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The Fabrication of Nanomechanical Elements by Electrospinning

Student : Chien-Chu Chou Advisor : Dr. Ray-Quen Hsu

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

In this thesis, PVP ( Polyvinylpyrrolidone ) was selected as the material,
and a modified traditional electrospinning device was arranged to fabricate the
helical nanofiber. This device 1s composed-of a side-by-side syringe. Each
syringe was filled with marcormolecular compound with different electrical
conductivity, the fiber contracts at one side because of the difference of the
electricity thus produces fibers of helical shapes. We can control the fiber’s
shape by adjusting the electric conductivity of the macromolecular compounds.
The helical structural of the nanofibers is similar to the mechanical spring, since
the helical structure can store energy such as external force or torsion when it is
compressed. The helical structure of nanofiber also have a pontential used to

be applyied to the micro structures.
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Lo R4 0 B BAON ORI RPN AR B ensl 4 5 W Bt Bz gl
TR OF R BRI SA%S R A G RIS - REF R
Mo 2 d k4 e RS H TR EY ARWEAFS R FHE L BT

Lended (T4 4 eph ) > B2 /00 AER/T 3 08 o

ToRAEFd AL ARRIRRFNEI RS DAL O R LR KR
d b

e RSP d AR PE GRS BB VAR E - LR FR A
%od¢%@%¥g@ﬁiﬁi%ﬁm%ﬁaiﬁﬁéﬂ&+’ﬁ§%ﬁ

Mg o R H T 2T s R AR5

Ik

Ny
Vs
)- - D P [P - 2 - > - - =
fex o BBALFERECYRNF AT FPL R AR A F FIL G5k
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3R g A B A A

JFJHF (ethanol)iz 28 5173 Al Fet P i ehd i 584 > 4ok ¥ SAF R AT
M E R ek AT o F b s /,5]‘ to fi & 5 [ (surfactant) s ¥ 'E O£
G MR A BN EEA > AR R R L G T

B o

(3) ¥ 7 A (conductivity)
ETRSNTELIBHT N EFlem B o f 0 £ lomz P T e
(resistance) 2. F|#c > ¥ = 5 Q/cm (mno/cm) - & F®/A2d RiF 29 F T

T RRF R R RS AL o R T RS > &

S

Z Tt chR £AR S ;‘%‘xi.”éz’v’?#i’iﬁé FlAgF e B 0 F L ESL
e . %’fr‘}%\ﬁi’i KoY pEE 4 gll,ﬁg‘.a—rx’ﬂ T hm e RiB o BRI
FARAR PV 3R REE T AS KRB A > oy e MR R
éﬁgéﬁﬁﬁ%’%?iﬁﬁﬁ%@@ﬁiﬁﬁﬁ%itﬁ@%’ﬁ?
WA AL e T PRERRSRSY €] 2 E
P ZRAEE A R A B B g chs 4R 4 (viscoelastic force)#-¢ 22 B iG#E T
Aot R BT S A g m LG e e

DR AT AERT R AT T EE o AR TR
» X2 % (B ed 7 42 L(bending instability) sH3R % 3 4o, w ik BT B e [F]
GEGEE FE BUNCS SIET R EIE WiEs PEL I I ST

=

BE AR X FRA ) 875 R R AR SR G A 25 4 (non-conductive)
g et WA RIET - TARR HHET R (conductivity) © T 2 E AR
Yoo R T REE IR T RERMK RAS RS i 2145000 -

B ¥ AL T

¥
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gd e R E %’ﬁwmuﬁ@ﬁ%@$1@ﬁﬁwﬁj’
”J 4t NaH,PO, e7;2 7% #7 8l =8 end jT = | » @ ”] 4v 37 KH,PO, &3 7% 97l = 2.
FAREE < > @ AP AR % B LR R FIEF] S 48 (sodium ions)£?
% 32+ (chloride ions)=r + L j (atomics radius)# 47 4=+ (potassium ions)¥
Bk B 3L+ (phosphate ions) k 3] » B R FHehi®* 2T > o] g+ B H
B BENEIER XV RTLRAPRSL ] o
BHRBETRDS F G5 bl T2 T B s(triethyl
benzyl ammonium chloride)p¥ » ¥ M A B3 R HERT R T M A G kR4 o iR

TR BRESUL o s S TR SRR APHE T R G RTA -

(4) 1 7 s (dielectric effect)

W ehip T F 5 (dielectric constant) > * /T ¥ B * KL T T8
GRS s R - A o R AT K
PR R TIE PI R P i k RAER R L s R BB R T o
B ff 0 7 ¥ IR D 7 48 2 (bending instability) el . € PR 4 > B
8 AP ¥R ]

) &r;‘,"’lt 4¢ N,N-Dimethylformamide(DMF)p# > d *t H $5=5 B 0/ T F

FEE MR E o 2155 - 2Ry o A

R e AR WERB B RERT IR ATEREEL S G P

R EMFHELIT T DR TEA g 0 bR iR BB AT G
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Vb P T AT F LAY T F o 2 T F i
B GEREF 0 RARTER TR EE > F N £ T B R E R
jL

PG

’{ﬁm#@ o

(1) 7 /& (voltage)

TEUEFERRTSEL R FEL D IR FHY LHPT R
B4 T AR RIRE GRS 2 0 R B (8) 0 - KA

ALEOKVNT R & f T 7 @ W iz d & 22 5 9040 e
TR b S et it R ERS T T LM B E R W

\3\

5

N
4

(%)

f-ﬂ' q
=
arf

§ R s R % R g g e s Y e
HiE R RS pE S 3 PRI 3B 30
H iz

FREAE T H i AT HAR Rk @ U RGO

\\\
=

PR AMea T FLRZT EGS I TR FREDP NV FRR

\

%’?U%1?ﬁﬁ&@"Q%F#ﬁ*’éﬁﬁﬁ%éﬂmﬁﬁ @R
tee o EERGTE R E o d KT

SR BREREF I I E LY DR R R EFRFRE BT
Jo b Dl B e o

Bl T o d TR 0 e R

IS

i & B (crystallinity) » 3 BEFDPHE > 70Uk @ F 4 F P o

B R PRAREE BHA BLARF A £ T FLTRAD
. 5]
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(2) iE%i# ¥ (feed rate)

ERRACE SFHTF A S e ER RAL P4 fey
@R e P BRSUT B IR RASEN S o BRI R R KA 4
ST > 0 MR R e > S s R SR ST R 0 4 A 8
A AN R o

13>‘1«

/I

¥= g o o SN E N R R S o MR AT R

B %

P

f
SPE R R AR SR ASORAT L R PEARRA- A &

(3) E A (temperature)

FAPRF TSR PRRP - RO A i R 0 E T
7 ik AR AL 0 bl d 3 B & (polyutethane) s s T & LR o o -
FEAT L @AFLER  BAERRA T R FRAL RN PR

et B B B E A e Ak o AR LT P S A P 4 T
Bt L RAR Y SARFEEL L R g R A d A bl
R A BEEAF A ERREH R A &% R A i

>
AR
=

&
)
A
P

(4) fc £ % % (collector)

DN e AR 2 BB - 2T e b - e 3 ek

3o T T R R Gl E ARE S S AL Bl

Ei
et
fputs]

Ao FRYAET R LR R T
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EE o bk s A BRES  d 0R R G R P AT B sk

R R K o

(5) 4*:p ® i (pipette orifice)

T e endtEp B 4“‘}"1’".“5‘1‘;}%? - TR A =T R
HERET T M Tk (beads) SR B R 0 b BES TR D R HTL & o b
NEnR TS o) o AR R FlEd T PEARY O B F o M
AREFR D o b AR I TR B ARER P T F R E 2 R
b R A R E A R A TR § R R PR
WA AR A PRREE S o AR RS R R W

FRG PR R @ Bde B R B - el f 4

&

(6) 1= § FE#E(distance between tip and collector)

)
—

F_*
\4

RAPERT o R B RS DA S R TS
SRR AR o F A B A L BT R 2 B R o SRt
B R AR R4 BRIz m > L& Ly hps
TN 16 S + ﬂﬁft—"f - K k- gi SN 2 1158 2= R, 2L S| 3
Bs ApH34r o § P8R TT A EER > B9 a3 AT

FoomipE SRR AR ERETER P R R
AR RN LB b AR R 0 R T B EEOE G R -

K
T
Ho FlcbIEPEER SO REEEFOTHFRRAM S 0 e h
FERRE R AT R E A2 AR DB F b A2 HR RASTHE A o fHH 4o

IS

>‘1«

B

B AR 0 SRR B R S 3§
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e BRI > R AR AN B EFRER Y BRE > RENIIE R TN P o
RN T IO E T AP R o F e < T EEHE

[pa

S PR TSN

BERZAFEIERT > 2 X HFERTTE P a3 T RATIHE

PR A o FT R TR FEG B B i kT B R
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153 %#% %3 (4]

¥

BIpw s H R AREEEFE LR 0 - a3 0 ¥ AR
Ty Y PEE LR BARRG AHRLT A
Lk

m
Foa R FOTHFEL EREFT RS -

(1) 7% & (humidity)
S0 N dn 0 TR SIS R BT R0 B ALE B A eE A S
FrREsgade R atFAL > EFRE SRS 5 ILF D

B RFRS B PR RS SRR R B PF R A e
B A

B ERRpERGPEGE > BILBFAOIMT N € BT ARBHL LR
Wi o - RT PR AEEMAE S §d R gt LA iR

oo

(2) # iz (type of atmosphere)

TORAY R § R @n T oaas § - RS 3 kg i
AR BRTLFGIEY 2T 5 €5 3 FehE o blded § (Helium) 3 & T 3
f’rﬁr‘rgﬁ' o g ET O frE T o

(3) & # (pressure)

— A R TR R T F R PR A g d R
G RS 0 B T R R A EF RS M 4

FEERE AL > RTEULT LT o
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1.6 75 1%

— BT S TR LG EE fanga s BEL SN R 2

Ho o gt d ko RA BB
M*?ﬁ%&ﬁﬁfﬁﬁ%Q&EWmﬂ?iﬁiéﬁﬁﬁéiﬁﬁ

W e 2B M AT PR B AR T 4 A 4T~ B R

HuE S IR AT R AT E A0 o FIR P R ERC A BIFEE LR

2]

NP AR AT 0 R AT A R R s B

GG R @G A kB R R A i g

B fAr g 2 Y oo 1 Sdmy T A DR E T UG e R
kR CERE B RERF AR EA T SRR AL d
1955 & vk A Rk o | # AER e E L s LA b T m@z /}z»};
AU F F R FAFARG A Z QBT it R A e S EE T
R eri@ * o

A o AP I EAEWIGR R E SRR P I KRR
ARZETR B RADRKZ 2 RE
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10 micron

Bl 1.7 2P asBhgar v (9]
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1.7 iééﬁﬁ

o RAHY S LM B BR AR A S RENET
FHEAE BB P ALETSHATY R AHLBBEET SN L

Bl 2 LBEE TR AL G P L REFHET NG 2R

CRFHREHEERY o A LG 2 NIk R e eIR g
iﬁ%c%%?—ﬁﬂ%ﬁ%?*ﬁﬁ%’%@ﬂﬁﬁﬁiﬁ’ﬁgﬁﬁ
sty 2 ghEp o S L E IR SRR o B E ARG S F R

ld

BrE gAY 0 AR A R R BRERA CER S HEH
4287 NG AR RN I A FROARSS

FIZRSENGY B FEAFUGIRR RYETR IR
Plecnd f83 0% > /g ifagk2 2 fda o

FAEY O ORDIVAFTZAKRIE ZHFHEFEOT ML
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2 11@) ¥LOTHEXFAIHA (4]

Synthetic Polymer Solvent Concerntration

Nylon 4,6 Formic acid 10wt%

Nylon 6 Mw 43,300 1,1,1,3,3,3, 15wt%
hexafluoro-2-propanol

Nylon 6,6 96% Formic acid 12.1wt%

Nylon 12 Mw, 32,000 1,1,1,3,3,3, 15wt%
hexafluoro-2-propanol

Polyacrylic acid, Mw: Ethanol 6wt%

250000

Polyacrylonitrile, Mv Dimethylformamide 15wt%

114,000g/mol

Polyamide-6, Mw: 17000 | 85% v/v formic acid 34%w/v

Polyamide-6, Mw: 20000 | 85%:w/v fotmic acid 34%w/v

Polyamide-6, Mw: 32000 | .85% v/v formic acid 22%w/v

Poly(benzimidazol), PBI | Dimethyl acetamide, 20wt%
1857C

Polycarbonate Dichloromethane 15wt%

Polycarbonate, Chloroform 15wt%

Bisphenol-A Dimethyl formamide: 15Wt%
Tetrahydrofuran

Poly(etherimide), PEI 1,1,2-Trichloroethane 14wt%

Poly(ethylene Trifluoroacetic acid 0.2g/ml

Terephthalate), Intrinsic

Viscosity: 0.82+0.02

Poly(ethylene oxide) Mw | Water 10wt%

400,000

Poly 75% Tetrahydrofuran: 14wt%

(styrene-butadiene-styrene
) triblock copolymer, Mw

151,0000g/mol

25% dimethylformamide
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2 1.10b) ¥ Leha &2 3 AFHH (4)

Synthetic Polymer Solvent Concerntration

Polystyrene, t-Buylacetae 20% (w/v)

Mw:259000Da Chlorobenzene 30% (w/v)
Chlorform 30% (w/v)
Dichloroethane 30% (w/v)
Dimethylformamide 30% (w/v)
Ethylacetate 20%(w/v)
Methylethylketone 20%-30%(w/v)
Tetrahydrofuran 29%(w/v)

Polysulfone, Bisphenol-A. | 90% 15%(w/v)-20%

Inherent Viscosity. 0.6dl/g | N,N-Dimethylacetamide:
10% Acetone

Poly (trimethylene 50% Trifluoroacetic acid 16wt%

terephthalate) Inherent 50% Methylene €hloride

viscosity = 0.92

Poly (urethane) 60% Tetrahydrofuran: 13wt%
40%N,N-Dimethylformamide

Poly (urethane urea)s 20%THF: 35wt%

Mw 42,000 80% Isopropyl Alcohol

Poly (vinyl alcohol) Mw Water at 80°C 25wt%

13,000-50,000

Poly (vinyl carbazole) Dichloromethane 7.5wWt%

Poly (vinyl chloride), 60% Tetrahydrofuran: 13wt%

PVC 40%
N,N-Dimethylformamide

75% Poly (vinyl chloride) | 60% Tetrahydrofuran: 13wt%

25% Poly (urethane) blend | 40%

N,N-Dimethylformamide
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2 11(c) ¥LhTHEXFAIHA (4]

Synthetic Polymer Solvent Concerntration
25% Poly (vinyl chloride): | 60% Tetrahydrofuran: 13wt%
75% Poly (urethane) blend | 40%
N,N-Dimethylformamide
Poly (vinyl pyrrolidone) Ethanol 4wt%
65%ethanol::35% DMF 4wt%
Poly(vinylidene fluoride), < N,N-Dimethylacetamide 25wt%
PVDF
Poly (vinylidene fluoride- | 70% Aecetone: 30% 12-18wt%

co-hexafluorpropylene,
P(VDF-HFP)

DMAC
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212 ¥ LR BT EEEE A S HE (4)

Biodegradable Polymer Solvent Concerntration
Degradable Chloroform 30wt%
Polyesterurethane,

DegraPol®

Poly(e-caprolactone) Mw | Chloroform 10wt%
80,000

Poly(e-caprolactone) Mn | 85%N,N-Dimethylformamide:15% | 7-9wt%
80,000 Methylene Chloride

Polydioxanone 1,1,1,3,3,3 hexafluoro-2-Propanol | 42-167g/ml
Polyglycolide Mw 1,1,1,3,3,3 hexafluoro-2Propanol 8wt%
14,000-20,000

Poly (L-lactic acid) 70% Dichloromethane: 2-5wt%
Mw 300,000 30% n,nsdimethyl-Formamide

Poly (L-lactic acid) 1,1;1,3,3;3-hexafluoro-2-Propanol | 5wt%
Mw 450,000

Poly (L-lactide-co-¢- Acetone 3-9wt%
Caprolactone) [75:25]

Block copolymer

Poly (D,L-lactide-co- 50% Tetrahydrofuran: 0.05g/ml
Glycolide)[85715,PLGA] | 50% Dimethylformamide

Poly Hexafluoroisopropanol 5-Twt%
(L-lactide-co-Glycolide)

[10:90, PLGA

Mw 100,000

Poly (lactic-co-glycolic | 1,1,1,3,3,3-Hexafluoro-2-Propanol | 15%
Acid) [50:50 PLGA] Mw

25,000

Poly Chloroform 15%

(L-lactic-co-glycolic
Acid) [50:50 PLGA]
Mw 108,000
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% 13() FLT @3R3 A HE (4)

Natural Polymer Solvent Concentration
Bombyx mori silk | Formic acid 9-12wt%
fibroin
80% Bombyx mori silk | Water 7.1wt%
Fibroin: 20%
Poly (ethylene oxide),
Mw, 900000g/mol
20% Casein: 80% 5% aqueous Swt%
Poly (ethylene oxide) | triethanolamine
Mv600,000
80% Casein: 20% 5% aqueous 10wt%
Poly (ethylene oxide) | triethanolamine
Mv 600,000
30% Casein: 70% 5% :aqueous 10wt%
Poly (vinyl alcohol) triethanolamine
Mv 124,000-186,000
50% Casein: 50%Poly | 5% aqueous 10wt%
(vinyl alcohol) triethanolamine
Mv: 124,000-186,000
Cellulose Acetate N,N-dimethy lacetamide: | 15wt%

Acetone [1:2]

85% acetone: 15% water | 17wt%
Chitosan Mv 210,000, 70% Trifluoroacetic acid | 8wt%
Degree of deacetylation | 30% Methylene Chloride
0.78
50% Chitosan with 90% | 2wt% acetic acid 6wt%

Degree of deacetylation:
50% Poly (ethylene

Oxide), 1500 kDa to
4000kDa
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£ 130b) ¥ 2T HAFATHE (4)

Natural Polymer Solvent Concentration

Collagen Type 1 1,1,1,3,3,3 hexafluoro-2- | 0.083g/ml
propanol

Collagen Type 11 hexafluoropropanol Not indicated

Collagen Type 111 1,1,1,3,3,3 hexafluoro-2- | 0.04g/ml
propanol

50% Collagen Type I: 1,1,1,3,3,3, hexafluoro-2- | 0.06g/ml

50% Collagen Type III | propanol

Fibrinogen Fraction I 90% 1,1;1,3.3,3 0.083g/ml

Hexafluoro-2-propanol:
10% 1LOxminimal
Essential medium, Earle’s
Without L-glutamine and

Sodium bicarbonate

Gelatin Type A 2,2,2-trifluorethanol 10-12.5wt%
50% Gelatin Type A: 2,2,2-trifluorethanol 10wt%
50%Poly (caprolactone)

Wheat Gluten 1,1,1,3,3,3-hexafluoro-2- | 10%(w/v)

Propanol
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214 2% AH2ETR

Solvent Conductivity (mS/m)
1.2-Dichloroethane 0.034
Acetone 0.0202
Butanol 0.0036
Dichloromethane/ 0.505
Dimethylformamide (40/60)

Dichloromethang/ 0.273
Dimethylformamide (75/25)
Dimethylformamide 1.090
Distilled Water 0.447
Ethanol 0.0554
Ethanol (95%) 0.0624
Ethanol/Water (40/60) 0.150
Methanol 0.1207
Propanol 0.0385
Tetrahydrofuran/Ethanol 0.037

(50/50)
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%15 &

wABA AT N K

Solvent Dielectric constant
2-Propanol 18.3

Acetic acid 6.15
Acetone 20.7
Acetonitrile 35.92-37.06
Chloroform 4.8
Dichloromethane 8.93
Dimethylformamide 36.71

Ethyl acetate 6.0

Ethanol 24.55
m-Cresol 11.8
Methanol 32.6
Pyridine 12.3
Toluene 2.438
Trifluoroethanol 27.0

Water 80.2
Tetrahydrofuran 7.47




- é)l?e‘?}égf
21 M 4

D A2004E 2 F 0 TR T B L BTSSR 2

B2
AR PN AT E Y o MY R E AR RF G guE 2z S

547 B
i EBAFL > T FTFES 20045 2 (54 Ebif KB LT
dofe R AR A B B AR BARAE % 3
FaE s AT RRE RS Rk AR e E (F2LI~F26) -

M R-pm YR AT PR ;gwf./; e Rp o iR AR e

500 nm

B 2.1 ¢ zk2 3 F58% (11
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100 pm

B22 Al k23 K88 (12]

3

Bl24 nTH 4z 2 F8a (12)
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5 pm

(b)

B2.6 Rz 2 Fga (12])
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22 NAFBRATRRREUF IR E R

2004 # Gary C. Tepper % * % % 7 — F M >t # * F § it ¢ % (PEO,
polyethylene oxide)% PASA (aniline sulfonic acid)® &% ~ + R &R & 2
ik (13]) > 1* BRAT SREFZ GRS REFT TR AT

SR B o e BT BRIk 2 2 o S a(B2.8) o

HPPEO: - 2 73 A~ F B L4 > fpF > PASAR| E (T F 2 dF
B A F B EP ot lfﬁ;&:a ¥-PASAZ_ kB B 2_70.75%FF » ;ﬁﬁr’
ARPEOTER » § kR 54%F10%2 R > 7 HT hg Bl
To B U h B8 0 S TR R HE(BI2.9) o B PR - AR 2 Tk o
v e enlichidn HA0E SR T e B BT 2um T TApmeri vk iR o £
¢ 2 ehE o § PEOK R A T%3 8% FF o o Pl endl s gt 2 ohis
R FAArE B ER R PFERBFORE o F A T X H10um = % 0
£ FE(F2.10) » E RPEO2 PASA®Aod- A% B & 42 iR &3 & 80 o
& 5 3umE 10pumz. B erf g S

Gary C. Tepper% 4 3042 » S AL F T EFZREGFHFET A » 12 3
P
f

Bevr--2o BEISEURSIBEIE RPRTE 7 0 213

‘a.

PR L CER L N R RS ST ]

B4 ] gt R BN RA AR - P AT BE TR

R
)

4y

¥

CEHR A AL AF DT B AT RIR AT S XA TS
EH R RS DEIRL S B AT RES B RIRR 2 T I i
B~ A bR R B BB E R B AH 0 2 AP 20
Z oo Feb oy Y > NEXPEAZPASA EF AT H ARG KR PR
fran® A3 RS E % 0 ¥ Gary C. Tepper ¥ A #73k J eng2 2 >

R REBu e FipadenF ol 2740 i R F
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kb g e et

B 2.7 2584 BRGET F 2 2§57 LB

B 2.8 PEO®PASAZ A+ R EFRE M2 T gL (13]
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(a)

B 29 PEO®PASAZ A+ R EPFRE M2 T gL (13]

=H

Diameter (D} um

10.0 90 85 80 70 60 50 4.0
PEC Concentration

B 210 34~ 3B &£4% PEO R ka2 B 4 (13
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k = “h‘-“h =
—- ~—_
-

211 Feoganmfg shermgiys (13)
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23 ME- g3 2 K RER

2006 # = * M.K.Shin & 4 @& * PAMPS (2-acrylamido—2-methyl—1—
propanesulfonic acid)z. % ¥ T 2 F A F R EF 27T = AP % > A e

L

(1) MK.Shin% A 148~ &3 @& Borfl =2 e 4% > S #5078 it
2004 & & Gary C. Tepper® * #7432 F s 3R 2 g e (14) (W
2.12) » 2% w|**Gary C. Tepper& * # & 6% 4 F B &2 R LB 7R » 4F

v

TR H - PLME T ang o 3R 0 WA A i e g ‘J’fﬁ H A2
1@ =

“1\

S
‘m
1\1'

AY

22 Gary C. Tepper % * + fpiZje o Gary C. Tepper & 4 i35 > M H

—

f,'

\?3‘*\«

B2 AR T R A RS PG EA B R 0 & F2000#
d Darrell H. Reneker % A i * % & #%&82 #BUp| ©77F I bending instability (
147 >0 ga™ b 2 3 JRaaord s S i d il g i ah i FI(R
2.13) » i 2£Gary C. Tepper & *#fgedliis d R G# T 4 ~ 3 A F 3LE 5
SR G AR 0 A KR TR e d o BRI Pl e PR

% 27 Gary C. Tepper & % »t2004 & #1i& = chfir 4| B2 32 24 o

(2) MK.Shin% A e 30 c b 52 5 Rl - ek 4 % 3 (B2.14a)
B g% WR Tk Pl - M E SURB(FI2.11b) - T3R5 0§ St
Mis o d AR LF T LHA PR FTE A2 RS BT hAA
Bending instability #7i$ = e~ 32 4 F 33 0 @ BBk engk Ak W A E
kg PR REE AT HET R AR B

i3

E-0y

* ® #3% ¥ Bending instability #7i3 = 04 £ - 7 LR EE Tﬁi = A

o

A

BN
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(3) F&MK.Shin® 4 7 — & peptal 4 > 5 % 7 4622 f¢ » MK.Shin®
A% 3P g A+ B & PAMPS (2-acrylamido-2- methyl

TR

-1-propanesulfonic acid) 241> 0 ? FEF A ¥ 2 2B Sk % o
PO RA(R2.15) (16) > ZRBEFRENT 2 F LA FRATR
ER(E2.16) > @& plz £ Borijc o dm gak V),%”TEL%‘ 3 2. g
APl o T ERIEGR OSHE o (THRL o £HEN S RIERK
A0 FEE XTI T A ER 2 B A A RO e T Hen
ﬁ@’ﬁ@*@4%ﬁﬁ%ﬁﬂﬁéiﬁﬁ%@%ﬁ’é%?ﬁiﬁﬁﬁ
ETPE B ABER A RIRG S P 4 g T RS R
B e P R A R R E S R - m e T
(F12.14a) » % mM4rip )t -3 T RAAA PPV chs £ 0 d FHREET
BB R &RV AT S e D el e e S B e R H 2 S RS
278 Rk Aa(B2 14b) oies BE SR L L RN BT AR R RS

RN %Tii%‘i%f?‘ VSRR L R - P e § 0 ey

TG i B2 =A@ FlE Bending instability 7 = 2 3% B
DR R L
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B 2.12 43 % &4 PAMPS 2 § &4 (13)

16.5 ma

14 ms

121 ms

4.5 ms

B EPS T ED 2 (14
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High-Voltage Aluminum Foil

Power Supply

Insulator

i

B 2.14 “t4c T 4T 2B (15]

- 47-



B 2.15 PAMPS 2. % i (16)

Trench
\

B 2.16 ## ¢ 28 8T w5 (16)
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Syringe &

Syringe Pump

High-Voltage
Power Supply

Trench

Gold [
Electrode
I
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2.4 - H # E &2 s
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PR AFRELEY o R RREEM(TPEE) 2R £30% - 1
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Y2 % FHRERE B

3.1 FE3 {7 5 $#-73) (modeling viscoelastic behavior)

B b d (B 2T 5 A R e R RO o F L H
Hengayw or 2 Lo T8 - BYBBOE) 1§ L HER R 2L
ARl B AR AR o KA REHA AT ¥ FRT > B
RIS 2 B 95 3BiEx G ARl > 2 B G AR R

OB B AR R S A S RS (19) -

3.1.1 % #r= § i3] (Maxwell model)

A0 B H - Ak e~ i (Dashpot element)fr— B &k12 ~

g E A - AT W Bl o AR g g BN e 0 E AR
(T 5 o iEEHCA E - BRI R B G oend T 2 iR o d gt R
tEd P28 BBARTIORS PR TR R T L

[FRZIETRE N o)/ < 'f“"ﬁ?’f %X gfe > e w4 2 SR B DM TdeT

g=¢te, (1)
c=E¢, 2)
o=ce, (3)

#2),3)7F ~ () 7 @

cCo
O'+F—Cé‘ (4)
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A8 SR A B2 Mo

3.2 #% % (thermal expansion)
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3.4 R i&# (Coulomb force)

AR & 4p 3 (8% (Coulomb interaction)s # T 4 > LA TR F & F T
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3.6 B g

AEFHRIEE L TF(PEO ethylene oxide)z_ ;3 /% 5 #44L » f* B ILF &
KEVHARAFREZ o R UL TP FRFR AR
I o RFMTEF ORI ATA G RS o R SRR TRk
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37 %P

3329 %M1 129 % -7 AR AHRZARDLS > FEhS

&
&

1~10¢ - ABA faiz k2 kR %2 BARIPR » @ @& % 7 f i3 A ket B3 0%
1%?&0%%?%%%832%?%:6%Qﬁﬁ%kkﬁiﬂﬁﬁﬁ
A FIH R F A RERIRLETR - 2349 %R HT232315 F %
PRI ER G o S IRIRRALAE o

231 FFEkn A RERT 2 ET A

%R CEpE k) #E R Q/,em (mno/cm)
10:0 0:0554
9:1 0.0611
8:2 0.0757
7:3 0.0871
6:4 0.0993
5:5 0.1239
4:6 0.1500
3:7 0.2100
2:8 0.2910
1:9 0.3875
0:10 0.4470
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232 F%k- > LRI RIBBLRTIBRSAL

2% | 8 F | » FPVP(g) TR AAER | BRER
B | S Ethonal(g) | Water(g) | Ethnoal(%)
Al | 16g 84g 0g 100% 0.0615
1 |B1 |16g 84g Og 100% 0.0615
A2 | 16g 84g Og 100% 0.0615
2 B2 |16 67.2¢ 1682 |90% 0.6721
A3 | l6g 84g 0g 100% 0.0615
3 B3 |16g 504¢ | 33.62 | 80% 0.0832
A4 | 16g 84¢ 0g 100% 0.0615
4 |B4 |16 33.68° | 504e. | 70% 0.0958
A5 | 16g 84¢ 0g 100% 0.0615
5 |B5 |16g 84g 0g 60% 0.1092
A6 | l6g 84g 0g 100% 0.0615
6 |B6 |l6g 67.2¢ 168g | 50% 0.1362
A7 | l6g 84g Og 100% 0.0615
7 |B7 |16g 50.4¢  |33.62 | 40% 0.165
A8 | l6g 84g 0g 100% 0.0615
8 |BS |l6g 33.62 | 504g  |30% 0.231
A9 | l6g 84¢ 0g 100% 0.0615
9 |BY |16g 84¢ Og 20% 0.32
A10 | 16g 84¢ 0g 100% 0.0615
10 |B10 | 16¢ 67.2¢ 168¢ | 10% 0.426
All | 16g 84g Og 100% 0.0615
11 |BIl |16 504g  |33.6g | 0% 0.4917
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£33 RHS R BEREETRLARSA

F% | #F | PVP(g) | Ethnoal(g) | NaCl(g) TR
S5l | SmEL
A 16g 84g Og 0.0615
12 B 16¢ 840 0.035¢ 0.0672
A 16g 84g Og 0.0615
13 B 16g 840 0.08¢ 0.0832
A 16¢ 840 Og 0.0615
14 B 16¢ 840 0.13¢ 0.0957
A 16¢ 840 0g 0.0615
15 B 16g 84g 0.26¢g 0.1092
A 16¢ 840 0g 0.0615
16 B 16g 84g 0.43¢g 0.136
A 16¢ 840 Og 0.0615
17 B 16¢ 845 0.57¢ 0.15
A 16g 840 Og 0.0615
18 B 16¢ 84g 0.81¢g 0.23
A 16¢ 840 Og 0.0615
19 B 16¢ 840 I.1g 0.31
A 16¢ 840 0g 0.0615
20 B 16¢ 840 1.3¢ 0.426
A 16¢ 840 Og 0.0615
21 B 16g 84g 1.6g 0.49
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100% ethanol 909% ethanol 809 ethanol 70% ethanol 0% ethanol
10% DI water 20% DI water 30% DI water 40% DI water

=
Sodiwm chloride

= e N

0.0015¢ 0.006¢ 0.035 ¢ 0.05¢g 0.075¢

B35 §%-¢ L8 B § PR ETRA L
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Electrical conductivity (mS/s)

Electrical conductivity (mS/s)
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()3 B 77 E/KE > You-Shang Techniacl Corp > Taiwan ° §]4.1 °

(2)% <+ % T » Pentad Scientific Corporation, * Switzerland - §]4.2 -

()L F s F§F > KDS> USA - @43 -

(4)4c 3 E > [KA WEARK GMBH&CO. KG > Germany @ B4.4 o

(5)#.33 /2 & F > Hapdong medical appliances IND. Co > Milyang, Korea > B
4.5 o

(6)k 5 &g hicdk > B14.6 -

(7)% 4 * 7 4% 4% 4~ 58 > Top corporation, Japan. /# £ 25mm > 4- 4.8 » 5 A
T {8 Brd B Ammzi g IR phEpat e LA 4 LR > e
BArEp o B Rt 5 IeBl4.9%77 o
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42 RHRES

(1) PVP(Polyvinylpyrrolidone), M.W. 1,300.000, K85-95, Acros, USA -
(2) Ethyl Alcohol(C,H,0OH ), 99.5%, Shimakyu’s pure chemicals, Japan °
(3) Distilled water

(4) NaCl(Sodium chloride), Showa, Japan °

Folyvinylpyrrolidone, average

M.W. 1.300.000,K85-95

& 4.13 PVP
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| SHIMAKYU’S PURE CHEMI(L
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! Ethyl Alcohol (seszr®

so0sl

R 4.14199.5% Ethyl Alcohol

. ;

B{EF FUDA

Sodium chloride
NaCl FW: 584
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2 .__~~ B9 nirpyou gunieS
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B] 4.15 Sodium chloride
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