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ABSTRACT
Real-time Monitoring Sensor Mechanism using

Electrohydrodynamic Printing Technology

Keon-Young Kim

Advisor : Prof. Chang-Yull Lee, Ph.D.
Department of Aerospace Engineering
Graduate School of Chosun University

Aircraft inspection methods have been developed with various individual
technologies. Among them, the proposed mechanism overcomes several key
weakness of conventional inspection methods. Currently, aircraft inspection
using non—destructive testing is being conducted. However, non—destructive
testing consumes a lot of time and money for testing. In particular,
technologies that can be monitored in real time are needed to identify
potential hazards arising during aircraft operation. This paper proposes a new
detection mechanism to estimate and monitor microscopic damage to
structures using electrohydrodynamic patterning technology. Sensors for
monitoring are patterned into a grid structure using electrohydrodynamic
technology. Polymer PVP is added to form a continuous pattern in order to
increase the uniformity of the pattern and use of high viscosity ink. In
addition, the piezoelectric ceramic PZT was mixed with the piezoelectric
polymer PVDF to keep the line intact in the curved shape. The optimized
polymer PVP content is 2 wt% and the volume ratio of PZT and PVDF is 7:3.

It mimics the spider's sensory organs to detect subtle deformations of the
structure. The sensitivity of the sensor is increased by artificially implementing
a continuous structure of cracks located in the spider's exoskeleton. Cracks
show high resistance fluctuations due to increased spacing under load.

The sensor for real-time monitoring is composed of a grid structure by
forming a patterned layer in the horizontal and vertical directions. The load

test and impact test are used to verify the structural integrity monitoring

_Vi_
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mechanism of the developed sensor. The sensor can estimate the
deformation of the structure through the change in resistance and can
accurately detect the location of the damage using the intersection of the
damaged line. Therefore, the proposed mechanism is a powerful methodology

for estimating and monitoring microscopic damage to structures.

- Vi -
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2. =X PVP €3 X

DEXN L3IE MBI fol Ag nano pastedl & JFHXl 200 Alpha-terpineol
Jt  Diethylene  glycol  monobutyl  ether acetateE &&g8 2300
Polyvinylpyrrolidone powderE &JtotCt. D2 PVP 23S MAENFS MF
CtHl= OFcHOll MIAIGHRILCY.

a. Solvente= HSHEAHEMQ Alpha-terpineollt 224 Z0H2! DB aceate

(Diethylene glycol monobutyl ether aceate)E& E8&tot0 M Z8tC}.
b. Ag nano paste® solventE 66.56 wt% : 33.44 wt% 2 A SH|IZ2 Z§EHC.

c. Mx& Ag &30 D=2X PVPE 1 wi%, 2 wt%, 3 wt%® SIHEIH WIS
Ol =0t 4AI2H S0 70COHIA S=0l weksttt.

]

239 d=2H= H 2 — 10l LIEILHACH

H2-1 480 AtE= 232 d= € 20l PVvP &

0

Solvent [wt% ] Composition
Ink  Ag [wt%] .
(Alpha-terpineol + DB aceate) Ag + Solvent [wt%] PVP [wt%]
Inkl 66.56 33.44 100 0
Ink? 66.56 33.44 99 1
Ink3 66.56 33.44 98 2
Ink4 66.56 33.44 97 3
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3. EHD M4 =4
&80l ArZ2E EHD IHHE HbHl= EnjetOllM JHEGID & EstEl HHIE AHE6H
TOH A&l AHBE &2 30GA OICH d3IAE NHHCZ =Yot)| fIoh 3 w
FEOZ A3 HHE IJISotUCH D2 PVPS S0l HE 24 E4= Hlwct
JI 2ol EHD MEHYE &t M2 =28 gtilA HEE =UCH 280 ArsE
EHD THEHY X£24& Table 2 — 20l LtEHLHAULCE.
H2-2Ag 23A0ME EHD Z&lE MHEHY =2
Conditions Values
Acceleration 200 mm/s*
Fast move speed 200 mm/s
Print speed 300~500 mm/s
Z Working position 1800 um
DC voltage 1.8~2.0 kV
Flow late 3 ul
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A M =Het= A3 HES ol OFst D24 PVP &E0] ot 43
o d=HlE= Table 10 LEIHHRACE Ag L= G Eote =X PVPE 0
wt%, 1 wt%, 2 wt%, 3 wt%O0ICt. 18 3 - 12 et =X PVP &0l Met
JIE0 = Ag 2dE dEiEez ZEEt |XICH. 22+ Ol0IXI0 =
LEA BItES S0l He+5 S3el Ag 282 Z0l SJtotAc 30t
JIEo S M 230t ANEEHZ HAEX (0 Lot &2 0l OI=F0
Ak TGetsd =8 Zot A Agit SHERX @2 HBEUA S0t S2ot:
23 HHH FH0l Lot CH D=0 ot dI0AMs D= )elel M elol
SdEH0 23 WR0 58S RAAA 39 Jb SOototth Metd D=2
b &x7E 1 wi%® 2 wt%UHdeE 1252 HHHE Z2H0AE B0E 8l 2€
gt E£0! OI=F0/MCH ofXI2F DEXIF 3 wit% Ol FItE B2 23 R &
50| 2ol E2 Al == EH0lA cone-jet0l EHEXl E2MH, == e &&
o=z Qloff dA IHE L0l Heothl =et E20| O[T

Jg 3 -1

=X PVP & E
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D2 S0 HE 8II8ET= Table 30 LIEHUHRUCH D2Xel S0 OHE
SHE MIINEES=E 0 wt%OlA 0.000434 5/em L2 IHE R2 MIIMEEE &
A0 =24 0l 1 wt% A e =2 0.00197 /em8 &INEEEIL =E
CIACH JtE &l EE=E UEXe gE 2 wth A= 0.00138 S/em &I|IEE
CoF SEAULE. Z2WHEL2 DEA0F Ot X 22 2320 d=X0F ot
2I0NAM =2 HIEEEIF SHEJC D2X0F I A @22 230AM=s THE
g &= ctel0l SFOLXNILE ZLoHAl Rotd S0l YMGHH HEol =H SFEHU
Ct. [Metd DE2X0F SOtE X g2 d30lM Ot SN OtE 22 dI|IdEE
b SEEQCL D20 Hote d30MsE DX EOtEX @2 2320 I
Bde ctelol eFXlgt EE= 23 Agel 250t =1 220t =2 I8t

S/emBO =2 MIIMEEZIH SZHI/JCL D2

S0 B0 SOtotAl =X 23 RS I8 d0l =2 Ag HIZ0l 240t
A G Tetd 22X 1 wit% Eotel 230M e =2 8IIEEEI F5E
CIALCH
2 2-3 220 PP &0 E MIIHEE
Polymer content 0 wt% 1 wt% 2 wt%
Electrical conductivity (S/em) 0.000434 0.00197 0.00138
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2. PZT/PVOF S&t2d3 XA

o

PZT/PVOF S&23AE M=ot o & JtXl 20 DMF2 AcetoneES AtE
solventOil PZT(Lead zirconate titanate)2t PVDF(Polyvinylidene fluoride)E Ct
LOHIZ S86t0 M=ZotRUCEH PZT/PVOF L3S MZENHS M SH= OteHOl
M Al GHACE.

i

a. Solvent= DMF(N,N-Dimethylformamide) 2t AcetoneS 5:5 HIEg2 E¢&otH
MIZStHC.

b. PZTet PVDF= 9:1, 8:2, 7:3, 6:42] RIl|IHIZ S&ot( MZgtCh.

rol

c. Ctst 212 MXE PZT2H PVDFL S&2 3= solvent2t 1:1 HIE=2
SOl WEIE 0|80t 72A12F SO 70CHIAM =206 wBHsHC)

PZT/PVOF =&2d3° d2H= H 3 — 10/l LIEILHALCH

H 3 -1 &40 mMse 232 48 £ PZT2 PVOFS 21U

g

Solvent [wt% ]

Ink PZT [wt%] PVDF [wt% ]
(N,N-Dimethylformamide + Acetone)
Ink1 45 5 50
Ink?2 40 10 50
Ink3 35 15 50
Ink4 30 20 50
- 13 -
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3. EHD MEY X2
280 AtE= EHD IHEHE &HHl= & Z0A A28t Enjetl ZBIE AIE6HY
Ch, H=X0l EES ol 2= 5 wll RELE FLEUD A MEEH &2
2 30GA 3JI2 =50 ASEIULE. SSLIUAME = Hotel Il ZAHS K ALGH
Jl floi Mt ol &S Zelot HEE E/UACH A& AHEE EHD IHHE
L4 & Table 3 — 20l LIEHLHRUCE
H 3 -2 PZT/PVOF S&8L30AM EHD Zgl8 MHYE =A
Conditions Values
Acceleration 300 mm/ s
Fast move speed 100 mm/s
Print speed 200~500 mm/s
Z Working position 2000 um
DC voltage 2.7~3.0 kV
Flow late 5 ul
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2 HOlA a8t diek 20l
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2012 + U= WEHY F2AS
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2% X HAMdE HEYE ctelol SHE Aol 2t
= Ch [MetMd JHgE L300 et olMS €01 0l
2HE=0{0F SHCH AIEN AIEE THEY 242 3.0
M HZO0ICH PZT2H PVOF= 9:1, 8:2, 7:3, 6:42
A9 HEHIE2 ¥ 3 - 401 LIEFUHACE O 3
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b OIOIXIOICH. IHHY Z1 PVDFS &0l &
o

20| ZAGHACH 30 JIEH SHE I &&
A

ol

I
2o

=

r

ot0d ctel H B0l OlMe g 22 280 £

N R2UIHINA JtE &f& HEY0l Ol BAISH i

BEde ctelol 201 2ot &0 JtE &2 E£0| 0IF0HA Rlble 8 & 2

“Collection @ chosun

_18_



™

Ju
o)

Ay

(=]
=

870

A

0l

—_

=]
—

PZT2t PVDF2 2IHI0 [HE =2E
O =Lt

o
[—

8 3 -7

L

20t Ol0IXI0I =8 PVD

=
=

un

ol
el

-

5 0]

X0
il

al

PZTSl Miet

g

=t 10 wt% OlotolMSH

fSig=1
=]

== ULt PVDF

==
=

=X

)

0%

ol
rH

i

KJ

PVDF &5 wt%

=X = ACE.

e}

A4 SHA

!

(=]
=

0l

A
<
ol
ol
Kl

-

ol

0l
o8

LSPN

Ok
00

tH PVDFIt

Fib SAION OIAl 2201 2ot ALTH

S

et dA X0l

E gl

HHO0A S0 S

7 1 322 LIEFSCE.

oldl=

tel PZT2 PVDFSl 2

A3

Bending radius

1=

%IMG 40/Ad

r=10mm

20mm

r

r=30mm

%01 40Ad

r=10mm

20mm

r

30mm

r

%S| 40Ad

10mm

r

20mm

r

30mm

r

%IM0C¢ 40Ad

r=10mm

20mm

r

30mm

r

4= 37|

Y

ot

8 3 -7 PZT2H PVOFS 2IHI0 HE =8 ¢

_19_

{“ICollection @ chosun



0o

H3E Ag 239 PZT/PVOF 2839 K0 M4 4

2 HOM JHEE Ag+PVP 2%t PZT/PVOF S&2A3° |AHA JIEHNAM X
& E4= Hluwoldl ol AlE 2RENH =zeotso 2ol 2RHAR Al@g
3D ZEIHE olgstd (10 mm x 160 mm x 3 mm)2 AJIZ Kl
Ag+PVP2t PZT/PVDF HAK= HIEE AlEHS 22 (O 3 - 82 AH
e (08 3 - 82 ot HEH)H =2FoACH 28 3 - 9= A&
Ag+PVP HIA0I0H O™ 3 - 102 PZT/PVDF HdAMOICH Ag+PVP
PZT/PVOF HMiME 22 =28 BHE0IM AIEO| 2N OhEE MIHA DAQE

A2

A Z ZUHEHULH AME2 29 = 30 mmUlA 2280] THEERUCH

m I D
® o
_>': ~
|

X
om > 00 A |O

‘

(=T R L | =

Bending load Bending load

Sensors

Specimen / Specimen
s Neutral plane

Sensors

20 | 120 |20 |,
A ;
160 y
[Before load] [After load]
g 3 - 8 Chrel =28 BHEuMe AlES H
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J8 3 - 9 Ag+PVP HIA

18 3 - 10 PZT/PVDF A
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2. 7ed JE0ANS NE S4

J8 3 - 11 18 3 - 122 S8ots0 HE M Halss 2WEC ME
HatE2 AR/R2Z EATZH, (M R =J1 ME0ID ARS HEIE MES
LIEFHCH Z20 ol =S At HHEMAMS otS2 MEES SIHAIZ1D ofH

HolMde ots2 Mgs Z2AIRUCH 8 3 - 112 ot Z8HUA ItE HES
Mg BlotE2 Ag+PVP MAOIAM 2.5 PZT/PVOF AMOIA 2.22 LIEHSCH Mt

A Ag+PVP dIAJF AIEO0l IbEEDJ| A& O /2ot EtSotACH Lt 25
mmItXl ot=S IS e Mg BHalE2 Ag+PVP dAMUA 1.42 ItE HEQ
M BetE0l ol 22 Mg BstF LIEHRCh PZT/PVDF A3 0AME=E MtE HA

2 Ag+PVPOl Hloll X2t MHHel He Hats=2 ZLotH SItot
o etEHQl Sg= LIERO. J8 3 - 129 ot HBHAME It& HES N

st
HotE2 Ag+PVP JAOIA 0.9, PZT/PVDF HINOIA 0.622 LtEHGICH 8, &
0

HEel Mg BatE0lM PZT/PVOF dlAMJF Ag+PVP AMEND =2 H& HsS
SOHFH 2 AXDF E= S0 28 Me et S 0lIXs X222 Lt
StCH O 2, oty 582l Z86tS Gtilld PZT/PVDF dMOIM O =2 ME
BHat)l SECULH Ag+PVP dAZE0LH 2IZ06HH BHSotRULE. Z2UHEL2 ItE A
o dlal s8E2 Ag+PVP dIAMJE £=0ot1) oS0l HE =2Lst M Halz ord
Hol dlal sH2 PZT/PVOF &N JF 2 4=5tCH.
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I

H2&8 &8 4

1. EHD d' A THHY

dA MES ol EHD HBIE AIESIR M HOIS 22012 2200 MZ
E PET J|E HHO IHHY oIACH AN HES 2 mm 22222 942 ctolg
4ot Yda= MIIMETHOlI =2 Ag nano pasteE ALESHACH 23 WA
Ag nano pasteOll & JtXl Z0H, Alpha-terpineollt DB acetateE Z&st & 1I=F
A PVPE EILotW 70TCOIAl 4AI2E S0 WBHGIRALE. A0l AtE= e

A2 2 4 - 101 LHEHHRULCY.

H4-148A HMEN AEE EHD

K

HEed x=A

Conditions Values
Acceleration 200 mm/s*
Fast move speed 200 mm/s
Print speed 500 mm/s
Z. Working position 1800 um
DC voltage 1.8~2.0 kV
Flow late 3l

Collection @ chosun
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Displacement [mm]
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AMEN AEE FE2=E MeE 20

= dzl ol= FDM(Fused Deposition
Modeling) 281 STRATSYS ASl 3D Z2IE F-170S AIE06I0 HMECZUASH 3
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8s 2
mm) 212 DLYSACH DY 5 - 4= 38 A W0/ 1 5 - 5=

Agel 28 s 20 S0 200 =8 Al
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|o—lj| /\I>‘=|O| M=

of AIEO JtofXl= ots= =&otJl ol ots =TE MHOoIRULH dts2
mm/min2] HEE2 FAXE S0 & ot=52=2 HELIUL. [HAME &8 &F

H 5 - 10 LHEFLHALCH

5.15 mm

18 5-33D ZelHE Ol=et sluzd 20 2€€E

(225 mm x 60 mm x 25

H5-1 MBI ZEot=2 Agd 43
Honeycomb core Bending test
Material ABS-M30 Specimenl  Specimen?
- FDM :
Additive s Adhesive
manufacturing (Fus?\ziOdDeeifr)l(sltlon application 1 2
Thickness 25 mm Velocity 2 mm/min 2 mm/min
Mass 9.7 g Fracture load 1100 & 1200 &
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Data recording

&
Analysis system
........................ o7
Load cell
/Honeycomb structure
______________ > .

Channel adaptor

_______________________

50| 125 L 50
225

DAQ
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SH SES A2 FFE0L

Drop weight

20-Channel
adaptor
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