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On the Three Dimensional Conductive Ink Patterning onto the Paper

Based Device(PFD) Using by Gravure Printing Method.

Jung Ji Eun

Department of Graphic Arts Engineering, Graduate school,
Pukyong National University

Abstract

The gravure printing method uses a roll-to-plate or roll-to-roll
method and can be done as an online process. There have been
consistent attempts to apply this method to the manufacture of
printed electronics due to fast printing rate. This printing method
uses the principle in which only the printed area is stained with ink
because of repulsive force between the two areas. However, since
this method delivers ink from the plate cylinder to the printed object
through a blanket, film thickness of transferred ink is only several
micrometers and dot gain phenomenon occurs. The traditional offset
lithography printing method have not been utilized well because of
the problem in which ink is transferred irregularly to the surface of
paper when the printed object is a paper. Therefore, the screen

printing method is primarily used to manufacture printed electronics

- viil -



such as PCB(printed circuit boards), and the ink jet or gravure
printing methods are applied to the manufacturing of some printed
electronics. However, the most common screen printing method has
problems like difficulty of roll-to—roll continuous work, slow printing
speed, and damaging of substrate or pattern from irregular printing
pressure. There are studies attempting to apply the ink jet printing
method to the electronics production process despite many technical
limitations, the ink jet printing technology is difficult to form high
quality and high fidelity patterns and still faces limitations such as
clogging of nozzles and lack of adhesive strength. Accordingly, this
study aimed to apply the gravure printing method to the
manufacturing of printed electronics in order to overcome problems of
the screen and ink jet printing methods. The gravure printing method
has somewhat inadequate resolution compared to other printing
methods, and this study added a partition—-making process that
performs patterning on the paper using wax with extreme
hydrophobicity. Unlike other printing methods introduced above, the
wax patterning gravure printing (WPGP hereafter) method proposed
in this study is a method of spreading hydrophobic paraffin on the
surface of the non-printed area and increasing the amount of ink in
the printed area to reinforce penetrating power and allowing
conductive ink to sufficiently penetrate into the printed area. In
addition, this method minimizes loss from pressure by using a blanket
with high elasticity. In other words, the purpose of this study is to

propose a new printing technology that accommodates for

,iX,



characteristics of diversifying printed electronics, reviewing the
potential of the WPGP method and finding the optimal condition
based on significant experimental results.

In present study, a conductive ink was printed using the WPGP
method, with wax partition to manufacture various printed electronics,
trying to find the possibility and optimal condition of the process.
The following conclusions were drawn.

Although this study had limitations in resolution and penetration
depth because commercial papers were used, the WPGP method can
maximize the penetration effect of porous papers by applying
appropriate printing pressure. Consegently, it was discovered that
resolution and quality can be greatly improved by using papers with
uniform composition.

The WPGP method that prints on papers can be used to
manufacture flexible printed electronics. It can exhibit outstanding
conductivity and stability through 3-dimensional penetration of the ink
compared to the conventional printing method that simply prints on
the surface.

Accordingly, the WPGP method proposed in this study can be used
as one of methods for the manufacture of printed electronics in the
era of flexible printed electronics and wearable devices. Also, we hope
this WPP study can help the development of fast and stable printed

electronics process technologies.
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X Oil + Paper

1.

Figure 3. The depth of penetration into the paper.
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. A 9

.43 A=

= PEDOT (poly(3,4—ethylenedioxythiophene))> 7] Fol| A o+ 3}a
o A Bl A A7 EE7E =uh A% PEDOT #
A= B8del7] witol] A7l &g 84 A HRIHE AR
gte] PEDOT Hlo] =9 A=ARE F7]18 el &3 E= F&mfdl &
AFA71= Ao] 7Fs 3ttt PEDOT:PSSE PSS(polystyrene sulfonate) 2]
Aty S FHFE FS 7|22 PEDOTS 4tsl T3 WHe
2 Az}

=, PEDOT# PSSZ o]Fojzl 4k PEDOT:PSS
I A=A, e HEAdH A 59 548 7RI (HAsE o
T PEDOT# (1)& #= PSS= M= dats BAste] PSS 4 &4
# AlEo] PEDOT &daiwrzt ZstAl 2= vt ol& HFA7
Mz s 2 dAzE 8o T EatbHe] 9tk Figure 5% PEDOT:
PSSe] +xE yeldY. PEDOT:PSS+ Bayer AGOAA Agdxo=
v 5l Baytron PE AF83% 1 Baytron PE= 12E% PEDOT 0.5
wt% ¢ PSS 0.8 wt%, 1 ¢ UHAl= E2 o]FoA e =4 1
w22 ZAM e PEDOT:PSS =42 Table 29 2t}

PEDOT:PSS+= H7HAl ol wel o1 vty S4do] =74 depxith

i
iy
flo
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AWrA el =4~ PEDOT:PSS #HAl9] A==+ 10°~10" S/em A==
50 eV AR 2 A% wjEol, fr1dALAY &
FU/FES FE So)eTso® 9y AEHT o, HUMAC wet

1 3000S/cm AE7A] AEgo] ZolA= Kyt 9 th1nig)

o

PEDOT:PSSo| =4 &m?l ethylene glycol, glycerol, dimethyl
sulfoxide® #7FstH PEDOT:PSS9 #7] AE%+& 400~900S/cm ©]
dow AA FUFEY wekA olgd x=e Y] AREEE R
PEDOT:PSS+= #7]-dAkaAke] FRd=F02M ARSI 9la, AAl=2

ITO %3450l Wgrhz drbel H4o wusw QLkow)

Table 2. The Characterization of PEDOT:PSS

Chemical Substances Content
Resistivity 500-5000 Q.cm
Solids 1.3 ~1.7% (Underwater)
Viscosity 5~12 mPa.s
PEDOT 0.5 wt%
PSS 0.8 wt%
Particle Size Distribution Dg=100nm Ds50=80nm
Photocells, Interfacial Layers of
Areas of Use
OLEDs

,20,



BYSEREGR BB

S05

SO3H S05H SO3 S04H PSS

SOsH

Figure 5. The chemical structure of PEDOT:PSS.21
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Figure 6. SEM image of paper.



Table 3. The Properties of Paper in Present Study

Chemical Substances Content
Model WHATMAN it “3030917”
Grade 3 MM Chr
Thickness 0.34mm
Material Pure Cellulose
Size w460xd570mm
Flow Rate 130mm/30min
Usage Extensively for General Chr(?matography
and Electrophoresis

1-3. 244 A=

§ ool efstm e}

R

ol

‘?4

J_'ﬁ_
Aol g3k &x~9 PDMS(polydimethylsilicone)S  AF-&3}o]

o

A 254 9 B4

H]

El

Al

Al skt B Ao s g4 9 PDMSE AL&&to] 1ebu|o] Hb2

2 olg o AEHY A Yol =9 el AHgsar. By

Table 4. The Characterization of Wax

Chemical Substances Content
Model Zespa-Wax, Zebra K2300
Component Mineral Oil, Prophyparaben, Paraffin ‘&
Type Oytside Ink Coated
Head Flat Head
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Table 5. The Properties of PDMS

Chemical Substances Content
Chemical Formula [-Si(CH3)20-In
Mass 162.38
Melting Point -40~50TC
Boiling Point 205 C
Density 0.76 g/ml

2. 49 #AH

2-1. 2 H S AAHAHAH7

B o A= Figure 79 IGT Z1gkv]o] A4 Ad7)(2d Gl
-5 HIE R =)E ARSI dbdlo] 1A FAHS AFe=dl dolA
&kl A AAAer 7 e BEHo e A A AF7
< dtu=A Holland®] IGTOl A arqkeh ajolvt. &Awh% A A7} ¥

o
HE A9 o WAl dHE Ao s AdMdE Ao H
o]t}. Table 63 #o] 2 £+ 02~1.0m/sec® HbHtAIZ Z4dg
PN
=

=4 7hssiH, 73k
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A A AF719 ¥ E#o]=+= Table 79 o] %2 52mme] i,

Ak EHS 6~7TN= wAeA =Hd7Fs s

Figure 7. IGT printability tester G1-5 for gravure printing.

Table 6. The Specification of IGT Printability Tester

Printing Units

0.2 ~ 1.0 s,

Printing Speed Adjustable in Five Steps

Printing Force 100 ~ 1,000 N
Maximum Substrate 4 m
Thickness
Printing Width 50 mm

_25_



Table 7. The Specification of Doctor Blade of IGT

Doctor Blade

Width 52 mm

60 °, Trailing

Doctor Blade Angle
Doctor Blade Pressure 6 ~ 7N
Doctor Blade Type MDC60

2-2. 354 547

Figure 8 H&4s =4
analyzer)eh 8t 248k We] fa dsly] mEel A wwel
o dialel] JekS x| oF

Figure 8. Contact angle analyzer.
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=
g9l AEzte] a7]s Ade] AP Hotaigith. WE 2479
A& Table 8% 2Th. Figure 9% H57 24718 59 4% 23

of o Aleltt.

Table 8 The Specification of Contact Angle Analyzer

Chemical Substances

Content

Measuring Range

0~180°, 0.01~1000mN/m

Accuracy

+(0.1°, +0.0lmN/m

Max Size

Unlimitedx95mmx*180mm

Light Source

LED Based Background Lighting

Camera Gigabit Ethernet Digital Camera
Field of View 1~160, 9mm
Weight-Basic Frame 7.3kg

Power Supply

100~240(VAC)

Frequency

50~60Hz

,27,
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3.

44 B
3-1. =184 74 o] g3 9 A=

A WHAZ gt Aol EA(elv= AlE, Polyhydroxy Al4E,
Sulfoxide Al¥ %)5<S PEDOT:PSSo| H7}sl S w] 7| dEEof 7
Fol 7 AR g Ade A& o83 PEDOT:PSS<]

A=

O

FA2 +Ae]l PEDOT:PSSO d7]d=%k W3l m2= g3kl dist
of A73t7] 918l PEDOT:PSSol &A15 st vdd =44 <
4 Leplo] JaE A XsFATH

PEDOT:PSS?] H7} &A=+ olv|= A<€9 Dimethyl formamide
(DMF), Polyhydroxy Al<e] Ethylene glycol(EG), Sulfoxide A4 2]
Dimethyl sulfoxide(DMSO)2} DMSO<} EG7} 1:1 39 vl &= 2349
|A 47FA7F H7F AR AR E AT =53 PEDOTPSS 23 57}
Aol A A ko] JAE AR AbA Z2F=vh(plasma) &

Ags &8 719 9o 2500~5000 rpme] HEE 30%x7 AAFE

PEDOT:PSS9] # 7] A &L
stgo, 4 Fix
Figure 112 2tz WA SA 79 3349 dgE yehd Zo]

o,
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Figure 10. Principle of four point probe.

Collimator Wavelength Selector Detector
(Lens) (Slity {Phatocell)
Nt - |
' / A 1o It
w Digital Display
Monochremator Sample or Meter
Solution

Light source
(Prism or Grating)
{in Cuvette)

Figure 11. Principle of spectrophotometer.

dpete] FAE FHEAVIE SO 54
AL7] AR AAGEIFAFMS o] &3] =459t
WES 24T Al

7 itgrow tehglt,
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Figure 12. The schematic diagram of contact angle.
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Figure 133} o] w& H=7+2 44 (hydrophilic) ¥ =& 3|
UAE ey =2 HE572S 4944 (hydrophobic) ¥ & F oY

A% vhea,

Solid

High surface energy

Solid

Low surface energy

Figure 13. Hydrophilic and hydrophobic properties of surface

using contact angle.
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Printing area

B
" 4

Figure 14. The cross sectional views of open channel of wax

patterned substrates.

Figure 16+ €225 o] &3 329 J= dEd #29 wrty&
= =23 St s ol &ste] Mg gxE SE1
Figure 15 (a), 7}¥9 & 3}e] Figure 15 (b), H| &4 o] 25 HFA
7]3L Figure 15 (¢), F&4 =44 42L& AA4E s Fo Afstx
Figure 15 (d), ko] 43 E =H E#o]=(doctor blade)E ©]-&3}¢]

A AsHH Figure 15 (e), HF 4 22 PFD7F A @}t Figure 15 (f).
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wax ribbon

(c)
Figure 15. Schematic diagram of paper based fluidic device

fabricated by gravure printing method (a)~ (f).
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(f)
Figure 15. Schematic diagram of paper based fluidic device

fabricated by gravure printing method (a)~ (f).
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Figure 172 H7F &A1Y +#/% w=®¥std w& PEDOT:PSS]
A7l AREE F43 Ayoltt ofn|= A E<e] DMF, Polyhydroxy 7l
4] EG, Sulfoxide AIE€< DMSO< DMSO< EG7} 111 §3 H| &=
3" DMSO+EG &A1& °] PEDOT:PSS9 7} 842 AF&8% At}

SAE H7FEA 22 PEDOT:PSSS 4% AxAol AHF fle

PSS Edo] AxA E4<¢ PEDOTS Z#a 917] wiEe], 10°~10"!

o] -
ANA &A7F FHEAA PEDOT:PSS +&
"t =, PEDOT:PSSe Fx7F WE@ WA AEAHS #+= PEDOT
PA e HFol st o] FJABRZ PEDOT A7) o]l = <
a5 ste] Hart & s2A HW old met W] A=RETF FheHA
droh A A, olu= Ade] 4120 DMFe 4 o2 A& 1|
3 °F 650 S/ecm AEO @S HEEE B9 on PEDOT:PSSe H7t
SAZ 714 2ol AFgEH A 9= EGe DMSOE 7.5 vol%9] 5ol A
N e AEEE wmgon ue Ay AEEE <k 800~810

AS = AUtk DMSO9 EG &8 &4
of Ag olBtt & AEEE YEHNL, 75 vol%E = 5.0 vol%
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Figure 17. The conductivity of PEDOT:PSS with various kinds

of solvent doping as a function of solvent concentration.

Figure 182 849 $A8 FTAHS §3% PEDOT:PSSe #7] A%
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Figure 18. The conductivity of various kinds of solvent

post-treated PEDOT:PSS.
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Figure 19+ Figure 1794 233 AxE EUlZ 6 vol% EG €A
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Figure 19. The conductivity of various kinds of solvent
post-treated PEDOT:PSS doped with EG before the

post—-treatment.
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Figure 20. AFM phase images. (a) PEDOT:PSS, (b) EG doped

PEDOT:PSS, (c) EG post-treated PEDOT:PSS, and (d)
post-treated PEDOT:PSS doped with EG.
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Figure 20. AFM phase images. (a) PEDOT:PSS, (b) EG doped
PEDOT:PSS, (c) EG post-treated PEDOT:PSS, and (d)
post-treated PEDOT:PSS doped with EG.
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post-treated PEDOT:PSS doped with EG.
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Figure 20. AFM phase images. (a) PEDOT:PSS, (b) EG doped
PEDOT:PSS, (c) EG post-treated PEDOT:PSS, and (d)
post-treated PEDOT:PSS doped with EG.
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Figure 21. The absorbance spectra of (a) a pristine PEDOT:PSS
film, (b) a post treated PEDOT:PSS, and (c) a post treated
PEDOT:PSS doped with EG.
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MNormal PFD

Figure 22. The shape of dropped water on the surface of normal PFD.

S % W W

PDMS PFD

Figure 23. The shape of dropped water on the surface of PDMS PFD.

Figure 24. The shape of dropped water on the surface of wax PFD.
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Normal PFD
Average Angle : 44.419°

44.103°

Figure. 25 The result of contact angle measurement
for Normal PFD.

PDMS PFD
Average Angle : 64.513°

65.273°

Figure. 26 The result of contact angle measurement
for PDMS PFD

WAX PFD
Average Angle : 99.891°

7100.183°

Figure. 27 The result of contact angle measurement
for Wax PFD.
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Figure 28. The result of contact angle measurement according

to the PFD condition.
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Figure 31. Penetration of wax in PFD.
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Figure 32. The penetration speed of Wax into PFD at 120TC.
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Figure 33. The penetration area of PDMS into PFD.
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Figure 34. The penetration area distribution of PDMS into PFD.
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Figure 36. The penetration area distribution of wax into PFD.

_64_

Black : 54,762
White: 8,742



4., 3239 o= #HHY <A 2
4-1. &9 5t A3

S8 ol g 39 I AHY BN b Fa 8

p 4

B>
i

H2
o)
Pk

& g9 FAbAolt). Figure 372 120ColA] 7143k 8% 9]
=

§¢ 929 uelth g shavt oy

3T

i
o)

ftlo

PAPER

—
L backxy Printing area

Figure 37. Schematic diagrams of cross sectional views of

wax patterned substrates.

,65,

op



800 - el
600 - . -
- - ' |
3
= 400 - |
3z 8
= 1 ) °
200 - A i
J ] J
0T T T T T T T T T
0 200 400 600 800
fromt
Ly (um)

Figure 38. The relation of diffusion width between front and

back of PFD.

Figure 38% Ho} Q¥ ¢~+= 7}
Ha AEFEFE oA gy 5o

A H=d 2 AolE ol&ste] Md Ades AT 2ddy o

213
Wol smmtl site]l @ol HE AL A @ & ATk e ¢
s mute] A% T &¥ el AR oF 800mel 3 a)
A AYe A% sidel el dde] Hunt AXE AL FAY
I

,66,



e a5 A454

4-2. &2 FA9 u

1%

o)

fal]

hol7] )

S

UlO

—

=3
el
fHe
=3
I

o
o

H
R

B
I

B
Hr

el

)
o
e
el
e

T—

3
o

=y
]

_L%

jud
-

o)

7] W gaw

9o o

ol

8~10um= <12y

oF
=2

=
=

Figure 399 (a)= &= 9o F7

) e] 120 2

]
=
e
%
W

Pl

_ZU

Q.

ok
2

=l

=
-

%]
™

[ o1} PFD< ol £71X

S

=
-

2]
=

ﬂﬁ

To-

o

=3

1
vzl

X

1%

o)
)
oH
iy

m}

—_—

=
=

Figure 399 (b)
o 1ufje] 1207 ¢
HoFEoh

]

A PFD9 €7+

;OE

mﬁ
ol

d.ﬁ

o

Hr

o
il

T
=)
)

40~41m= <14

w=ete] TS o

o} X
=~

-
T

Figure 399 (c)

e 120TC 9

1%

o

]
i
o

b
<]

%

ox

¢

B

ﬂﬁ

o

;OL

ENls

]

pZS

5

7} Qo] save) Ayel

Eal

,67,



(a)

(b)

(c)

Figure 39. The cross sectional views of penetration depth

depending on thickness of wax.
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Figure 40. SEM image of cross sectional views of paper based

fluidic device(PFD).

PFD

Figure 41. Cross sectional views of paper based fluidic device

fabricated by gravure printing method(Step 1).
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Wax Wall

Figure 42. Cross sectional views of paper based fluidic device

fabricated by gravure printing method(Step 2).

Figure 43. Cross sectional views of paper based fluidic device

fabricated by gravure printing method(Step 3).
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Tr = ; — ﬁt__; 27

HFEH oz PEDOT:PSSol thsdk F718mE Hrbste] A3
PFDe| & A7|AEES 243 A3t Table 99 2o 7] 4o
£ F7MskAl &2 PEDOTPSS9 &2 A7IdE%s 08 S/cmole
U}, 4718 DMFS 231 312 £88 49 4L A7AxsE 30

S/eme. & oF 40w} 7hgF FLE AL 7718w DMSOE F-¥H] 3=

Table 9. Room Temperature Direct Current Conductivity of

PEDOT:PSS
PEDOT:PSS : Organic solvent Room Temperature DC
3 : 1(Volume ratio) Conductivity o(S/cm)
PEDOT:PSS(H-0) 0.8 £ 0.1
PEDOT:PSS : DMF 30 + 10
PEDOT:PSS : DMSO 80 + 30
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