -11 4 .25E -11 2 .82E -0 6 2 88E -06 2 .83E -06
4 4 4 5 .8 8 E -1 1 5.93E -11 5.9E -11 2 .94E -0 6 2 97E -06 2 .95E -0 6
5 5 5 7 24E-11 7.26E -11 7.29E -11 2 .90E -0 6 2 90E -06 2 92E -06
6 6 6 8 .7 5 E -1 1 8 .8 E -1 1 8 .7 5 E -1 1 2 .91E -0 6 2 .9 3 E -0 6 2 92E -06
7 7 7 1.06E -10 1.04E -10 1 .05E -10 3 .02E -0 6 2 96E -06 3 .00E -06
8 8 8 1 26E -10 1.25E -10 1 .25E -10 3 .14E -0 6 3 12E -06 3 .12E -06
9 9 9 1.41E -10 1.4E -10 1.4E -10 3 .13E -0 6 3 .11E -0 6 3 .10E -06

10 10 10 1 55E -10 1.55E -10 1 .54E -10 3 10E -06 3 .0 9 E -0 6 3 09E -06
11 11 11 1 68E -10 1.66E -10 1 .68E -10 3 .05E -0 6 3 02E -06 3 .06E -06
12 12 12 1 92E -10 1.93E -10 1 .9E -10 3 19E -06 3 .2 1 E -0 6 3 .16E -06

2.5e-10 

2.0e-10 
ร  1.5e-10
g
3 1.0e-10 

5.0e-ll 

0 .0
0 2 4 6 8 10 12 14

Voltage(V)
Figure F2 The Ohmic regime of De PDPA at thickness = 0.0253 cm, 25°c, 60-65
%RH.
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Table F3 Voltage-current data in linear regime of D PDPA 1:100 at 25°c, 60-65
%RH

V o l t a g e ( V ) C u r r e n t ( A S p e c i f ic  c o n d u c t iv it y ( S / c m )

1 2 3 1 2 3 1 2 3
1 1 1 1.3E-11 1.3E-11 1.32E-11 2.67E-06 2.67E-06 2.71E-06
2 2 2 2.96E-11 2.95E-11 2.96E-11 3.03E-06 3.03E-06 3.04E-06
3 3 3 4.6E-11 4.58E-11 4.6E-11 3.15E-06 3.13E-06 3 15E-06
4 4 4 6.19E-11 6.13E-11 6.22E -11 3.18E-06 3 14E-06 3 19E-06
5 5 5 7.55E -11 7 59E-11 7 .63E -11 3 10E-06 3.12E-06 3.13E-06
6 6 6 9.47E-11 9.47E-11 9.42E -11 3.24E-06 3 24E-06 3.22E-06
7 7 7 1.13E-10 1.12E-10 1.13E-10 3.30E-06 3.29E-06 3 31E-06
8 8 8 1.22E-10 1.23E-10 1.23E-10 3 14E-06 . 3.17E-06 3 16E-06
9 9 9 1.41E-10 1.4E-10 1 39E-10 3 22E-06 3 19E-06 3.17E-06
10 10 10 1.57E-10 1.58E-10 1 59E-10 3 23E-06 3 25E-06 3.26E-06

1.8e-10 
1.6e-10 
1.4e-10 

^  1.2e-10 'ะ* 1.0e-10 
I  8.0e-l1 
5  6.0e-l1 

4.0e-l1 
2.0e-l1 
0 .0

0 2 4 6 8 10 12
Voltage (V)

Figure F3 The Ohmic regime of D PDPA 1:100 at thickness = 0.0246 cm, 25°c,

o  D_PDPA 1:100 ๏

๏

e
©

5

©

©
©

©

©

©

60-65 %RH.
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Table F4 Voltage-current data in linear regime of D PDPA 1:10 at 25°c, 60-65
%RH

Voltage(V) Current(A 1 Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3

1 1 1 1.3E-11 1.34E-11 1.35E-11 2.34E-06 2.43E-06 2.43E-06
2 2 2 2.74E-11 2.72E-11 2 76E-11 2.47E-06 2.46E-06 2.49E-06
3 3 3 4.39E-11 431E-11 4 44E-11 2.64E-06 2 60E-06 2 67E-06
4 4 4 5.92E-11 5.84E-11 5.9E-11 2.67E-06 2.64E-06 2.67E-06
5 5 5 7.45E-11 7 52E-11 7.47E-11 2.69E-06 2.72E-06 2.70E-06
6 6 6 8.91E-11 8 93E-11 8.83E-11 2.68E-06 2.69E-06 2.66E-06
7 7 7 1.05E-10 1.05E-10 1.05E-10 2.72E-06 2.71E-06 2.72E-06
8 8 8 1 17E-10 1.2E-10 1 17E-10 2 65E-06 2.71E-06 2 65E-06
9 9 9 1.31E-10 1.33E-10 1 32E-10 2 63E-06 2.66E-06 2.65E-06
10 10 10 1.53E-10 1 54E-10 1.52E-10 2 76E-06 2 77E-06 2 75E-06
11 11 11 1 72E-10 1.72E-10 1.71E-10 2 82E-06 2.83E-06 2.81E-06

2e-10 
2e-10 
2e-10 
le-10 
le-10 
le-10 
8e-ll 
6e-l 1 
4e-l 1 
2e-ll

0 2 4 6 8 10 12
Voltage (V)

Figure F4 The Ohmic regime of D PDPA 1:10 at thickness = 0.0280 cm, 25 °c, 60-
65 %RH.
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Table F5 Voltage-current data in linear regime of D PDPA 1:1 at 25°c, 60-65
%RH

V o lta g e (V ) C u rren t(A S p e c ific  co n d u ctiv i)ty (S /cm )
1 2 3 1 2 3 1 2 3
1 1 1 1.54E-11 1.55E-11 1.56E-11 3.05E-06 3.07E-06 3.09E-06
2 2 2 3 39E-11 3.37E-11 3.42E-11 3.05E-06 3.34E-06 3.38E-06
3 3 3 5.15E-11 5.15E-11 5.1E-11 3.049E-06 3 40E-06 3 37E-06
4 4 4 6 84E-11 6.92E-11 6.91E-11 3 049E-06 3.42E-06 3.42E-06
5 5 5 8.99E-11 8.91E-11 8 94E-11 3 049E-06 3.53E-06 3 54E-06
6 6 6 1.08E-10 1.08E-10 1.08E-10 3.049E-06 3 58E-06 3 57E-06
7 7 7 1.24E-10 1.24E-10 1 23E-10 3 049E-06 3.50E-06 3 47E-06
8 8 8 1.4E-10 1.4E-10 1 41E-10 3 049E-06 3.47E-06 3.48E-06
9 9 9 1.61E-10 1.63E-10 1.63E-10 3.049E-06 3 58E-06 3 60E-06
10 10 10 1.82E-10 1.83E-10 1.82E-10 3.049E-06 3.62E-06 3 60E-06

2e-10 
2e-10 
2e-10 
le-10 

ร  le-10 
I  le-10 
§ 8e-l1 

6e-l 1 
4e-l 1 
2e-l 1

0 2 4 6 8 10 12
Voltage (V)

Figure F5 The Ohmic regime of D PDPA 1:1 at thickness = 0.0255 cm, 25°c, 60-
65 %RH.
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Table F6 Voltage-current data in linear regime of DPDPA 10:1 at 25°c, 60-65
%RH

V o lta g e (V ) C u rren t(A S p e c if ic  co n d u ctiv ilty (S /cm )
1 2 3 1 2 3 1 2 3
1 1 1 4.89E-11 4.88E-11 4.95E -11 8.66E-06 8.64E-06 8.76E-06
2 2 2 1.04E-10 1.05E-10 1 04E-10 9.24E-06 926E -06 9.22E-06
3 3 3 1.62E-10 1 61E-10 1.62E-10 9.58E-06 949E -06 9.53E-06
4 4 4 2.06E-10 2.02E-10 2.05E-10 9.14E-06 8.96E-06 9.08E-06
5 5 5 2.65E-10 2.61E-10 2.62E-10 9.40E-06 9.25E-06 927E -06
6 6 6 3.24E-10 3.23E-10 3.23E-10 9.57E-06 9.54E-06 953E -06
7 7 7 3.77E-10 3.75E-10 3 79E-10 954E -06 9.48E-06 9.57E-06
8 8 8 4 44E-10 4 4 2 E -1 0 4.44E-10 9.82E-06 977E -06 9.82E-06
9 9 9 4.98E-10 4.86E-10 4.95E-10 9 80E-06 9.55E-06 974E -06
10 10 10 5.56E-10 5.52E-10 5.55E-10 9 84E-06 977E -06 9.82E-06
11 11 11 6.06E-10 6.12E-10 6.11E-10 9.76E-06 9.86E-06 9.84E-06

7e-10 
6e-10 
5e-10

$  4 e " 1 0  

£ 3e-10
°  2e-10

le-10
0

0 2 4 6 8 10 12
Voltage (V)

Figure F6 The Ohmic regime of DPDPA 10:1 at thickness = 0.0286 cm, 25°c, 60-
65 %RH.
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Table F7 Voltage-current data in linear regime of DPDPA 100:1 at 25°c, 60-65
%RH

Voltage(V) Current(A Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3
2 2 2 6.51E-10 6.55E-10 6.52E-10 5.81E-05 5.84E-05 5.81E-05
3 3 3 1.02E-09 1 02E-09 1.01E-09 6.08E-05 604E-05 6.02E-05
4 4 4 1.37E-09 1.37E-09 1.38E-09 6.10E-05 6.12E-05 6.13E-05
5 5 5 1.74E-09 1.73E-09 1.73E-09 6.21E-05 6.17E-05 6.17E-05
6 6 6 2.11E-09 2.11E-09 2.12E-09 6.27E-05 6.28E-05 6.29E-05
7 7 7 2.5E-09 2.5E-09 2.5E-09 6.37E-05 6.36E-05 6 36E-05
8 8 8 2.88E-09 2.88E-09 2.88E-09 6.42E-05 6.41E-05 6.41E-05
9 9 9 3.26E-09 3 27E-09 3 31E-09 6.46E-05 6.48E-05 6 55E-05
10 10 10 3.66E-09 3 65E-09 3.66E-09 6.52E-05 651E-05 6 52E-05
11 11 11 4 06E-09 4 05E-09 4.04E-09 6.57E-05 6 56E-05 6.55E-05
12 12 12 443E-09 4.4E-09 4.41E-09 6.58E-05 6.54E-05 6.56E-05

4e-9

ร  3e-9

J 2 e " 9

le-9 

0
0 2 4 6 8 10 12 14

Voltage (V)
Figure F7 The Ohmic regime of DPDPA 100:1 at thickness = 0.0284 cm, 25°c,
60-65 %RH.
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Table F8 Voltage-current data in linear regime of D PDPA 200:1 at 25°c, 60-65
%RH

V o l t a g e ( V ) C u r r e n t ( A 1 S p e c i f ic  c o n d u c tiv ilty (S /c m )

1 2 3 1 2 3 1 2 3
1 1 1 6.17E-10 6.24E-10 6.02E-10 1.86E-04 1.88E-04 1.81E-04
2 2 2 1.36E-09 1.37E-09 1.37E-09 2 04E-04 2 05E-04 2.06E-043 3 3 222E-09 2.2E-09 2.24E-09 2 23E-04 2.21E-04 2.25E-044 4 4 3.02E-09 3.07E-09 3.04E-09 2 28E-04 2 31E-04 2.29E-04
5 5 5 3.9E-09 3.92E-09 3.9E-09 2.35E-04 2 36E-04 2.35E-04
6 6 6 4.74E-09 4 77E-09 4.74E-09 2.38E-04 2.39E-04 2 38E-04
7 7 7 5 66E-09 5.65E-09 5.67E-09 2.43E-04 2.43E-04 244E-04
8 8 8 655E-09 6.54E-09 6.56E-09 246E-04 2.46E-04 247E-04
9 9 9 7.49E-09 7.47E-09 7.5E-09 2.51E-04 2 50E-04 2.51E-04
10 10 10 8.39E-09 8 36E-09 8.39E-09 2.53E-04 2.52E-04 2.53E-04
11 11 11 9 35E-09 9.36E-09 9.36E-09 2 56E-04 2 56E-04 2.56E-04
12 12 12 1.03E-08 1.03E-08 1.03E-08 2.59E-04 2.58E-04 2 59E-04

1.2e-8 
1.0e-8 

^  8.0e-9 
I  6.0e-9 
o  4.0e-9 

2.0e-9 
0.0

0 2 4 6 8 10 12 14
Voltage (V)

F i g u r e  F 8  The Ohmic regime of D PD PA  200:1 at thickness = 0.0168 cm, 25°c,
60-65 %RH.
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P u r e  S IS  f i lm s

T a b le  F 8  V oltage-curren t data in linear regim e o f  SIS D 1 1 14P at 25°c, 6 0-65  % RH

Voltage(V) Current(A) Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3

200 200 200 2.09E-14 1.9E-14 2.38E-14 1.06E-19 9.66E-20 1.21E-19
250 250 250 4.11E-14 4.18E-14 4 03E-14 1.67E-19 1.70E-19 1.64E-19
300 300 300 3.57E-14 3.93E-14 3 43E-14 1.21E-19 1 33E-19 1.16E-19
350 350 350 4.67E-14 4.95E-14 4.46E-14 1.36E-19 1 44E-19 1 30E-19
400 400 400 5.18E-14 4.9E-14 5.26E-14 1 32E-19 1.25E-19 1.34E-19
450 450 450 5.6E-14 5.6E-14 5.46E-14 1.27E-19 1.26E-19 1.23E-19
500 500 500 6.24E-14 5.77E-14 5.74E-14 1.27E-19 1 17E-19 1.17E-19
550 550 550 7.05E-14 6 83E-14 6.87E-14 1.30E-19 1 26E-19 1 27E-19
600 600 600 7.16E-14 7.24E-14 7.33E-14 1 21E-19 1 23E-19 1.24E-19
650 650 650 7.6E-14 7.6E-14 7.7E-14 1.19E-19 1 19E-19 1.20E-19

100 200 300 400 500 600 700
Voltage(V)

Figure F8  The Ohmic regime of SIS 1114P at thickness = 0.02327 cm, 25°c, 60-65
%RH.
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Table F9 Voltage-current data in linear regime of SIS DI 164P at 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3

200 200 200 4.3E-12 3.9E-12 4E-12 1.99E-17 1.80E-17 1.85E-17
230 230 230 5.49E-12 5.69E-12 5.29E-12 2.21E-17 2.29E-17 2.13E-17
250 250 250 5.89E-12 6 17E-12 5.86E-12 2 18E-17 2.29E-17 2 17E-17
270 270 270 6.34E-12 645E-12 6.14E-12 2 17E-17 2.21E-17 2.10E-17
300 300 300 6.78E-12 695E-12 6 85E-12 2 09E-17 2.14E-17 2.11E-17
350 350 350 8 54E-12 8.96E-12 8.14E-12 2.26E-17 2.37E-17 2.15E-17
400 400 400 9.58E-12 1 07E-11 1 05E-11 2.22E-17 2.47E-17 2.44E-17
450 450 450 1.28E-11 1.34E-11 1 33E-11 2.63E-17 2.75E-17 2.73E-17
500 500 500 1.45E-11 1.48E-11 1.47E-11 2 68E-17 2.75E-17 2.72E-17
550 550 550 1.57E-11 1.62E-11 1.61E-11 2.64E-17 272E-17 2 7IE-17
600 600 600 1.82E-11 1 83E-11 1 85E-11 2.81E-17 2.82E-17 2.86E-17
650 650 650 2.07E-11 2 09E-11 2.06E-11 2 94E-17 2.98E-17 2.93E-17

100 200 300 400 500 600 700
Voltage(V)

Figure F9 The Ohmic regime of SIS DI 164P at thickness = 0.02120 cm, 25°c, 60-
65 %RH.
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Table F10 Voltage-current data in linear regime of SIS DI 162P at 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)1 2 3 1 2 3 1 2 3200 200 200 2.67E-12 2.53E-12 2.65E-12 1.32E-17 1.24E-17 1.31E-17
230 230 230 3 60E-12 2.86E-12 3.19E-12 1.54E-17 1 22E-17 1.37E-17
250 250 250 2 87E-12 2 72E-12 2.83E-12 1.13E-17 1.07E-17 1 11E-17
270 270 270 2.64E-12 2.77E-12 3 16E-12 963E-18 1.01E-17 1.15E-17
300 300 300 3 53E-12 3 35E-12 3.32E-12 1.16E-17 1.10E-17 1.09E-17330 330 330 3 79E-12 3.82E-12 3.73E-12 1.13E-17 1.14E-17 1 11E-17
350 350 350 3 93E-12 446E-12 3 87E-12 1.11E-17 1.26E-17 1.09E-17
370 370 370 4 52E-12 432E-12 4.26E-12 1.20E-17 1.15E-17 1 13E-17
400 400 400 4 91E-12 472E-12 4.52E-12 1.21E-17 1.16E-17 1 11E-17
430 430 430 5 55E-12 5 40E-12 5 34E-12 1.27E-17 1.24E-17 1.22E-17
450 450 450 5 13E-12 5.26E-12 5.17E-12 1.12E-17 1.15E-17 1 13E-17
470 470 470 5.45E-12 5.49E-12 5 77E-12 1.14E-17 1.15E-17 1.21E-17
500 500 500 6.46E-12 5.75E-12 5.8E-12 1 27E-17 1.13E-17 1.14E-17

150 200 250 300 350 400 450 500 550
Voltage(V)

Figure F10 The Ohmic regime of SIS 1162P at thickness = 0.02253 cm, 25°c, 60-
65 %RH.
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Dedopedpolydiphenylamine (De_PDPA)/D1114P blends

Table F ll Voltage-current data in linear regime of 5 % DePDPA/D 1114P at 
thickness = 0.0343 cm, 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)1 2 3 1 2 3 1 2 3200 200 200 2.72E-11 3.05E-11 2.87E-11 2.04E-16 2.29E-16 2.15E-16230 230 230 3.11E-11 3.13E-11 3 46E-11 2 03E-16 2 04E-16 2.25E-16250 250 250 3.58E-11 3.82E-11 3.88E-11 2.15E-16 2.29E-16 2.33E-16280 280 280 4.08E-11 4 03E-11 4.55E-11 2 18E-16 2.16E-16 2 44E-16300 300 300 4.42E-11 4.83E-11 4.69E-11 2.21E-16 2.41E-16 2.34E-16330 330 330 4 99E-11 4 78E-11 5.07E-11 2.27E-16 2.17E-16 2.30E-16350 350 350 5 32E-11 5 39E-11 5.5E-11 2.28E-16 2.31E-16 2.35E-16380 380 380 5 67E-11 5.92E-11 6.02E-11 2 24E-16 2.34E-16 2 37E-16400 400 400 5.56E-11 5.9E-11 6.34E-11 2 09E-16 2.21E-16 2.38E-16430 430 430 6.52E-11 6.44E-11 6.51E-11 227E-16 2.25E-16 2.27E-16450 450 450 6.47E-11 6.65E-11 6.5E-11 2.15E-16 2.21E-16 2.17E-16

7e-l 1 

6e-l 1 

ร  5e-11

J 4e-l 1

3e-l 1 

2e-l 1
150 200 250 300 350 400 450 500

Voltage (V)
Figure F ll The Ohmic regime of 5 % De PDPA/D1 114P at thickness = 0.0343 cm, 
25°c, 60-65 %RH.
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Table F12 Voltage-current data in linear regime of 10 % DePDPA/Dl 114P at
thickness = 0.0310 cm, 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)1 2 3 1 2 3 1 2 3200 200 200 3.72E-10 3.51E-10 3.59E-10 2.52E-15 2.38E-15 2.43E-15230 230 230 4.58E-10 4.5E-10 4.23E-10 2.70E-15 2.65E-15 2.49E-15250 250 250 5.03E-10 5.19E-10 5.14E-10 272E-15 2 81E-15 2.79E-15280 280 280 5.29E-10 5.25E-10 5.27E-10 256E-15 2.54E-15 2.55E-15300 300 300 6.4E-10 6.33E-10 6.56E-10 2 89E-15 2.86E-15 2.96E-15330 330 330 6.67E-10 6.43E-10 6.32E-10 2.74E-15 2.64E-15 2 59E-15350 350 350 6.86E-10 7.12E-10 6.75E-10 2.65E-15 275E-15 2 61E-15380 380 380 7.09E-10 7.54E-10 7.18E-10 253E-15 268E-15 2.56E-15400 400 400 8.15E-10 8.11 E-10 7.62E-10 2 76E-15 275E-15 2.58E-15

9e-10 
8e-10 

g  7e-10 
I  6e-10 
â  5e-10 

4e-10 
3e-10

150 200 250 300 350 400 450
Voltage (V)

o 10% DePDPA/D 1114P

ปีJ : - - 4
r  $

๓ ..- - '©

Figure F12 The Ohmic regime of 10 % De_PDPA/Dl 114P at thickness = 0.0310 
cm, 25'“C, 60-65 %RH.
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Table F13 Voltage-current data in linear regime of 20 % De_PDPA/Dl 114P at
thickness = 0.0313 cm, 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3

200 200 200 2.4E-09 2.05E-09 2.09E-09 1.64E-14 1.41E-14 1.43E-14
250 250 250 2.99E-09 3 07E-09 3 03E-09 1 64E-14 1 68E-14 1.66E-14
300 300 300 3 97E-09 3 91E-09 3.96E-09 1.81 E-14 1 78E-14 1.81E-14
350 350 350 5 23E-09 5.67E-09 5 25E-09 2.05E-14 2.22E-14 2.05E-14
400 400 400 652E-09 669E-09 6.4E-09 2.23E-14 2.29E-14 2.19E-14
450 450 450 7.68E-09 7.58E-09 7.62E-09 2 34E-14 231E-14 2.32E-14
500 500 500 9.76E-09 9 53E-09 9.9E-09 2 67E-14 2.61E-14 2.71E-14
550 550 550 1.16E-08 1.16E-08 1.16E-08 2 89E-14 2 87E-14 2 89E-14
600 600 600 1.37E-08 1 36E-08 1 36E-08 3.12E-14 3 11E-14 3.09E-14

2e-8 
le-8 
le-8 

<  le-8 
I  8e-9

3  6 e -9
4e-9 
2e-9

100 200 300 400 500 600 700
Voltage (V)

Figure F13 The Ohmic regime of 20 % De_PDPA/Dl 114P at thickness = 0.0313 
cm, 25 °c, 60-65 %RH.
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Table F14 Voltage-current data in linear regime of 30 % De PDPA/D1114P at
thickness = 0.0330 cm, 25°c, 60-65 %RH

Voltage(V) Current(A) Specific conductivity(S/cm)
1 2 3 1 2 3 1 2 3

150 150 150 3.59E-09 3.74E-09 3.73E-09 3.45E-14 3.59E-14 3.59E-14
200 200 200 5 19E-09 5 32E-09 5 23E-09 3 74E-14 3.83E-14 3 77E-14
250 250 250 7 65E-09 726E-09 7E-09 4.41E-14 4.19E-14 4.04E-14
300 300 300 9.92E-09 996E-09 9.95E-09 476E-14 4.78E-14 4.78E-14
350 350 350 1.17E-08 1 18E-08 1 16E-08 4 82E-14 4.86E-14 4.79E-14
400 400 400 1 47E-08 1 48E-08 1.45E-08 5.30E-14 5.34E-14 5 23E-14
450 450 450 1 52E-08 1.53E-08 ' 1.5E-08 4 86E-14 491E-14 4 81E-14
500 500 500 1 97E-08 2.07E-08 2E-08 5 68E-14 5 97E-14 5 75E-14
550 550 550 2 35E-08 229E-08 2.35E-08 6 15E-14 6.01E-14 6 15E-14

3e-8 

2e-8 

ร  2e-8 

§ le-8 

5e-9

100 200 300 400 500 600
Voltage (V)

Figure F14 The Ohmic regime of 30 % De_PDPA/Dl 114P at thickness = 0.0330
cm, 25 °c, 60-65 %RH.
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Appendix G Scanning Electron Microscopy (SEM)

Scanning Electron M icroscopy (SEM ); pure SIS films

Figure G1 SEM micrograms of SIS D1114 p film at magnification *2000; 15kV: a) 
long section; b) cross section.

a) b)
Figure G2 SEM micrograms of SIS D1164 p film at magnification *2000, 15kV: a) 
long section; b) cross section.
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a) b)
Figure G3 SEM micrograms of SIS D1162 p film at magnification *2000, 15kV: a) 
long section; b) cross section.

Scanning Electron M icroscopy (SEM): polydiphenylamme (PDPA )

a) b)
Figure G4 SEM micrograms of Dedoped-PDPA at magnifications of a) 
magnification *1500, 15 kV; b) magnification *2000, 15 kv.
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a) b)
Figure G5 SEM micrograms of Doped-PDPA at magnifications: a) 
magnificationxl500, 15 kV; b) magnificationx2000, 15 kv.

Scanning Electron M icroscopy (SEM); dedopedpolydiphenylamine 
{De ■ PDPA ) /D l l  14P blends

a) b)
Figure G6 SEM Micrograms of 5% DePDPA/Dl 114 p film: a) magnification of 
1500, 15 kV; b) magnification of 2000, 15 kv.
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a) b)
Figure G7 SEM Micrograms of 10% DePDPA/Dl 114 p film: a) magnification of 
1500, 15 kV; b) magnification of 2000, 15 kv.

a) b)
Figure G8 SEM Micrograms of 15% DePDPA/Dl 114 p film: a) magnification of 
1500, 15 kV; b) magnification of 2000, 15 kv.

a) b)
Figure G9 SEM Micrograms of 20% DePDPA/Dl 114 p film: a) magnification of 
1500, 15 kV; b) magnification of 2000, 15 kv.
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a) b)
Figure G10 SEM Micrograms of 20% DePDPA/Dl 114 p film: a) magnification of 
1500, 15 kV; b) magnification of 2000, 15 kv.
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Appendix H Electrorheological Properties Measurement

Temporal response: pure SIS film by using stretch fixture

The temporal response of pure SIS films with different morphology; D1114P; 
D1164P; and D1162P were investigated by the rheometer (Rheometric Scientific, 
ARES). It was fitted with a custom-built stretch fixture, gap = 30 mm. A DC voltage 
was applied with a DC power supply (Gold รนท 3000, GPS 3003D) work with high 
voltage power supply (Gamma High Voltage, UC5-30P), which can deliver electric 
field strength up to 1 kv/mm. A digital multimeter was used to monitor the voltage 
input. In the temporal response testing, the dynamic strain was applied and the 
dynamic moduli (G and G") were measured as functions of time and electric field 
strength. Dynamic strain sweep test were first carried out to determine suitable 
strains to measured G’ and G” - in linear viscoelastic regime, as following figures 
(Figure HI, H2, and H3). The appropriate strains were determined to be 0.2 % for the 
pure films.

Table HI Storage modulus and loss modulus data, obtained from dynamic strain 
sweep test of D1114P (19%wt PS), stretch fixture, gap = 30 mm, film thickness = 
0.296 mm, film width = 7.0mm, electric field (E) = 0 v/mm, 25°c

% Strain G'(Pa) G "(Pa) % Strain G '(Pa) G "(Pa)
0.00052 3848200 1018500 0.03139 3552800 272620
0.00075 5.77E+08 1.79E+09 0.04981 3490100 248430
0.00120 5408500 1603300 007897 3478000 308420
000194 4349500 -396600 0.12515 3470800 253900
0 00308 3720100 -61935 0.19840 3474900 263180
0.00491 3583800 162710 0.31435 3466400 271930
0.00781 3843100 496320 049896 3472800 282620
0.01241 3490000 195770 0.79096 3454800 293890
0.01968 3446200 274750
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% strain

Figure HI Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of D1114P (19%wt PS), stretch fixture, gap = 30 mm, film 
thickness = 0.296 mm, film width = 7.0mm, electric field (E) = 0 v/mm, 25°c.

Table H2 Storage modulus and loss modulus data, obtained from dynamic strain 
sweep test of D1164P (29%wt PS), stretch fixture, gap = 30 mm, film thickness = 
0.429 mm, film width = 7.0 mm, electric field (E) = 0 v/mm, 25°c

%Strain G' (Pa) G "(Pa) %Strain G' (Pa) G "(Pa)
0.000521 6763900 1286200 0.03131 6202400 299210
0000784 6478300 2051300 0.0497 6200400 283480
0.0012 5151900 -317500 0.07878 6206800 279410
0.00194 6543600 220160 0.12488 6208400 295300
0 00307 6118800 -43724 0.19795 6183900 299260
0.0049 6186800 323830 0.31369 6168000 296560
0.0078 6366500 317020 049798 6061700 290080
0.01239 6205400 323590 0.7895 5861900 294200
0.01964 6299700 270320
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%strain

Figure H2 Storage modulus and loss modulus versus strain (•%) obtained from 
dynamic strain sweep test of DI 164P (29%wt PS), stretch fixture, gap = 30 mm, film 
thickness = 0.429 mm, film width = 7.0 mm, electric field (E) = 0 v/mm, 25°c.

Table H3 Storage modulus and loss modulus data, obtained from dynamic strain 
sweep test of D1162P (44%wt PS), stretch fixture, gap = 30 mm, film thickness = 
0.351 mm, film width = 6.5 mm, electric field (E) = 0 v/mm, 25°c

%Strain G'CPa) G"(Pa) %Strain G ’(Pa) G"(Pa)
0.0005 82172000 -1.9E+07 0.01951 26086000 1077800
0.00077 31531000 -1 1E+07 0.0311 26364000 1538300
0.00119 32876000 104230 0.04939 26050000 1340100
000191 36891000 6658700 0.07826 25684000 1419800
0.00305 28085000 5029300 0.12407 25505000 1348900
0 00486 28051000 2270900 0.19672 25704000 1453500
0.00774 26553000 -21676 0.31143 27275000 1541200
0.01231 26649000 1699200
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Figure H3 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of DI 162P (44%wt PS), stretch fixture, gap =  30 ทา m, film 
thickness = 0.351 mm, film width = 6.5 mm, electric field (E) = 0 v/mm, 25°c.

The time sweep test was carried out with electric field applied on and off, 
alternatively. The G’of each film was investigated to measure time that each film 
response reach to steady state and there response under electric field stimulation. 
Figure H4 shows G’ of D1114P was steady state after 2600 ร of measurement. 
Moreover, the film is not affected stimulated by electric field (1 kv/mm), it is stress 
free system. In the case of, Figure H5 and FI6, D1164P and D1162P were steady 
state after 4200 ร and 2600 ร, respectively. There also shows the similar response 
under electric field as the D1114P film.
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Figure H4 Temporal response testing of storage modulus (G’) of D1114P (19 %wt 
PS), stretch fixture, strain 0.2 %, gap 30 mm, film thickness 0.296 mm, film width 
7.0 mm, freguency 1.0 rad/s, electric field (E) 1 kv/mm, 25°c.

2.0e+6

1.5e+6
๐

1.0e+6

0 2000 4000 6000 8000

Time(s)

Figure H5 Temporal response testing of storage modulus (G’) of DI 164P (29 %wt 
PS), stretch fixture, strain 0.2 %, gap 30 mm, film thickness 0.429 mm, film width 
7.0 mm, frequency 1.0 rad/s, electric field (E) 1 kv/mm, 25°c.
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Figure H6 Temporal response testing of storage modulus of DI 162P (44 %wt PS), . •• 
stretch fixture, strain 0.2 %, gap 30 mm, film thickness 0.351 mm, film width 6.5 
mm, frequency 1.0 rad/s, electric field (E) 1 kv/mm, 25°c.

Temporal response: pure SIS  film by using parallel plates

The temporal response of pure SIS films with different morphology; D1114P; 
D1164P; and D1162P were carried out by melt rheometer meter (Rheometric 
Scientific, ARES). It was fitted with a custom-built copper parallel plates fixture, 
diameter 25 mm. A DC voltage was applied by DC power supply (Instek, GFG 
8216A), which can deliver electric field strength to 2 kv/mm. A digital multimeter 
was used to monitor the voltage input. For temporal responses testing, oscillate shear 
strain was applied and the dynamic moduli (G1 and G") were investigated as a 
function of time and electric field strength. Dynamic strain sweep test were first 
carried out to determine appropriate strains by measured G’ and G” in linear 
viscoelastic regime. The following figures, Figure H7, FI9, and Fill, show linear 
viscoelastic regimes of pure SIS films: D1114P; DI 164P; and DI 162P; respectively, 
without electric field strength (0 v/mm). Besides, Figure H8, H10, and H12, show
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the linear viscoelastic regimes of pure SIS films in the influence of electric field 
strength at 2 kv/mm.

Table H4 Storage modulus and loss modulus data, obtained from dynamic strain 
sweep test of D1114P (19 %wt PS), parallel plate, gap = 1.076 mm, film diameter = 
25 mm, electric field (E) = 0 Y/mm, 27°c

%strain G'(Pa) G ’(Pa) %strain G'(Pa) G’(Pa)
0.01023 116000 2049.67 0.92277 96270.6 4787.6
0.01502 107600 -8568.9 1.46737 91966.4 7628.91
0.0234 108130 4101.55 234038 85078.3 10459.3
0.03549 117080 4666.33 3.73553 76377.9 13090
0.05709 105460 -4140.3 5.97161 66530.4 14652.3
0.09042 106620 -1791.7 9.54458 55993.9 16293.8
0.14412 101310 -291.53 15.2586 42352 2 16542.3
0.229 99550.3 161.313 244096 32231.2 16827.7

0.36358 99049.5 820.602 38.9474 23962.4 15667.6
0.58143 98528.3 2057.9

le+6 

£  le+5 

da le+4

le+2
.001 .01 .1 1 10 100

%Strain
Figure H7 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of D1114P (19 %wt PS), parallel plate, gap = 1.076 mm, 
film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.
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Table H5 Storage modulus and loss modulus data, obtained from dynamic strain
sweep test of D ll 14P (19 %wt PS), parallel plate, gap = 1.076 mm, film diameter =
25 mm, electric field (E) = 2 kv/mm, 27°c

%strain G'(Pa) G"(Pa) %strain G'(Pa) G"(Pa)
0.00855 110430 16927.1 0.93808 78434 13961.4
0.0145 101560 9037.88 1 50038 67114.7 14954 9
0.02181 112580 9360.45 2.39911 55965 1 15411 7
0.03465 117080 2957.13 3.83452 45263.5 15258.3
0.05638 117010 7505 94 612914 35320 8 14708.6
0 09038 113140 4006.18 9.78612 25652 8 14593 5
014429 108950 7706 24 15.6188 17449.4 137823
0.22984 104620 8279 27 24 8812 11662.1 12006.8
0.36543 97772.9 10747.7 39.5257 7886.6 10219 9
0 58649 88865 2 12944.8

1e+6

2  1e+5

๐0a
l l e +4

1e+3 *— 
.001

o strain vs G' 
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o 0 ๐ ๐ ๐ ๐ ๐ ๐ o o ๐ ๐ 0
□ □ □ □ □ □ Q
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□ □ ๐ 

□

.01
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Figure H8 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of D1114P (19 %wt PS), parallel plate, gap = 1.076 mm,
film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.
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Table H6 Storage modulus and loss modulus data, obtained from dynamic strain
sweep test of DI 164P (29 %wt PS), parallel plate, gap = 1.058 mm, film diameter =
25 mm, electric field (E) = 0 v/mm, 27°c

%strain G'(Pa) G"(Pa) %strain G'(Pa) G"(Pa)
0.00986 72081.9 15745.3 0.94071 75485.5 5078.09
0.01544 80933.2 -872.62 1.49873 69331.1 7035.75
0.02363 89837.8 8616.06 2.39105 60316 8715 13
0.03629 91645.7 1551.3 3.81471 52340.6 10005.6
0.05757 93063.7 785.434 607859 45224 10339 3
0.092 89339.2 20.5974 9.68972 38645.4 9916.83

0.14623 86515 2 1656.88 15.4408 30380.3 8947.22
023266 84229 2889.68 24.6075 23858.9 9578.74
037035 81297.9 2842.42 39 2263 16755 8 8556.08
059185 78638.1 3918.13

1e+5-

^  1e+4 
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jre" 1e+3
๐
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Figure H9 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of D1164P (29 %wt PS), parallel plate, gap = 1.058 mm,
film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.
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Table H7 Storage modulus and loss modulus data, obtained from dynamic strain
sweep test of DI 164P (29 %wt PS), parallel plate, gap = 1.058 mm, film diameter =
25 mm, electric field (E) = 2 kv/mm, 27°c

%strain G’(Pa) G"(Pa) %strain G’(Pa) G"(Pa)
0.01014 58853.1 12275 0.96662 39650.3 2412.99
0.01566 53514.9 9034.08 1.5291 426343 -93.531
0.02422 54632 332067 2.42363 439396 430.709
0.03727 54218.3 2328.23 3.84395 426706 2075.43
0.05945 55262.7 4026.62 6.11441 39919.1 3808.96
0 09456 50751.7 3858.58 9.71386 33742.3 5321.26
0.15053 48436.2 3501.11 15.4603 28704.3 643025
023997 44908.4 4616.84 24.6438 23001.1 6557.42
0 38119 42448.8 4724.8 39.166 18579.8 6539.68
0.6103 39723.6 4295.75
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Figure H10 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of D1164P (29 %wt PS), parallel plate, gap = 1.058 mm,
film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.
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Table H8 Storage modulus and loss modulus data, obtained from dynamic strain
sweep test of DI 162P (44 %wt PS), parallel plate, gap = 0.896 mm, film diameter =
25 mm, electric field (E) = 0 v/mm, 27°c

%strain G’(Pa) GM(Pa) %strain G'(Pa) G"(Pa)
0.00895 227870 23324.3 0.91088 99325.2 33451.4
0.0134 257690 14143.2 1 48129 70384 7 34165 8
0.02021 254430 42494.4 2.42525 34441.3 30008.5
0.03188 245560 29801.7 3.91003 16830 8 19071.7
0.05035 233210 29783.7 6.26344 7002.08 9972.04
0.08104 223350 32534.9 9.94667 4266.69 6757.11
0.12923 206960 312064 15.8031 2389.71 4853.73
020929 186750 32543.9 25.0746 1348.3 3438.97
0 34028 162590 35142 6 39.758 732.628 2386.48
0.55343 132390 3 4 9 4 3
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Figure H ll Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of DI 162P (44 %wt PS), parallel plate, gap = 0.861 mm,
film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.
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Table H9 Storage modulus and loss modulus data, obtained from dynamic strain
sweep test of D1162P (44 %wt PS), parallel plate, gap = 0.896 mm, film diameter =
25 mm, electric field (E) = 2 kv/mm, 27°c

%strain G’(Pa) G"(Pa) %strain G’(Pa) G"(Pa)
0.00779 392670 14834.2 0.79797 254110 60421.6
0.01186 387430 50521.2 1 34314 180630 64328.6
0.01751 406090 -2827.1 2.25848 110970 64499.2
0.02799 389650 39655 3.74293 61902.1 53439.1
0 04452 372630 11753.2 6.08199 35891.3 39649.1
0.0709 378610 24814.6 9.77579 21650.5 28309 9
0.11396 368950 21998.6 15.6286 13617.1 20010.5
0.18097 376190 24029.9 24.8894 8821.77 14452.6
0.28925 368240 33901.9 39.5804 5420.94 10603.8
047642 318250 51582.7
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Figure H12 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of DI 162P (44 %wt PS), parallel plate, gap = 0.861 mm,
film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.
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The time sweep test was carried out with electric field applied on and off, 
alternately. The G’of each film was investigated to measure the time each film 
response reaches a steady state and there is no response under electric field 
stimulation. In Figure H13, the dynamic storage modulus (G’) of D1114P was in 
steady state after 1000 ร of measurement, without electric field strength. After that, 
the electric field was alternately applied. From the figure, D1114P could not be 
stimulated by electric field at 2 kv/mm. Similar result to D1114P, pure SIS D1164P 
reached a steady state after 1000 ร of measurement in absence of electric field. But 
the film modulus (G’) is not response to the electric filed. In the case of D1162P 
which reached a steady state after 1200 ร, its response was similar to the first two, 
D1114P and D1164P. Their behaviors depend on their dielectric constant. Because 
they are low dielectric materials. Thus, the force generated under electric field is low. 
The effective actuation force is given by (Pelrine et a l, 2(100):

P  = ££oE2 = ££o (V/z)2 - • (H. 1)
where p  is the actuation pressure, E  is the electric field strength, £ is the dielectric 
constant, £o is the permittivity of fr.ee space, V  is voltage, and z is the polymer 
thickness.
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Figure H13 Temporal response testing of storage modulus (G’) of DU 14P (19 %wt 
PS), parallel plate, strain 0.2 %, gap 0.997 mm, film diameter 25 mm, freguency 1.0 
rad/s, electric field (E) 2 kv/mm, 27°c.

Time (ร)

Figure H14 Temporal response testing of storage modulus (G’) of DI 164P (29 %wt 
PS), parallel plate, strain 0.1 %, gap 1.058 mm, film diameter 25 mm, freguency 1.0 
rad/s, electric field (E) 2 kv/mm, 27°c.
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Figure H15 Temporal response testing of storage modulus (G’) of DI 162P (44 %wt 
PS), parallel plate, strain 0.02 %, gap 0.861 mm, film diameter 25 mm, freguen'cy 1.0 
rad/s, electric field (E) 2 kv/mm, 27°c.

Temporal response: dedoped PDPA/D1114P blends

5 % vol. D ePD PA/D l 114P

Table H10 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 5 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.903 
mm, film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c

% strain G'(Pa) G"(Pa) % strain G'(Pa) G"(Pa)
.0200 48031.9 5431.5 .7586 48236.4 7261.2
.0291 57623.2 7713 6 1.2068 46272 7 6898.5
.0462 56928.7 5235 9 1.9162 44175.3 7039 1
0743 549490 7160.0 3.0514 39145.7 10603.3
1174 54767.1 7527.0 4.8673 32207.1 10831.1
.1867 53502.2 7846.0 7 7107 32952.0 7860.4
2971 52633.2 7586.0 12.2650 30949.90 7343.6
.4734 50772.7 7349.4 19.5245 25591.1 7411 0
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Figure H16 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 5 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.903 
mm,.film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.

Table H ll Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 5 %vol. De PDPA/Dl ] 14P, parallel plate, gap = 0.903 
mm, film diameter -  25 mm, electric field (E) = 2 kv/mm, 27°c

% strain G'(Pa) G"(Pa) % strain G'(Pa) G"(Pa)
.0194 38808.1 2720.9 .7716 30254.2 4306.6
.0298 371692 5939.4 1.2253 29239.9 4136.2
.0463 37925.3 3907.37 1.9428 28399.1 3945.0
0747 35839.1 4918.9 3 0843 27453.3 4002 3
1193 35309.4 4224 2 4 8953 26128.0 4765.4

.1904 34218.4 4542.1 77962 22134.6 7130.8
3033 32695 5 4404.3 12.3755 20862.6 6036.5
.4823 31454.6 4447.2 19.6251 19450.9 5479 4
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Figure H17 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 5 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.903 
ทาทา- film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.

0 0 0 0 0 0 ° ° ° o o ^
o % strain vs G' (Pa) 
□  % strain vs G" (Pa)

๐ ๐ ๐

Time (ร)
Figure H18 Temporal response testing of storage modulus (G’) of 5 %vol. 
De PDPA/D 1114P, parallel plate, strain 0.2 %, gap 0.900 mm, film diameter 25 mm, 
freguency 1.0 rad/s, electric field (E) 2 kv/mm, 27°c.
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10 % vo l D ePD PA/D l 114P

Table H12 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 10 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.854 
mm, film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c

% strain G'(Pa) G"(Pa) % strain G'(Pa) G"(Pa)
.0200 33186.8 10783.8 .7709 28850.5 4800.8
.0301 36422.3 4824.8 1.2249 267057 5146.0
0463 37580.1 2965.7 1 9475 246657 5030 8
.0744 33538.4 41187 3.0943 227270 4843.8
1193 32890.2 4537.9 4 9113 212598 5060 1

.1907 32363 7 4869.7 7.8037 19834.6 4698 5
3030 31484.6 4593.0 12.3737 18961.3 4612.7
4820 30356.7 4316.5 19.5887 20877.6 4922.0

1e+5

๐ ° ° o o o o o o

o % strain vs G' (Pa) 
□  % strain vs G" (Pa)
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Figure H19 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of 10 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.854
mm, film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.
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Table H13 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 10 % vol. De_PDPA/Dl 114P, parallel plate, gap = 
0.854 mm, film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c

% strain G'(Pa) G"(Pa) % strain G'(Pa) G"(Pa)
.0172 42903.5 -1578.1 .7667 34380.3 4559.8
.0280 35854 3 -5358 5 1.2188 32064.9 5211.2
0452 40442.5 2063.9 1 9382 29972.7 5226.6
.0730 38901.7 2629 0 3.0774 28093.2 5081.2
1175 38235.6 3210 9 4.8911 25662.5 6346.0

.1891 36339.8 3758.33 7.7858 22615.8 6143.9

.3011 35749.4 3671.0 12.3302 23097.4 5029 6

.4796 35409.7 3710.9 195161 24993.9 5502.5

1e+5

toCL

๐
2  1e+4
๐

1e+3
.01 .1 1 10 100
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Figure H20 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test o f 10 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.854
mm, film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.

o % strain vs G' (Pa) 
□  % strain vs G" (Pa)

๐ ก o o ๐ ๐ ๐ ๐ 0 ๐ ๐ ๐ ๐ ๐
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Time (ร)

Figure H21 Temporal response testing of storage modulus (G’) of 10 %vol. 
De PDPA/D1 114P, parallel plate, strain 0.3 %, .gap 0.854 mm, film diameter 25 mm, 
freguency 1.0 rad/s, electric field (E) 2 kv/mm, 27°c.

20 % vol. D eP D P A /D llU P

Table HI4 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 20 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.988 
mm, film diameter = 25 mm, electric field (E) = 0 Y/mm, 27°c

% Strain G'(Pa) G"(Pa) % Strain G'(Pa) G"(Pa)
0.01844 115430 21698.4 0.76232 48111.3 21785.4
002737 117870 27891.2 1.22191 35211.7 17381.8
0.04402 112370 18753.4 1.95031 26965.9 12860.6
0.07067 108100 22809.4 3.1065 21603 10431
0.11299 103040 20922 4.95336 14278 8271.58
0 18184 94664.8 20539.2 7.89593 9154.91 6753.66
0.29145 85314.4 20355.8 12.5559 5065.99 5948.5
0 46816 71765.6 20846.5 19.937 2916.2 4688.62
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Figure H22 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 20 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.988 
mm, film diameter = 25 mm, electric field (E).r= o.v/mm, 27°c.

Table H15 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 20 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.988 
mm, film diameter = 25 mm, electric field (E) = 2 kV/mm, 27°c

๐ ๐  o o o o

o % strain vs G' (Pa) 
□  % strain vs G” (Pa)

๐  □  □  □  □  □ ๐
D 8

□๐

% Strain G'(Pa) G"(Pa) % Strain G'(Pa) G"(Pa)
0.0174 159480 59329.4 0.75902 50455.4 35563
0.02605 177250 43244.2 1.21944 37120 1 26673.6
004143 176130 42956.4 1.94611 29068.2 19690.2
0.06679 173860 38548.4 3.09916 23675 15395.2
0.10831 158390 44922.2 4.93566 18546.2 13396.5
0.17636 133610 48674.9 7.85451 13557.4 122573
028761 101860 503714 12.52 8607.17 10902 2
046796 71277.1 44698.4 19.9059 4944.99 8408.33
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Figure H23 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 20 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.988 
mm, film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.
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Figure H24 Temporal response testing of storage modulus (G’) of 20 %vol.
De PDPA/D1114P, parallel plate, strain 0.1 %, gap 0.980 mm, film diameter 25 mm, 
freguency 1.0 rad/s, electric field (E) 2 kv/mm, 27°c.
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30 % vol. D eP D P A /D  1114P

Table HI 6 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 30 % vol. De_PDPA/Dl 114P, parallel plate, gap = 
0.984 mm, film diameter = 25 mm, electric field (E) = 0 v /mm 27°c

% Strain G'(Pa) G"(Pa) % Strain G'(Pa) G"(Pa)
0.01802 200930 42952.2 0.6948 167120 58509.1
002588 224050 44937.7 1 1899 64955.5 704615
0.04057 219220 47075 7 1.94608 289596 47602.1
006536 215810 464487 3 12954 12347.7 28865.6
0.1043 216440 46825.5 4.99206 5335.45 17490.6

0.16699 209680 47258 2 7.9416 2464.82 11000.1
0.26636 204240 45736 3 12.5882 1169.38 7046.63
0.42651 193470 474064 19 9842 542.721 4562.1

1e+6
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Figure H25 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test o f 30 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.984
mm film diameter = 25 mm, electric field (E) = 0 v/mm, 27°c.
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Table H I7 Storage modulus and loss modulus versus strain (%) obtained from 
dynamic strain sweep test of 30 % vol. De PDPA/Dl 114P, parallel plate, gap = 
0.984 mm, film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c

% Strain G'(Pa) G"(Pa) % Strain G'(Pa) G"(Pa)
0.0141 412810 63683 0.66426 219990 139080

0.02144 419480 83970.1 1.15249 101820 110070
0.03515 415120 52265.2 1.91297 47416 76089.7
0.05652 418500 70927.4 3.09601 24463.3 45811
009021 418660 64372.6 4 96144 12058.1 29541.8
0 14381 425660 64726.4 7 87373 6026.37 19501.5
0.22884 424810 72413.4 12.5688 3140 44 12733 4
0.37076 393990 88622 7 19 9545 1733.65 8519.68

1e+6

_  1e+5 nTOL
^  1e+4
£
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Figure H26 Storage modulus and loss modulus versus strain (%) obtained from
dynamic strain sweep test of 30 %vol. De_PDPA/Dl 114P, parallel plate, gap = 0.984
mm, film diameter = 25 mm, electric field (E) = 2 kv/mm, 27°c.

O O O O O O O o o  % strain vs G' (Pa)
๐ □  % strain vs G” (Pa)

□  D D □ □ □ □ ๐ B g D
° ° 0๐ □๐ ๐ ๐
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Figure H27 Temporal response testing of storage modulus (G’) of 30 %vol. 
De_PDPA/Dl 114P, parallel plate, strain 0.3 %, gap 0.978 mm, film diameter 25 mm, 
freguency 1.0 rad/s, electric field (E) 2 kv/mm, 27°c.
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Appendix I Density Determination by Pycnometer

The density of dedoped-Polydiphenylamine and the doped-polymers with 
various doping mole ratios was determined by using Ultrapycnometer 
(Ultrapycnometer 1000, V  2.4) with small cell size. The polymers were firstly 
vacuum-dried for 24 hr and then weighted at ambient temperature, loaded the sample 
to the cell. Density determination was carried out 10 time for each sample for a run 
under flow purge mode, target gas pressure 17 psi, and calibration volumes: Vadded 

12.4159 cm3; Vceii 20.8093 cm3.

Table II Density data of dedoped-polydiphenylamine (De PDPA) measured at 27 

° c ,  sample weight 0 . 2 5 1 5  g

Run Volume (cm3) Density (g/cm3)
1 0.1857 1.1756
2 0.1843 1.1732
3 0.1869 1.1703
4 0.1891 1.1743
5 0.1886 1.1857
6 0.1912 1.1685
7 0.1923 1.1734
8 0.191 1.1807
9 0.1914 1.1814
10 0.191 1.1886

Average Volume 0.1912 cm3
Average Density 1.3156 g/cm3
Standard Deviation 0.00061 g/cm3
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Table 12 Density data of doped-polydiphenylamine at doping mole ratio 
N h ci • Nmonomer, 200:1 (D_PDPA 200:1) measured at 27.1 °c, sample weight 0.2349 g

Run Volume (cm3) Density (g/cm3)
1 0.1975 1.1893
2 0.1959 1.1992
3 0.1962 1.1973
4 0.1956 1.2008
5 0.1953 1.2026
6 0.1948 1.2057
7 0.1959 1.1994
8 0.1959 1.1989
9 0.1971 1.1915
10 0.1973 1.1905

Average Volume 0.1968 cm3
Average Density 1.1936 g/cm3
Standard Deviation 0.0038 g/cm3

Table 13’ Density data of doped-polydiphenylamine at doping mole ratio 
N hci Nmonbmer, 1 0 0 : 1  (D_PDPA 1 0 0 : 1 )  measured at 2 9 .2  ° c ,  sample weight 0 .2 2 5 7  g

Run Volume (cm3) Density (g/cm3)
1 0.1816 1.2426
2 0.181 1.2471
3 0.1789 1.2617
4 0.1828 1.2349
5 0.1829 1.2337
6 0.1819 1.2406
7 0.1832 1.2319
8 0.1821 1.2393
9 0.1833 1.2314
10 0.1819 1.2409
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Table 14
NncfNmonomer

Average Volume 0.1824 cm3
Average Density 1.2372 g/cm3
Standard Deviation 0.0042 g/cm3

Density data of doped-polydiphenylamine at doping mole ratio 
,10:1 (D PDPA 10:1) measured at 26.1°c, sample weight 0.2239 g

Run Volume (cm3) Density (g/cm3)
1 0.1905 1.1756
2 0.1909 1.1732

: 3 0.1913 1.1703
4 0.1907 1.1743

. 5 0.1888 1.1857
6 0.1916 1.1685

•' 7 0.1908 1.1734
- • 8 0.1896 1.1807

9 0.1895 1.1814
- 10 0.1884 1.1886

Average Volume 0.1892 cm3
Average Density 1.1836 g/cm3
Standard Deviation 0.0036 g/cm3
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Appendix J Frequency sweep test; various electric fields and temperature

Frequency test o f D l l  14P
D1114P E = 0 v/mm

300 K
... 0 ... 310 K
- A - 320 K

V  ' 330 K
o 340 K

- 0 - 350 K
- 0 - 360 K

<$> 370 K
- V - 380 K
- A — 390 K

(a)
D1114P, E = 0 V/mm, Frequency = 1 rad/s

1,6e+5 
1.4e+5 
1.2e+5 
1.0e+5 

๐  8.0e+4 
6.0e+4 
4.0e+4 
2.0e+4

300 320 340 360 380 400
Temperature(K)

(b)
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D1114P, E = 0 v/mm, Frequency 100 rad/s

4e+5 
4e+5 
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300 320 340 360 380 400
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( c ) \
Figure J1 D 1114P at E = ov/mm, strain 0.2 % (a) frequency sweep test at various 
temperatures; (b) storage modulus (G’) versus temperature at frequency 1 rad/s; (c) 
storage modulus (G’) versus temperature at frequency 100 rad/s.

D1114P, E = 1kV/mm

O  D1114P, E = 0 v/mm
,0 ffi
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/ ๏
Ï 0 ©  ©

I ' ' ' ' I

- © - 300 K
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A 320 K
- V - 330 K
- é - 340 K
. . . 0 .. . 350 K
. . . ๑ . . . 360 K

- ë - 370 K
■ " พ - - - 380 K
■ A " 390 K

(a)
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D1114P, E = 1 kv/mm, frequency = 1 rad/s

Temperature(K)
(b)

D1114P, E = 1 kV/mm, Frequency = 100 rad/s

5e+5
O D1114P, E= 1 kV/mm B

4e+5 -

^  3e+5 -(ซ
£ ,6
®  2e+5

/  ©
1e+5 è©«
0

* © 0

300 320 340 360 380 400
Temperature (K)

(c)

Figure J2  D1114P at E = 1 kv/mm, strain 0.2 %: (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.
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D1114P, E = 2 kV/mm

300 K
• • อ - 310 K

A 320 K
- V - 330 K

340 K
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(a)

D1114P, E = 2 kV/mnij frequency = 1 rad/s .
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D1114P, E = 2 kv/mm, Frequency = 100 rad/s
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Figure J3 DI 114P at E = 2 kv/mm, strain 0.2 %; (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s. '



D1114P, Frequency = 1 rad/s

Figure J4 Comparison of D1114P’s storage modulus exhibited at different 
temperatures under various electric fields, frequency 1 rad/s, and strain 0.2 %.

D1114P, Frequency = 100 rad/s
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Figure J5 Comparison of D11 HP3ร storage modulus exhibited at different 
temperatures under various electric fields, frequency 100 rad/s, and strain 0.2 %.
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F requency  test o f  D 1164P

D1164P E = 0 v/mm

Frequency (rad/s)
(a)
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D1164P, E = 0 v/mm, Frequency = 100 rad/s
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Figure J6 DI 164P at E  = 0 v/mm, strain 0.1 %: (a) frequency sweep test at various 
temperatures; (b) storage modulus (G’) versus temperature at frequency 1 rad/s; (c) 
storage modulus (G’) versus temperature at frequency 100 rad/s.
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Figure J7 DI 164P at E = 1 kv/mm, strain 0.1 %: (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.
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D1164P, E = 2 kV/mm, Frequency = 100 rad/s
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Figure J8 DI 164P atE = 2 kV/mm, strain 0.1 %: (.a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.
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Figure J9 Comparison of D1164P’s storage modulus exhibited at different 
temperatures under various electric fields, frequency 1 rad/s, and strain 0.1 %.
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Figure J10 Comparison of D1164P’s storage modulus exhibited at different 
temperatures under various electric fields, frequency 100 rad/s, and strain 0.1 %
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D 1 162P , E  = 0 v /m m , f re q u e n c y  = 1 0 0  ra d /s
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(c)
Figure J l l  DI 162P at E = 0 v/mm, strain 0.2 %: (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.

D1162P, E = 1 kV/mm

300K
.....ท 31 OK
— A  - 320K
.....V 330K

o 340K
.....o .... 350K
- - e — 360K

0 370K
<0 380K-■ w — 390K

(a)



G' 
(Pa

) 
G' 

(Pa
)

155

D 1 1 6 2 P , E  = 1 k V /m m , fre q u e n c y  = 1 ra d /s

Temperature (K)
(b)

D1162P, E = 1 kV/mm, frequency =100 rad/s

3.5e+6 
3.0e+6 
2.5e+6 
2.0e+6 
1.5e+6 
1.0e+6 
5.0e+5 
0.0

300 320 340 360 380 400
Temperature (K)

(c)
Figure J12 DI 162P at E = 1 kV/mm, strain 0.2 %: (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
rad/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.
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D 1 1 6 2 P , E  = 2 k V /m m , fre q u e n c y  = 1 0 0  ra d /s
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Figure J12 DI 162P at E = 2 kv/mra, strain 0.2 %: (a) frequency sweep test at 
various temperatures; (b) storage modulus (G’) versus temperature at frequency 1 
ra'd/s; (c) storage modulus (G’) versus temperature at frequency 100 rad/s.
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Figure J13 Comparison of D1162P’s storage modulus exhibited at different 
temperatures under various electric fields, frequency 1 rad/s, and strain 0.2 %.

D 1 1 6 2 P , F re q u e n c y  = 1 ra d /s

D1162P, Frequency = 100 rad/s

Figure J14 Comparison of D1162P’s storage modulus exhibited at different 
temperatures under various electric fields, frequency 100 rad/s, and strain 0.2 %
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Table J1 Number of electrical strand (ve) of the plot between storage modulus of 
D1114P, DI 164P, and DI 162P at various electric fields strength versus temperature

Sample
Applied 

electric field 
(kV/mm)

Strain
(%)

Ve (cm 3)
at frequency 1 rad/s

Ve (cm'3)
at frequency 100 rad/s

D1114P
0 0.2 2.10X1021 5.58X1021
1 0.2 2.89X1021 7.05X1021
2 ; 02 1.89X1021 4 15X1021

D1164P
0 0.1 1.82x1 o21 3.94X1021
1 0.1 2.91X1021 6.54X1021
2 0.1 2.05X1021 5.32X1021

D1162P
0 . 0 2 1.93X1022 5 l lx io 22
1 0.2 4.95X1022 9 86x1 o22
2 0.2 3^16xl022 6.72X1022

5 vol%  De PDPA/D1114P

.5% DePDPA/D1114P, E = 0 V/mm

- - ■ e - 300K
. . . . £ 3 . . . . 310K
— 320K
.... V ... 330K
.....o ... 340K
.....0  • 350K
- e - 360K

370K
.... V  • 380K
— ^ — 390K

Frequency (rad/s)
(a)
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5% DePDPA/D1114P, E = 0 v/mm, Frequency 1 rad/s 
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5% DePDPA/D1114P, E = 0 v/mm, Frequency 100 rad/s 
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CL

°  1 .Oe+5 
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0.0 300 320 340 360 380 400
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(c)
Figure J15 5% De_PDPA/Dl 114P_at E = ov/mm, strain 0.2 % (a) frequency sweep 
test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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5% DePDPA/D1114P, E = 1 kV/mm
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5%  D ePD PA /D 1114P , E  = 1kV /m m , F re q u e n c y  100 rad /s
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o  5% DePDPA/D1114P, E =1 kv/mm
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(c)
Figure J16 5% De PDPA/D1 114P_at E = 1 kv/mm, strain 0.2 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus température at frequency 100

5% DePDPA/D1114P, E = 2 kV/mm
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Figure J17 5% De_PDPA/Dl 114P_at E = 2 kV/mm, strain 0.2 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100
rad/s.

5%  D eP D P A /D 1114P , E = 2 kV /m m , F re q u e n c y  1 rad /s

o  5% DePDPA/D1114P, E = 2 kV/mm
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5% D e P D P A /D 1114P , F re q u e n c y  1 rad /s

Figure J18 Comparison of 5% De_PDPA/Dl 114P’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 1 rad/s, and strain 0.2
%.

5% DePDPA/D1114P, Frequency 100 rad/s
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Figure J19 Comparison of 5% De PDPA/Dl 114P’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 100 rad/s, and strain 
0.2 %.
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1 0  v o l %  D e  P D P A / D 1 1 1 4 P

10% DePDPA/D1114P, E = 0 V/mm
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10%  D e P D P A /D 1114P , E = 0 v /m m , F re q u e n c y  100 rad /s

2e+5 o  10% DePDPA/D1114P, E = 0 v/mm

2e+5 พ
1e+5

£  1e+5 ๏Ô 1e+5
8e+4 $

6e+4 ๏๏ ®4e+4 -( © © ๏

300 320 340 360 380 400
Frequency (rad/s)

(c)
' Figure J20' 10% De PDPA/Dl 114P_at E = 0 v/mm, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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10% D e P D P A /D 1114P , E = 1 kV /m m , F re q u e n c y  1 rad/s
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(c)
Figure J21 10% De_PDPA/Dl 114P_at E = 1 kv/ram, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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10% DePDPA/D1114P, E = 2 kV/mm
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10%  D ePD PA /D 1114P , E = 2 kV /m m , F re q u e n c y  100 rad /s

ae+a
o  10% DePDPA/D1114P, E = 2 kV/mm
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Figure J22 10% De_PDPA/Dl 114P_at E = 2 kV/mm, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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10%  D e P D P A /D 1114P , F re q u e n c y  1 rad /s
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Figure J23 Comparison of 10% De_PDPA/Dl 114P’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 1 rad/s, and strain 0.3
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Figure J24 Comparison of 10% De_PDPA/Dl 1 HP’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 100 rad/s, and strain
0.3 %.
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2 0  v o l %  D e  P D P A / D 1 1 1 4 P

20% DePDPA/D1114P, E = 0 v/mm
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20%  D e P D P A /D 1 1 14P, E  = 0 V/m m , F re q u e n c y  100 rad /s

3e+5 

3e+5 

รุ̂  2e+5 

2e+5 

1e+5
300 320 340 360 380 400

Frequency (rad/s)
(c)

Figure J25 20% De_PDPA/Dl 114P at E = 0 v/mm, strain 0.1 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus.temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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20% DePDPA/D1114P, E = 1 kV/mm, Frequency 1 rad/s 
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20% DePDPA/D1114P, E = 1 kV/mm, Frequency 100 rad/s
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Figure J26 20% De_PDPA/Dl 114P_at E = 1 kV/mm, strain 0.1 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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20% DePDPA/D1114P, E = 2 kV/mm

Frequency (rad/s)
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20% DePDPA/D1114P, E = 2 kV/mm, Frequency 100 rad/s 
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(c)
Figure J27 20% De_PDPA/Dl 114P at E = 2 kV/mm, strain 0.1 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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Figure J28 Comparison of 20% De_PDPA/Dl 114P’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 1 rad/s, and strain 0.1
%.
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Figure J29 Comparison of 20% De_PDPA/Dl 1 HP’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 100 rad/s, and strain 
0.1 %.
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30 vol%  De PDPA/D1114P

30% DePDPA/D1114P, E = 0 V/mm
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30% DePDPA/D1114P, E = 0 v/mm, Frequency 100 rad/s
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Figure J30 30% DePDPA/Dl 114P_at E = 0 v/mm, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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30% DePDPA/D1114P, E = 1 kV/mm, Frequency 1 rad/s
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(c)
F ig u re  J31 30% De_PDPA/Dl 1 14P_at E = 1 kV/mm, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100
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30% DePDPA/D1114P, E = 2 kV/mm
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30% DePDPA/D1114P, E = 2 kV/mm, Frequency 100 rad/s 
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(c)
Figure J32 30% DePDPA/Dl 114P_at E = 2 kV/mm, strain 0.3 % (a) frequency 
sweep test at various temperatures; (b) storage modulus (G’) versus temperature at 
frequency 1 rad/s; (c) storage modulus (G’) versus temperature at frequency 100 
rad/s.
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Figure J33 Comparison of 30% De_PDPA/Dl 1 HP’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 1 rad/s, and strain 0.3
%.
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Figure J34 Comparison of 30% DePDPA/Dl 1 HP’s storage modulus exhibited at 
different temperatures under various electric fields, frequency 100 rad/s, and strain
0.3 %.
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Appendix K  Analysis o f deflection force o f pure SIS films

Deflection of SIS films; D1114P (19%wt PS), D1164P (29%wt PS), and 
D1162P were carried out under various applied-electric strengths. For each of SIS 
films, one end of the sample was fixed with tong vertically in the chamber, which 
consisted of two electrodes and poly(dimethylsiloxane). The input DC field was 
generated by a DC power supply (Gold รนท 3000, GPS 3003D) and a high voltage 
power supply (Gamma High Voltage, บC5-30P) which delivered to the electrodes 
various electric fields (25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, 300. 325, 
350, 375, 400, 425, 450, 475, 500, 525, 550, 575, and 600 v/mm). A video recorder 
was used to record the displacement of the film made a model. The tip displacement 
was measured through a Scion Image (Beta 4.0.3) program.

To calculate the theoretical force of sample displacement it can be regarded 
as a cantilever beam. It is assumed that the sample is symmetric with respect to the 
longitudinal direction and that a concentrated load is acting at the tip of an actuator. 
Then, the relation between tip displacements (d) and force (Fe) are calculate from the 
linear deflection and non-linear deflection models depending on their bending 
characteristic (Figure Kl), as the following:

(Linear deflection) ^ 3 dE I
F e = 7

(K.l)

(Non-linear deflection)

k-i 'ะL 
II£ (K.2)

where E  is the modulus of elasticity (Pa), d  is displacement distance in X axis (mm), /  
is the moment of inertia (m4), and l  is the deflection distance in y axis (mm), which 
are shown in Figure Kl.
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Figure K l  deflection of one free end sample beam.

Figure K2 (a) Linear deflection and (b) Non-linear deflection of the sample under 
electric field.

But, the absolute vertical deflection force at the free end of the sample does 
not only depend on Elastic force (Fe), but also depend on weight in deflection 
direction, {mg sin(6)). Thus, the absolute deflection force of free end of sample beam 
or dielectrophoretic force is the sum of the elastic force {Fe) and mg รพ(6% as in the 
following equation:

(Dielectrophoretic force) F d  = Fe + m g  sin 6 (K.3)



Table K l  Electromechanical responses o f  pure SIS D 1 114 p at various electric field strengths

E
(V/mm)

d
(mm)

1
(mm) 0 (°) sin(0) mg sin(0) 

(N)

Fe from  
linear 

deflection
( N )

F d  from  
linear 

deflection
( N )

Fe from non 
linear 

deflection 
(N)

Fd from  non 
linear 

deflection 
(N)

Ti
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 15.31 0 0 0 0 0 0 0 0 0 0 0.0
25 0 15.31 0 0 0 0 0 0 0 0 0 0 0.0
50 0 15.31 0 0 0 0 0 0 0 0 0 0 0 0
75 0 15.31 0 0 0 0 0 0 0 0 0 0 0.0
100 0 15.31 0 0 0 0 0 0 0 0 0 0 0.0
125 0 15 31 0 0 0 0 0 0 0 0 0 0 0.0
150 0 15.31 0 0 0 0 0 0 0 0 0 0 0.0
175 0.41 15.31 1.5 0.0268 4.802E-06 3.654E-07 5.168E-06 3.691 E-07 5.171E-06 30 4 36.5 260.5
200 0.61 15.31 2.3 0.0398 7.144E-06 5.436E-07 7.687E-06 5.491 E-07 7.693E-06 30 4 80.8 387.5
225 0.61 15.31 2.3 0.0398 7.144E-06 5.436E-07 - 7.687E-06 ' 5.491 E-07 7.693E-06 32 5 80.8 387.5
250 0.61 15.31 2.3 0.0398 7.144E-06 5.436E-07 7.687E-06 5.491 E-07 7.693E-06 33 5 80.8 387.5
275 0,61 15.31 2.3 0.0398 7.144E-06 5.436E-07 7.687E-06 5.491 E-07 7.693E-06 35 7 80 8 387.5
300 0.61 15.31 2.3 0,0398 7.144E-06 5.436E-07 7.687E-06 5.491 E-07 7.693E-06 40 8 80.8 387.5
325 0.82 15.31 3.1 0.0535 9.601 E-06 7.308E-07 1.033E-05 7.382E-07 1.034E-05 44 9 145.9 520.8
350 1.02 15.31 3.8 0.0666 1.194E-05 9.090E-07 1.285E-05 9.183E-07 1.286E-05 44 9 225.6 647.6
375 1.02 15.31 3.8 0.0666 1.194E-05 9.090E-07 1.285E-05 9.183E-07 1.286E-05 45 12 225.6 647.6
400 1.02 15.31 3.8 0.0666 1.194E-05 9.090E-07 1.285E-05 9.183E-07 1.286E-05 49 14 225.6 647.6
425 1.43 15.31 5.4 0.0933 1.673E-05 1.274E-06 1 ,'8E-0i5 - 1.293E-06 1.802E-05 50 14 442.8 907.6
450 1.43 15.31 5.4 0.0933 1.673E-05 ■ 1.274E-06 1.8È-05 1.293E-06 1.802E-05 50 15 442.8 907.6
475 1 63 15.31 6.1 0.1063 1.906E-05 1 453E-06 2.051 E-05 1.476E-06 2.053E-05 53 18 574.8 1034.2
500 1 63 15 31 6.1 0.1063 1.906E-05 1.453E-06 2.051 E-05 1.476E-06 2.053E-05 54 17 574.8 1034.2
525 2.04 15.31 7.6 0.1329 2.383E-05 1.818E-06 2.564E-05 1.853E-06 2 568E-05 55 18 898.4 1293.4
550 2.65 15.31 9.9 0.1722 3.089E-05 2.362E-06 3.325E-05 2.447E-06 3.333E-05 54 28 1509.9 1679.0
575 2.86 15.1 10.9 0.1883 3 376E-05 2.657E-06 3.642E-05 2.651 E-06 3.642E-05 56 29 1804.4 1834.2
600 2.86 15 1 10.9 0.1883 3.376E-05 2.657E-06 3.642E-05 2.651 E-06 3.642E-05 55 33 1804.4 1834.2
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Pure SIS  D I  114 P  (19 %wt PS)

The weight of specimen (น-'/) = 0.0183 g 
The length of specimen (/o) = 15.31 mm 
The initial length of specimen (L) = 22.23 mm 
The thickness of specimen (/) = 0.390 mm 
The width of specimen (น') = 2.29 mm
G' =  33935.8 Pa at E =  0 kv/mm, T =  300 K, strain =  1.0%, f  =  1 rad/s. 
d  = deflection distance in X axis (mm), /= deflection distance in y axis (mm) 
Tj = induction time (sec), Tr = recovery time (sec)
I  = Moment of inertia (m4) = t3พ/12

Force density = — -d-—  (N/m3)volume

d
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O D1114P, F, calculated by Linear Deflection theory 
□  D1114P, FjCalculated by Non-Linear Deflection theory
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(c)

O D1114P, recalculated by Linear Deflection theory 
□  D1114P, Fd calculated by Non-Linear Deflection theory
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Figure K l  Electromechanical responses of pure SIS DI 114P at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force ( F e ) ;  (d) 
dielectrophoretic forces (F d );  (e) force density; (f) energy density; (g) power 
consumption
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Figure K2 Electromechanical responses of pure SIS D1114P at various electric field 
strengths: (a) 0 v/mm; (b) 25 v/mm; (c) V = 50 v/mm; (d) 75 v/mm; (e) 100 
v/ram; (f) 125 v/mm; (g) 150 v/mm; (hi) 175 v/mm; (i) 200 v/mm; (j) 225 v/mm; 
(k) 250 V/mm; (1) 275 v/mm; (m) 300 v/mm; (ท) 325 v/mm; (o) 350 v/mm; (p) 375 
V/mm; (q) 400 v/mm; (r) 425 v/mm; (ร) 450 v/mm; (t) 475 v/mm; (น) 500 v/mm; 
(v) 525 V/mm; (พ) 550 v/mm; (x) 575 v/mm; (y) 600 v/mm.



Table K 2 Electromechanical responses o f  pure SIS D 1 164 p at various electric field strengths

(V/mm)
d

(mm)
1

(mm) 9 0 sin(0) mg sin(0) 
(N)

Fe from  
linear 

deflection 
(N)

Fd from  
linear 

deflection 
(N)

Fe from  non 
linear 

deflection 
(N)

Fd from  non 
linear 

deflection 
(N)

Ti
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 14.68 0 0 0 0 0 0 0 0 0 0 0
25 0 14.68 0 0 0 0 จ 0 0 0 0 0 0
50 0 14.68 0 0 0 0 •b 0 0 0 0 0 0
75 0 14.68 0 0 0 0 0 0 0 0 0 0 0
100 0 14.68 0 0 0 0 0 0 0 0 0 0 0
125 0 14.68 0 0 0 0 .0 0 0 0 0 0 0
150 0 14.68 0 0 0 0 0 - 0 0 0 0 0 0
175 0 14.68 0 0 0 0 0 0 0 0 0 0 0
200 0 14.68 0 0 0 0 0 0 0 0 0 0 0
225 0 14.68 0 0 0 0 0 0 0 0 0 0 0
250 0 14.68 0 0 0 0 0 0 0 0 0 0 0
275 0.21 14.68 0.8 0.014 2.523E-06 3.8983E-07 2.9132E-06 3.9377E-07 2.9171 E-06 22 5 16.5 155
300 0.21 14.68 0.8 0.014 2.523E-06 3.8983E-07 2.9132E-06 3.9377E-07 2.9171E-06 29 6 16.5 155
325 0.21 14.68 0.8 0.014 2.523E-06 3.8983E-07 2.9132E-06 3.9377E-07 2.9171E-06 30 6 16.5 155
350 0.21 14.68 0.8 0.014 2.523E-06 3.8983E-07 2.9132E-06 3.9377E-07 2.9171E-06 30 7 16.5 155
375 0.21 14 68 0.8 0.014 2.523E-06 3.8983E-07 2.9132E-06 3.9377E-07 2.9171 E-06 32 8 16.5 155
400 0.43 14.68 1.7 0.029 5.166E-06 7.9823E-07 5.9645E-06 8.0629E-07 5.9726E-06 33 10 69.3 318
425 0.64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8.8761 E-06 1.2001 E-06 8.8881 E-06 34 10 153.4 473
450 0.64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8.8761 E-06 1.2001 E-06 8.8881 E-06 39 10 153.4 473
475 0 64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8 8761 E-06 1.2001 E-06 8.8881 E-06 40 12 153.4 473
500 0.64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8.8761 E-06 1.2001 E-06 8.8881 E-06 43 13 153.4 473
525 0.64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8.8761 E-06 1.2001 E-06 8.8881 E-06 44 13 153.4 473
550 0.64 14.68 2.5 0.044 7.688E-06 1.1881E-06 8.8761 E-06 1.2001 E-06 8.8881 E-06 45 13 153.4 473
575 1.07 14.68 4.2 0.073 1.285E-05 1.9863E-06 1.4832E-05 2.0093E-06 1.4855E-05 45 15 428.3 791
600 1.07 14.68 4.2 0.073 1.285E-05 1.9863E-06 1.4832E-05 2.0093E-06 1.4855E-05 49 16 428.3 791
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D I 164 P  (29 %wt PS)

The weight of specimen (พ/) = 0.0180 g 
The length of specimen (Jo) = 14.68 mm 
The initial length of specimen (L) = 21.71 mm 
The thickness of specimen (/) = 0.410 mm 
The width of specimen (พ) = 2.11 mm
G' = 53844.34 Pa at E = 0 kv/mm, T = 300 K, strain = 0.1%, f  = 1 rad/s. 
d  = deflection distance in X axis (mm), /= deflection distance in y axis (mm) 
Tj = induction time (sec), Tr = recovery time (sec)
I  = Moment of inertia (m4) = t3พ/12 

E  = Modulus of elasticity (Pa)
F e = elastic force (N) = 3 d E l/f for linear deflection 
F e = elastic force (N) = d E l/ f  for non linear deflection 
Fd = dielectrophoretic force = F e  (N) + mgsinO’

Force density = volume (N/m3)
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O  D1164, Fe calculated by Linear deflection theory 
□  D1164, Fe calculated by Non-Linear deflection theory
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O  D 1164P , Fd calcu lated  by Linear deflection theory 
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Figure K3 Electromechanical responses of pure SIS DI 164P at various electric field 
strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force ( F e ) ;  (d) 
dielectrophoretic forces (F d );  (e) force density; (f) energy density; (g) power 
consumption.
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Figure K 4  Electromechanical responses o f pure SIS DI 164P at various electric field 

strengths: (a) 0 v/mm; (b) 25 v/mm; (c) V  = 50 v/mm; (d) 75 v/mm; (e) 100 

v/mm; (f) 125 v/mm; (g) 150 v/mm; (h) 175 v/mm; (i) 200 v/mm; (j) 225 v/mm; 

(k) 250 V/mm; (1) 275 v/mm; (m) 300 v/mm; (ท) 325 v/mm; (o) 350 v/mm; (p) 375 

V/mm; (q) 400 v/mm; (r) 425 v/mm; (ร) 450 v/mm; (t) 475 v/mm; (น) 500 v/mm; 

(v) 525 V/mm; (พ) 550 v/mm; (x) 575 v/mm; (y) 600 v/mm. •.• • .



Tab le K 3  Electromechanical responses o f pure SIS D I 162P at various electric fie ld  strengths

E
(V/mm)

d
(mm)

1
(mm) 0(°) sin(0) mg sin(0) 

(N)

Fe from 
linear 

deflection
(N)

Fd from 
linear 

deflection
(N)

Fe from non 
linear 

deflection 
(N)

Fd from non 
linear 

deflection
(N)

Ti
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 15.53 0 0 0 0 0 0 0 0 0 0 0
25 0 15.53 0 0 0 0 •- 0 0 0 0 0 0 0
50 0 15.53 0 0 0 0 - 0 0 0 0 0 0 0
75 0 15.53 0 0 0 0 0 0 0 0 0 0 0
100 0 15.53 0 0 0 0 0 0 0 0 0 0 0
125 0 15.53 0 0 0 0 .. 0 0 0 0 0 0 0
150 0 15.53 0 0 0 0 0- 0 0 0 0 0 0
175 0 15.53 0 0 0 0 0 0 0 0 0 0 0
200 0 15.53 0 0 0 0 0 0 0 0 0 0 0
225 0 15.53 0 0 0 0 0 0 0 0 0 0 0
250 0 15.53 0 0 0 0 0 0 0 0 0 0 0
275 0 15 53 0 0 0 0 0 0 0 0 0 0 0
300 0 15.53 0 0 0 0 0 0 0 0 0 0 0
325 0 15.53 0 0 0 0 0 0 0 0 0 0 0
350 0 15.53 0 0 0 0 0 0 0 0 0 0 0
375 0 15.53 0 0 0 0 0 0 0 0 0 0 0
400 0 15 53 0 0 0 0 0 0 0 0 0 0 0
425 0 15.53 0 0 0 0 0 0 0 0 0 0 0
450 0 15.53 0 0 0 0 0 0 0 0 0 0 0
475 0 15.53 0 0 0 0 0 0 0 0 0 0 0
500 0 15.53 0 0 0 0 0 0 0 0 0 0 0
525 0 15.53 0 0 0 0 0 0 0 0 0 0 0
550 0 15.53 0 0 0 0 0 0 0 0 0 0 0
575 0 15.53 0 0 0 0 0 0 0 0 0 0 0
600 0 15.53 0 0 0 0 0 0 0 0 0 0 0
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D I  1 6 2  P  ( 4 4  % w t  P S )

The weight o f specimen (พ/) = 0.0172 g 

The length o f specimen ( J o ) = 15.53 mm 

The initial length o f specimen ( L )  =  22.50 mm 

The thickness of specimen (/) = 0.340mm 

The width o f specimen (พ) = 2.23 mm

G' = 386262.4 Pa at E  = 0 kv/mm, T = 300 K, strain = 0.02%, f  = 1 rad/s. 

d  = deflection distance in X axis (mm), 1=  deflection distance in y axis (mm) 

Tj = induction time (sec), T r = recovery time (sec)

I  = Moment o f inertia (m4) = t 3w / 1 2  

E  = Modulus of elasticity (Pa)

Fe = elastic force (N) = 3 dEI/13 for linear deflection 

Fe = elastic force (N) = dEI/13 for non linear deflection 

Fd = dielectrophoretic force = Fe (N) + mgsinO

Force density =
v o l u m e

(N/m3)
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o D 1162P , re ca lcu la ted  by L in ea r Deflection  theory 

□  D1162P , F e ca lcu la ted  by N on -L inea r Deflection theory

(c)

O  D1162P , F dca lcu la ted  by L inea r Deflection  theory 

□  D1162P , F d ca lcu la ted  by N on -L inea r Deflection  theory

(d)
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Figure K5  Electromechanical responses o f pure SIS DI 162P at various electric field 

strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force (Fe); (d) 

dielectrophoretic forces (Fd); (e) force density; (f) energy density; (g) power 

consumption.
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Figure K6  Electromechanical responses o f pure SIS DI 162P at various electric field 

strengths: (a) 0 v/mm; (b) Y  = 50 v/mm; (c) 100 v/mm; (d) 150 v/mm; (e) 200 

v/mm; (f) 250 v/mm; (g) 300 v/mm; (h) 350 v/mm; (i) 400 v/mm; (j) 450 v/mm; 

(k) 500 V/mm; (1) 550 v/mm; (m) 600 v/mm.
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Figure K 7  Deflection angle o f pure SIS, D1114P, DI 164, and D1162P at various 

electric field strengths calculated through Linear Deflection theory.
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Figure K 8  Dielectrophoretic force (Fd) o f pure SIS, D 1114P, D 1164, and D 1162P at 

various electric field strengths calculated through Linear Deflection theory.
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at various electric field strengths calculated through Non-Linear Deflection theory.
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Tab le K 4  Electromechanical responses o f 5 % D ePD PA /D l 114P at various electric fie ld  strengths

E
(V/mm)

d
(mm)

1
(mm) 0(°) sin(0) mg sin(0) 

(N)

Fe from 
linear 

deflection
(N)

F(t from 
linear 

deflection
(N)

Fe from non 
linear 

deflection 
(N)

Fd from non 
linear 

deflection 
(N)

Ti
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 14.24 0 0 0 0 0 0 0 0 0 0 0
25 0 14.24 0 0 0 0 0 0 0 0 0 0 0
50 0 14.24 0 0 0 0 0 0 0 0 0 0 0
75 0 14.24 0 0 0 0 0 0 0 0 0 0 0
100 0 14.24 0 0 0 0 0 0 0 0 0 0 0
125 0 14.24 0 0 0 0 0 0 0 0 0 0 0
150 0.43 14.24 1.7 0.030 4.793E-06 3.880E-07 5.181 E-06 3.919E-07 5.185E-06 40 20 46 329
175 0.43 14.24 1.7 0.030 4.793E-06 3.880E-07 5.181E-06 3.919E-07 5.185E-06 40 20 46 329
200 0.43 14.24 1.7 0.030 4.793E-06 3.880E-07 5,181 E-06 3.919E-07 5.185E-06 40 20 46 329
225 0.43 14.24 1.7 0.030 4.793E-06 3.880E-07 5 181 E-06 3.919E-07 5.185E-06 40 21 46 329
250 0.43 14.24 1.7 0.030 4 793E-06 3.880E-07 5.181 E-06 3.919E-07 5.185E-06 40 22 46 329
275 0.65 14.24 2.6 0 046 7 244E-06 5.865E-07 7.831 E-06 5.924E-07 7.837E-06 40 22 104.5 498
300 0.65 14.24 2.6 0.046 7.244E-06 5.865E-07 7.831 E-06 5.924E-07 7.837E-06 40 22 104.5 498
325 0.65 14.24 2.6 0.046 7.244E-06 5.865E-07 - 7.831 E-06 ' 5.924E-07 7.837E-06 40 22 104.5 498
350 0.86 14.24 3.5 0.060 9.582E-06 7.759E-07 1.036E-05 7.838E-07 1.037E-05 40 22 182.9 659
375 0 86 14.24 3.5 0.060 9.582E-06 7.759E-07 1.036E-05 7.838E-07 1.037E-05 36 24 182.9 659
400 1.08 14.24 4.3 0 076 1.203E-05 9.744E-07 1.300E-05 9.862E-07 1.302E-05 52 30 288.2 827
425 1.51 14.24 6.1 0.106 1.680E-05 • 1.362E-06 1.817E-05 1.384E-06 1.819E-05 59 30 562.4 1155
450 1.94 14.24 7.8 0.136 2.156E-05 1.750E-06 2.331 E-05 1.787E-06 2.335E-05 61 29 926.0 1483
475 1.94 14.24 7.8 0.136 2.156E-05 1.750E-06 2.331 E-05 1.787E-06 2.335E-05 55 35 926.0 1483
500 2.16 14.24 8.7 0.151 2.399E-05 1 949E-06 2.594E-05 2.003E-06 2.599E-05 60 30 1146.2 1651
525 2.37 14.24 9.5 0.166 2.630E-05 2.138E-06 2.844E-05 2.211 E-06 2.851 E-05 60 30 1377.8 1811
550 2.87 14.24 11.5 0.202 3.178E-05 •2.589E-06 - • 3.437E-05 2.720E-06 3.450E-05 60 30 2011.8 2192
575 2.87 14.24 115 0.202 3 178E-05 2.589E-06 3.437E-05 2.720E-06 3.450E-05 70 30 2011.8 2192
600 2.87 14.24 11.5 0.202 3.178E-05 2.589E-06 3.437E-05 2.720E-06 3.450E-05 100 30 2011.8 2192
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5 % D e P D P A / D  1 1 1 4 P

The weight o f specimen ( w t )  = 0.0162 g 

The length o f specimen (/o) = 14.24 mm 

The initial length o f specimen ( L )  =  21.10 mm 

The thickness o f specimen (/) = 0.373 mm 

The width o f specimen (V) = 2.00 mm

G' = 33468.04 Pa at E  = 0 kv/mm, T = 300 K, strain = 0.2 %, f  = 1 rad/s. 

d  = deflection distance in X axis (mm), l -  deflection distance in y axis (mm) 

Ti =  induction time (sec), Xr =  recovery time (sec)

/ = Moment o f inertia (m4) = t 3พ / 1 2  

E  = Modulus o f elasticity (Pa)

Fe = elastic force (N) = 3d E I l f  for linear deflection 

Fe = elastic force (N) = d E H  l 3 for non hnear deflection 

Fd = dielectrophoretic force = Fe (N) + mgsinG

Energy density = 2 ^ 2 (^m3)

Force density
F t

v o l u m e
(N/m3)

d
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o  5% De_PD PA/D1114P , F ,  calcu lated by L inear Deflection theory 

□  5% De_PD PA/D1114P , F.ca lcu la ted by Non-Linear Deflection theory
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Figure K12 Electromechanical responses o f 5% DePDPA/D 1114P at various 

electric field strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force 

(Fe); (d) dielectrophoretic forces (Fd); (e) force density; (f) energy density.
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Figure K13 Electromechanical responses o f 5 %DePDPA/Dl 114P at various 

electric field strengths: (a) 0 v/mm; (b) 50 v/mm; (c) V  = 100 v/mm; (d) 150 

v/mm; (e) 200 v/mm; (f) 250 v/mm; (g) 300 v/mm; (h) 350 v/mm; (i) 400 v/mm; 

(j) 450 V/mm; (k) 500 v/mm; (1) 550 v/mm; (m) 600 v/mm.



Tab le K 5  Electromechanical responses o f 10 % D eP D P A /D l 114P at various electric fie ld  strengths

E
(V/mm)

d
(mm)

1
(mm) 0 (° ) sin(0) mg sin(6) 

(N)

Fe from  
linear 

deflection
(N)

Fd from  
linear 

deflection
(N)

Fe from  non 
linear 

deflection 
(N)

Fd from  non 
linear 

deflection 
(N)

Ti
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 13.81 0 0 0 0 0 0 0 0 0 0 0
25 0 13.81 0 0 0 0 0 0 0 0 0 0 0
50 0 13.81 0 0 0 0 0 0 0 0 0 0 0
75 0 13.81 0 0 0 0 0 0 0 0 0 0 0
100 0 13.81 0 0 0 0 0 0 0 0 0 0 0
125 0 13.81 0 0 0 0 0 0 0 0 0 0 0
150 0 13.81 0 0 0 0 0 0 0 0 0 0 0
175 0 13.81 0 0 0 0 0 0 0 0 0 0 0
200 0.43 13.81 1.8 0.0311 4.027E-06 2.568E-07 4.284E-06 2.594E-07 4.287E-06 30 12 52 308
225 0.43 13.81 1.8 0.0311 4.027E-06 2.568E-07 4.284E-06 2.594E-07 4.287E-06 30 12 52 308
250 0.43 13 81 1.8 0.0311 4.027E-06 2.568E-07 4.284E-06 2.594E-07 4.287E-06 30 14 52 308
275 0.65 13.81 2.7 0.0470 6.086E-06 3.881 E-07 6.475E-06 3.921 E-07 6.478E-06 30 15 117.9 466
300 0.86 13.81 3.6 0.0622 8.051 E-06 5.135E-07 8.564E-06 5.187E-07 8.569E-06 29 18 206.3 616
325 1.51 13.81 6.3 0.1091 1.412E-05 9.017E-07 1.502E-05 9.163E-07 1.503E-05 43 19 634.3 1081
350 1.51 13.81 6.3 0.1091 1.412E-05 9.017E-07 1.502E-05 9.163E-07 1.503E-05 46 20 634.3 1081
375 1 51 13.81 6.3 0 1091 1.412E-05 9.017E-07 1.502E-05 9.163E-07 1.503E-05 48 20 634.3 1081
400 1 73 13.81 7.2 0.1249 1.616E-05 1.033E-06 1.720E-05 1.051 E-06 1.721E-05 33 24 831.6 1238
425 2.16 13.81 9.0 0.1558 2.015E-05 1.290E-06 2.144E-05 1.328E-06 2.148E-05 32 25 1292.6 1544
450 2.59 13.6 10.9 0.1893 2.449E-05 1.619E-06 2.611E-05 1.609E-06 2.610E-05 50 25 1908.7 1876
475 2.59 13.6 10.9 0.1893 2.449E-05 1.619E-06 2.611E-05 1.609E-06 2.610E-05 70 26 1908.7 1876
500 3.24 13 6 13.6 02360 3.053E-05 2.026E-06 3.255E-05 2.060E-06 3.259E-05 80 30 2966.6 2343
525 4.53 13.17 19.7 0.3372 4.362E-05 3.119E-06 4.674E-05 3.077E-06 4.670E-05 80 30 6057.8 3357
550 4.53 13.17 19.7 0.3372 4.362E-05 3.119E-06 4.674E-05 3.077E-06 4.670E-05 90 30 6057.8 3357
575 4.53 13.17 19,7 0.3372 4.362E-05 3.119E-06 4.674E-05 3.077E-06 4.670E-05 100 30 6057.8 3357
600 4.53 13.17 19 7 0.3372 4.362E-05 3.119E-06 4.674E-05 3.077E-06 4.670E-05 100 30 6057.8 3357
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10 %DePDPA/D1114P

The weight o f specimen (พ ่) = 0.0132 g 

The length o f specimen (/o ) = 13.81 mm 

The initial length o f specimen (L ) = 20.50 mm 

The thickness o f specimen (t ) = 0.295 mm 

The width o f specimen ( พ )  = 2.30 mm

G' = 35513.33 Pa at E  = 0 kv/mm, T = 300 K, strain = 0.3 %, f = 1 rad/s. 

d = deflection distance in X axis (mm), l -  deflection distance in y axis (mm) 

T, = induction time (sec), Tr = recovery time (sec)

I  = Moment o f inertia (m4) = t 3พ / 1 2  

E  = Modulus of elasticity (Pa)

Fe = elastic force (N) = 3d E I l f  for linear deflection 

Fe = elastic force (N) = d E H  f  for non linear deflection 

Fd = dielectrophoretic force = Fe (N) + mgsinO

Energy density =^- E d 2 (J/m3)

Force density = F*
volume (N/m3)
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o 10% D e_PD PA /D 1114P, F .  ca lcu lated by Linear Deflection theory 

□  10% D e_PD PA /D 1114P, F ecalcu lated by Non-Linear Deflection theory
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o 10% D e_PD PA /D 1114P , F d ca lcu lated by Linear Deflection theory 

□  10% D e _PD PA /D 1114P, F dcalcu lated by Non-Linear Deflection theory
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Figure K14 Electromechanical responses of 10 %DePDPA/Dl 114P at various 
electric field strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force 
(Fe); (d) dielectrophoretic forces (Fd); (e) force density; (f) energy density.
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Figure K15 Electromechanical responses of 10 %DePDPA/D1114P at various 
electric field strengths: (a) 0 v/mm; (b) 50 v/mm; (c) V  = 100 v/mm; (d) 150 
v/mm; (e) 200 v/mm; (f) 250 v/mm; (g) 300 v/mm; (h) 350 v/mm; (i) 400 v/mm; 

(j) 450 V/mm; (k) 500 v/mm; (1) 550 v/mm; (m) 600 v/mm.



Table K6 Electromechanical responses of 20 %DePDPA/Dl 114P at various electric field strengths

E
( พ ทนท)

d
(mm)

1
(mm) 0(°) sin(6) mg sin(0) 

(N)
Fe from 
linear 

deflection 
(N)

Fd from 
linear 

deflection
(N)

Fe from non 
linear 

deflection 
(N)

Fd from non 
linear 

deflection 
(N)

T i
(sec)

T r
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 13.83 0 0 0 0 0 0 0 0 0 0 0
25 0 13.83 0 0 0 0 0 0 0 0 0 0 0
50 0 13.83 0 0 0 0 0 0 0 0 0 0 0
75 0 13.83 0 0 0 0 0 0 0 0 0 0 0
100 0 13.83 0 0 0 0 0 0 0 0 0 0 0
125 0 13.83 0 0 0 0 0 0 0 0 0 0 0
150 0 13.83 0 0 0 0 0 0 0 0 0 0 0
175 0 13.83 0 0 0 0 0 0 0 0 0 0 0
200 0.23 13.83 1.0 0.017 3.064E-06 1.026E-06 4.090E-06 1.036E-06 4.100E-06 25 12 39 194
225 0.47 13.83 1.9 0.034 6.260E-06 2.096E-06 8.356E-06 2.117E-06 8.377E-06 28 12 162 397
250 0 47 13.83 19 0.034 6.260E-06 2 096E-06 8.356E-06 2.117E-06 8.377E-06 28 12 162 397
275 0.47 13.83 1.9 0.034 6.260E-06 2.096E-06 8.356E-06 2.117E-06 8.377E-06 29 15 161.6 397
300 0.47 13.83 1.9 0.034 6.260E-06 2.096E-06 8.356E-06 2.117E-06 8.377E-06 30 15 161.6 397
325 0.7 13.83 2.9 0.051 9.321 E-06 3.122E-06 1.244E-05 3.153E-06 1.247E-05 30 15 358.3 591
350 0.7 13.83 2.9 0.051 9.321 E-06 3.122E-06 1.244E-05 3.153E-06 1.247E-05 40 20 358.3 591
375 0.7 13.83 2.9 0.051 9.321 E-06 3.122E-06 1.244E-05 3.153E-06 1.247E-05 48 21 358.3 591
400 0.7 13.83 2.9 0.051 9.321 E-06 3.122E-06 1.244E-05 3 153E-06 1.247E-05 51 23 358.3 591
425 0.94 13.83 3.9 0.068 1.251E-05 4.192E-06 1.671E-05 4.236E-06 1.675E-05 53 24 645.7 793
450 0.94 13.83 3.9 0.068 1.251E-05 4.192E-06 1.671 E-05 4.236E-06 1.675E-05 54 24 645.7 793
475 117 13.83 4.8 0.084 1.557E-05 5 218E-06 2.079E-05 5.289E-06 2.086E-05 44 26 999.5 988
500 1.17 13.83 4.8 0.084 1.557E-05 5.218E-06 2.079E-05 5.289E-06 2.086E-05 56 30 999.5 988
525 1.41 13.83 5 8 0.102 1.875E-05 6.288E-06 2.504E-05 6.386E-06 2.514E-05 48 30 1450.0 1191
550 1.41 13.83 5.8 0 102 1.875E-05 6.288E-06 2.504E-05 6 386E-06 2.514E-05 58 30 1450.0 1191
575 2.11 13.83 8.7 0.152 2.800E-05 9.410E-06 3.741 E-05 9.678E-06 3 768E-05 46 30 3233.3 1785
600 2.11 13.83 8.7 0.152 2.800E-05 9.410E-06 3.741 E-05 9.678E-06 3.768E-05 53 30 3233 3 1785
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20 %DePDPA/D 1114P

The weight of specimen (พ/) = 0.0188 g 
The length of specimen (lo) = 13.83 mm 
The initial length of specimen (L) = 20.75 mm 
The thickness of specimen (/) = 0.407 mm 
The width of specimen (พ) = 2.5 mm
G' = 93325.56 Pa at E = 0 kv/mm, T = 300 K, strain = 0.1 %, f  = 1 rad/s. 
d  =  deflection distance in X  axis (mm), 1= deflection distance in y axis (mm) 
T i = induction time (sec), Tr = recovery time (sec)
/  = Moment of inertia (m4) = t3พ/12 

E  = Modulus of elasticity (Pa)
Fe = elastic force (N) = 3 d E llf for linear deflection 
Fe = elastic force (N) = dEH t  for non linear deflection 
Fd = dielectrophoretic force = Fe (N) + mgsinO

Energy density = (J/m3)

Force density: F a
volume (N/m3)
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o  20% De_PDPA/D1114P, F. calculated by Linear Deflection theory 
□  20% De_PDPA/D1114P, F.calculated by Non-Linear Deflection theory

12 

10 

8 

6 

4 

2 

0
0 100 200 300 400 500 600 700

E (V/mm)
(c)

o  20% De_PDPA/D1114P, Fd calculated by Linear Deflection theory 
□  20% De_PDPA/D1114P, Fdcalculated by Non-Linear Deflection theory

40  

30 

20  

10 

0
0 100 200 300 400 500 600 700

E (V/mm)

<«*)

s o .

อ อ

ออ
อ อ

□  ๐ อ อ

อ อ □ ๐  

อ

I D Q O 'B O Q O  I ................. 1 ........................................



En
erg

y d
en

sit
y (

J/m
 ) 

Fo
rce

 de
ns

ity
 (N

/m
 )

234

2000  
1800  
1600  
1400  
1200  
1000  

800  
600  
400  
200

o 20 % De PDPA/D1 114P ๐ 0

๐ 0
๐๐

๐๐
๐ ๐ ๐ ๐

๐ ๐ ๐ ๐

0  C K X X X X X X ) - r
0 100 200  300 40 0  500 600  700

E (V /m m )
(e)

3500  
3000  
2500  
2000  
1500  
1000  

500  
0

0 100 200  300 400  500  600  700

๐  20 % Dte_PDPA/D 1114P ๐๐

๐๐
๐๐

๐๐
๐ ๐ ๐ ๐

6 < k x x x x x > 0 “ .........  I I I  I ' I ..............

E (V /m m )
(0

Figure K16 Electromechanical responses of 20 %DePDPA/Dl 114P at various 
electric field strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force 
(Fe); (d) dielectrophoretic forces (Fd); (e) force density; (f) energy density.
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(k) (1)

(m)

Figure K17 Electromechanical responses of 20 %DePDPA/Dl 114P at various 
electric field strengths: (a) 0 v/mm; (b) 50 v/mm; (c) V  = 100 v/mm; (d) 150 

v/mm; (e) 200 v/mm; (f) 250 v/mm; (g) 300 v/mm; (h) 350 v/mm; (i) 400 v/mm; 

(j) 450 V/mm; (k) 500 v/mm; (1) 550 v/mm; (m) 600 v/mm.



Table K7 Electromechanical responses of 30% DePDPA/Dl 114P at various electric field strengths

(V/mm)
d

(mm)
1

(mm) 0 (ๆ sin(0) mg sin(0) 
(N)

Fe from 
linear 

deflection 
(N)

Fd from 
linear 

deflection 
(N)

Fe from non 
linear 

deflection 
(N)

Fd from non 
linear 

deflection
(N)

•Ci
(sec)

Tr
(sec)

Energy
density
(J/m3)

Force
density
(N/m3)

0 0 13.8 0 0 0 0 0 0 0 0 0 0 0
25 0 13.8 0 0 0 0 '■ 0 0 0 0 0 0 0
50 0.2 13 8 0.8 0.014 1.917E-06 6.222E-07 2.540E-06 5.554E-07 2.473E-06 11 3 70 196
75 0.4 13.8 1.7 0.029 3.834E-06 1.244E-06 5.079E-06 1.111E-06 4.945E-06 11 3 278 393
100 0.4 13 8 1.7 0.029 3.834E-06 1.244E-06 5.079E-06 1.111E-06 4.945E-06 11 3 278 393
125 0.4 13.8 1.7 0.029 3.834E-06 1.244E-06 5 079E-06 1 111E-06 4 945E-06 11 3 278 393
150 0.4 13 8 1.7 0.029 3.834E-06 1.244E-06 5.079E-06 1.111 E-06 4.945E-06 12 4 278 393
175 0.4 13 8 1.7 0.029 3.834E-06 1.244E-06 5.079E-06 1.111 E-06 4.945E-06 11 5 278 393
200 0.4 13.8 1.7 0.029 3.834E-06 1.244E-06 5.079E-06 1.111 E-06 4.945E-06 13 5 278 393
225 0.6 13.8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 14 5 626 589
250 0.6 13 8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 20 10 626 589
275 0.6 13.8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 33 11 626.1 589
300 0.6 13.8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 35 12 626.1 589
325 0.6 13.8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 37 13 626.1 589
350 0.6 13.8 2.5 0.043 5.750E-06 1.867E-06 7.617E-06 1.666E-06 7.417E-06 37 15 626.1 589
375 0.8 13.8 3.3 0.058 7.665E-06 2.489E-06 1.015E-05 2.222E-06 9.887E-06 48 30 1112.6 785
400 1 13.6 4.2 0 073 9.719E-06 3.250E-06 1.297E-05 2.781 E-06 1 250E-05 49 30 1788.7 993
425 1.2 13.6 5.1 0.088 1.166E-05 3.900E-06 1.556E-05 3.345E-06 1.500E-05 49 30 2573.6 1191
450 1.2 13.6 5.1 0.088 1.166E-05 3.900E-06 1.556E-05 3.345E-06 1.500E-05 49 30 2573.6 1191
475 1.2 13.6 5.1 0.088 1.166E-05 3.900E-06 1.556E-05 3.345E-06 1.500E-05 50 35 2573.6 1191
500 1.2 13.6 5.1 0 088 1 166E-05 3.900E-06 1.556E-05 3.345E-06 1.500E-05 54 36 2573.6 1191
525 1.2 13.6 5.1 0.088 1 166E-05 3.900E-06 1.556E-05 3.345E-06 1.500E-05 57 36 2573.6 1191
550 1.2 13.6 5.1 0.088 1.166E-05 3.900E-06 . 1.556E-05 - 3.345E-06 1.500E-05 58 40 2573.6 1191
575 1.6 13.6 6.7 0.117 1.553E-05 5.200E-06 - 2 073E-05 4.473E-06 2.000E-05 65 40 4566.1 1588
600 1.8 13.6 7.6 0.132 1.746E-05 5.850E-06 2.331 E-05 5.036E-06 2.250E-05 66 40 5771.9 1786
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30 %DePDPA/D 1114P

The weight of specimen (>๙) = 0.0135 g 
The length of specimen (Jo) — 13.80 mm 
The initial length of specimen (L) = 20.30 mm 
The thickness of specimen (/) = 0.282 mm 
The width of specimen (พ) = 2.2 mm
G' = 220952 Pa at E = 0 kv/mm, T = 300 K, strain = 0.3 %, f  = 1 
d  = deflection distance in X  axis (mm), /= deflection distance in y 
Ti = induction time (sec), Tr = recovery time (sec)
I  = Moment of inertia (m4) = t3พ/12 

E  = Modulus of elasticity (Pa)
Fe = elastic force (N) = 3 d E Ilf for linear deflection 
Fe = elastic force (N) = dEH l3 for non linear deflection 
Fd = dielectrophoretic force = Fe (N) + mgsinG

A

Energy density =-^ E 6 2 (J/m3)

Force density = —  (N/m3)volume

rad/s. 
axis (mm)

V d
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O  30% De_PDPA/D1114P, F. calculated by Linear Deflection theory 
□  30% De_PDPA/D1114P, F .calculated by Non-Linear Deflection theory
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E (V/mm)

(c)

o  30% De_PDPA/D1114P, F„ calculated by Linear Deflection theory 
□  30% De_PDPA/D1114P, Fdcalculated by Non-Unear Deflection theory
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Figure K18 Electromechanical responses of 30 %DePDPA/Dl 114P at various 
electric field strengths: (a) deflection lengths; (b) deflection angles; (c) elastic force 
(Fe); (d) dielectrophoretic forces (Fd); (e) force density; (f) energy density.
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(a) (b)

(g) (h)
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(i) (i)

(k) (I)

(เท)

Figure K19 Electromechanical responses of 30 %DePDPA/Dl 114P at various 
electric field strengths: (a) 0 v/mm; (b) 50 v/mm; (c) V  = 100 v/mm; (d) 150 
v/mm; (e) 200 v/mm; (f) 250 v/mm; (g) 300 v/mm; (h) 350 v/mm; (i) 400 v/mm; 

(j) 450 V/mm; (k) 500 v/mm; (1) 550 v/mm; (m) 600 v/mm.
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Figure K20 Deflection distances of DI 114P and DePDPA/Dl 114P blends at various 
electric field strengths.
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Figure K21 Dielectrophoretic force of D1114P, and De_PDPA/Dl 114P blends at 
various electric field strengths calculated through Non-Linear Deflection theory.
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Appendix L Determination of Particle Sizes of Dedoped Polydiphenylamine 
(DePDPA)

Table LI Particle diameters of DePDPA

Sample Particle diameter (pm) Average STD (pm)1 2 3
DePDPA 8.27 8.34 8.21 8.27 0.065



246

Table L2 The raw data from particle size analysis of De PDPA

Size DePDPA
Low (pm) High (pm) 1 2 3

In% บทder% In% Under% In% Under%
0.05 0.12 0.00 0.01 0.00 0.01 0.00 0.01
0.12 0 15 0.19 0.19 0 19 0 19 0.20 0.20
0.15 0 19 0.38 0.57 0.38 0 57 0.40 0.60
0 19 0.23 0.59 1.16 0.59 116 0.62 1.22
023 028 0.80 1.96 0 81 1.97 0 85 2 07
0.28 035 1.02 2 99 1.04 3.00 1.09 3.15
0.35 043 1 26 425 1.28 4.28 1 35 4.50
0.43 0.53 1.50 5.75 1.54 5 82 1.61 6.11
0.53 0.65 1 75 7.50 1 80 7.62 1 89 8 00
0.65 0.81 2.01 9.51 2 07 9.69 2.16 10.16
0.81 1.00 2 27. 11.78 235 12.04 245 12.61
1.00 1 23- . 2 59 14.38 2 67 14.71 2.76 15.37
1 23 1.51 3.04 17.41 3.11 17.82 3.19 18.57
1.51 1.86 3.69 21.10 3.74 21 56 3.81 22.37
1 86 2.30 4.39 25.49 4.41 25 97 445 26.82
2.30 2.83 4.96 30.45 494 30.91 4.96 31.78
2.83 3.49 5.45 35.90 5.39 36.30 5.39 37.18
3 49 4.30 5 88 41.78 5.80 42 10 5.80 4297
430 5.29 6.42 48.20 633 48.43 6.34 4932
5.29 6.52 6.97 55 18 6.88 55.32 6.91 56.23
6 52 8.04 7.38 62.56 7.31 62.62 733 63.56
8 04 9.91 7.49 7004 7.42 70.04 7.41 70.97
9.91 12.21 7.18 77.22 7.12 77.17 7.03 78 01
12.21 15.04 649 83.68 6.42 83.58 6.22 84.22
15.04 18.54 5.41 89.09 5.38 88.97 5 10 89.33
18.54 22.84 4.19 93 29 4 16 93.12 3.88 93.20
22 84 28 15 3.02 96 31 2.98 96 10 2.78 95.99
28.15 34.69 1.98 98.28 1.94 98.04 1.89 97.87
34.69 42.75 1.13 99 42 113 99 17 1.20 99.08
42.75 52.68 0.50 99.92 0.57 9974 0.67 9975
52.68 64 92 0.08 100 0.25 99.99 0.25 100
64.92 80.00 0.00 100 0.01 100 0.00 100
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Appendix M Dielectric Constant Measurements

Pure SIS

Relative Dielectric Constants of D1114P

(a)
Relative Dielectric Constants of D1114P at f = 20 Hz
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Figure M l Dielectric constant o f D i l l  4P ะ (a) plot between relative dielectric
constant (e )  versus frequency ( f )  at various temperature; (b) the plot between relative
dielectric constant ( ร ' )  versus temperature at frequency o f 20 Hz.

Relative Dielectric Constants of D1164P

Relative Dielectric Constants of D1164P at f = 20 Hz
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Relative Dielectric Constants of D1162P

Figure M2 Dielectric constant o f D1164P: (a) plot between relative dielectric
constant ( ร ' )  versus frequency ( f )  at various temperature; (b) the plot between relative
dielectric constant ( ร ' )  versus temperature at frequency o f 20 Hz.

(a)

Relative Dielectric Constants of D1162P at f = 20 Hz
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Figure M3 Dielectric constant o f D1162P: (a) plot between relative dielectric
constant (ร') versus frequency i f )  at various temperature; (b) the plot between relative
dielectric constant (ร') versus temperature at frequency o f 20 Hz.

De PDPA/D1114P blends

Relative Dielectric Constants of 5%DePDPA/D1114P

(a)
Relative Dielectric Constants of 5%DePDPA/D1114P at f = 20 Hz

300 320 340 360 380 400
Temperature (K)

(b)
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Figure M4 Dielectric constant o f 5% De PDPA/D1 114P: (a) plot between relative
dielectric constant (e') versus frequency i f )  at various temperature; (b) the plot
between relative dielectric constant { ร ' )  versus temperature at frequency o f 20 Hz.

Relative Dielectric Constants of 10%DePDPA/D1114P

(a)

Relative Dielectric Constants of 10%DePDPA/D1114P a tf = 20 Hz
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Figure M5 Dielectric constant of 10% De_PDPA/Dl 114P: (a) plot between relative
dielectric constant (ร') versus frequency ( f )  at various temperature; (b) the plot
between relative dielectric constant (ร') versus temperature at frequency of 20 Hz.
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Figure M6 Dielectric constant of 20% De_PDPA/Dl 114P: (a) plot between relative
dielectric constant (s') versus frequency (/) at various temperature; (b) the plot
between relative dielectric constant (s') versus temperature at frequency of 20 Hz.
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Figure M7 Dielectric constant of 30% De_PDPA/Dl 114P: (a) plot between relative
dielectric constant (e,r)  versus frequency (/) at various temperature; (b) the plot
between relative dielectric constant (s') versus temperature at frequency of 20 Hz.
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F ig u r e  M 8  Comparison of dielectric constant of De_PDPA/Dlil4P blends at 
frequency of 20 Hz.
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