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Abstract: A range of commercially viable and easy-to-use conductive inks allow novices, artists, and hobby-
ists to design and build interactive circuits quickly. Despite the ease with which practitioners can construct
working circuits, one of the major limitations of designing circuits on-the-fly is the difficulty of detecting and
understanding errors in prototype circuits. As well as short- and open-circuits, more subtle issues like high re-
sistance traces can result in poor performance. Many users can’t readily work out how to successfully modify
their circuit, since they often don’t have the tools or expertise for it. In this paper we present ConductAR, a
tool which can recognize and analyze hand-drawn, printed, and hybrid conductive ink patterns. An on-screen
augmented reality style interaction helps users to understand and enhance circuit operation. A key element
of ConductAR is its ability to calculate the resistance of a circuit using a camera attached to an off-the-shelf
PC or tablet. Our sparse coding technique is fast enough to support rapid iterative prototyping, and the
maximum calculation error was under 7% according to the t-test. We demonstrated trial-and-error based
design method which combines ConductAR with a conductive ink marker and/or eraser on real circuits.
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Fig. 1 Using ConductAR to modify circuit. a: Initial circuit
created with conductive ink. b: ConductAR recognizes
traces and allows the user to select elements which can
be modified. c: Suggested modifications are presented
to the user. d: After modification with a conductive
ink marker and eraser, the the real circuit works suc-
cessfully (modified from Ref. [5]).
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Fig. 2 a: Example conductive ink circuits made in a work-
shop with color pen. b, c¢: Hand-drawn circuits typi-
cally combine a functional circuit with artistic elements,
which often introduces electrical errors. When this hap-
pens the complexity of the conductive pattern makes it

hard to analyze and repair the circuit (modified from
Ref. [5]).
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Fig. 3 Graphication method. We can convert a conductive

ink circuit like the one shown on the left into a graph
as shown on the right. The resistors R1 to R7 repre-
sent the parasitic resistances intrinsic to each branch
between nodes. We can analytically solve all the pa-

rameters, i.e. resistance, voltage and current, from this

graph [5].
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Fig. 4 Finite element method. Any given circuit is divided into
a group of pixels. The conductive pixels are considered
to be connected to their 4-neighbours with a unit con-
stant resistance inherent to the sheet resistance of the

conductive ink used [5].
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Table 1 Comparison of two methods for resistance calculation.
Overall, graphication is more accurate at modelling a
circuit — but it relies on (1) resistance values which are
more easily calculated using FEM and (2) accurately

detecting the position of nodes [5].
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Fig. 5 An example circuit which cannot be recognized by

graphication. This is a parallel circuit composed of two
LEDs and one battery. However, it is difficult to isolate
nodes to distinguish (1) the branches to each LED or

(2) the resistance between nodes [5].
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Fig. 6 The sequence of calculating resistance. a: A photogr-

pahic image of the circuit. b: Binarized image. c:
Extracted contours are overlaid on the original image.
d: Two points are selected and the resistance between

them calculated [5].
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AZ EHCTIRPUE A F2 L, FHEME e i L7-. 30 [lo
A AT o 7R R A 7 AR, AR I, e
SHEETH L. F, NS DOEKENS

ER—abs<

calculated value - measured value
x 100
measured value

(2 XD RME SN B REDORFIIN, t BEDHER 7% &
ol (FEARMESR). ZORGENELCZFERIE, 456
ETNADEL - A > 7 EMOBEHZAL - g0 F7 L
EEZOLND.

4.2 REDFH

KA, WPUEOFE A LM%, RGO %
ZZTHE L7z, B 8 EIFFHINCH WA m{ETH Y, /3
7 —OmEE, E2SIEIC 5 x 150mm?2 O 1, 2, 5, 10,
WL Lo TVA, TNHDOIY — > O EEZHI L 7-
Bo, ¥7 vV EFHINIhh o 728 & OBR 2 8 4
R, EBE O(n®) ORFHRE R AW EE 2 AT 5 O FT IR
WS, A8—= 2 ZFIH L72#EH O(n?) ORHEHE & %
OITHIOEE L ) L IZ SN TWE Z EDGH 5.
FHERMOERICBITAHEEE 10 B L ELZEA,

@

'a' Y =104x40.18 ——

8 s

o

S

D g

[} f

9 9,

O 3

(9]

© ;ﬁy

3 2

(8]

© W/

&} 1
1 2 3 4 5 6
Measured resistance [Q]

7 K EMEEE OFHIIC 2 Ad KOSy — > 45 LR
HENARBUEI S 5 B O IBUHE [5]

Fig. 7 left: The A4 sized printed pattern to evaluate accuracy

of the proposed method. right: Calculated resistance

against true values measured (right) [5].

@
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T T — T
make matrix A
calculate inverse matrix X
total ﬁ

N
o

N
S

Calculation time [s]

A
% ]

0
0 5000 10000 15000 20000 25000
Number of pixels

8 & EHERMOFHINCH 72 Ad ORI Sy — >, 45 H
Fer88 — 2 DY v VBT T BEHERER [5]
Fig. 8 left: The A4 sized printed pattern to evaluate speed

@

of the proposed method. right: The calculation speed
against the number of pixels (right) [5].
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8 ALV EFRIFMAS 10 LUT & 2 5DIEX 8 /D LA
S540HFTONY - THh, 2F), HEWA 70D
TSRO TR DK 10 57D 1 LT Th AU +H4ErE <
HEAITH) LN TEL, CNREK2aD L%, T—7
Tay STLLRALONEAKTHIUTT5IRIEN 2 HH S5
fFChb. —HTK 2c D L) ICHEEAKEZ TV A OF
TRERE T HEMBNEOYE, FHARMIEL 252
ENEZLND.

5 TV —3>

ME TS L7270V T X LITHAE DK X e 2 E
L% TOMA ZAIBOMBEIZIGHTE S, ZOET
13 ConductAR OHFRNEEMAET 572012, RO T VT
VAL EFRESET, (1) ZMMzEIEICBIT 2 8ELD
B, (2) =2 ORMEICBITL2EROHME, (3) T—7
Ay FITBIBEEE - EEEEO LED O BT, v
I3ODT TN = arEBAT A, 1 ETH RN,
A8 — 2B W TAEL 5 BRI 2 ERLESL LED OA
Y-85 &1, EEMA 7 REOERIC BV THERET
LEHFEOMETH LS. B, (1), (2) EPDF 7—%% A
NE LTHWZY, EYOERZFIHTLI L OMETH
B, T E LEHRIE OFERIT 6.1 HiTHRR5.

5.1 =MiADEHA  BERDIRELEE

M 9(a)id, 7SV Y EHCTTYA ¥ SNIEE A
YOBFOREPESY - THE (RS EF A0y
THRF 23T ESND). 20 &) ICEFICEMmED
BWRAIEE NS — U RERET DA, BERICL AT

(a) input pattern

(b) overcurrent map

9 ZERMHIERIC B HEEROTHRIL. a: AT LG PDF
ZIAYTAXLIT =5 ZANILTVAD. bl ABMICE
WEHHT 5 EE L, ConductAR 1Z & V) Wf#L L - &l
fili. 7L =27 = VORWEGICE ) RELERITENL Z &
ZRLTWA (OCk [22] &0 &%)

Fig. 9 Visualization of overcurrent in aesthetic circuit. a: in-

put image is rasterized from the PDF original datum. b:
an overcurrent map shows more black region has more

current density (modified from Ref. [22]).

1634



BB F =R G Vol.58 No.10 1628-1641 (Oct. 2017)

L= a URBETEIFEAE L, BN OMHARTE &
HAGEDH L. F I TEMARTOIAGE LT, HH
GRS — R EGT — MERICBWTHEERORZ %
G M APRE A E2E L7, R CHMB L7 VT
ALef\bZ T, MPMEORIEOBIZZ Y 7 2icB
BB DB 720, A S NI EIGEOBILE % WAL
TLIENTEL. M9(b) &, MFDLA-BBIZER
BETGR L7 LB LGEDY I 2L -2 a VIERTH
D, Z7L—=A7 = VOIRWVETIZBWT L) KERERA
HNDZERZRLTWAS, 2205, M A EEORIEH
(o TWABEFICBWT, MRS AL TN 3
LUTREHEDTE N E WD) T EGh L. HHEIEZ O
BEWLETHA Y E2BIET L2 LN TES.

B, M9 TIRANMEEELTPDF 25 A% 54 XL
Ter—=%%FMHL. Lal, midl/zeBYEELY AT
ELTHHTAZELTRETH S.

F/2, MO B LBERKOTELTIE, Biftfiis LT
AXEEH L TWab. Z0720, ERICEBKIET 5
PEDDIEEMOKRE SRHRICKFET AL A, L
ML, ThIT) ALMERT 22 EROBMICEDE S
L THGIHMETOFRIRLIEETH 5.

5.2 RAENDOEH E—42DE

EEMEA 7R EAWS &, EENTEL2S L 0D
CHIEBITFBRBELFELT, kAR - REOL—%
HI/ER T2 2 EDRETH L. Lo LEBICE—%
VRS B &, A —BOA DO N HIES 5 v )
MEIHER TS, T2, e—=F2HMELTWARLTY,
]3O T WG R B W OMEEIC D 4255 2 L3S
v, FCCRMEHETOIABE LT, P4 v 7l
re—45 & LTHHT ABICEEGM & HEE T 516 % %
L7z, £9, @10(a) IIRT 91T, AglC Hli&tt [9)
REHLLTVLEF /A v 7O — % 1> 7208
RO =5 DNy — YR L7, THICKRT 7)) 7 —
Tarvaxdf LR REAR 10(b) THY, RTREIND
FIRICBRPEFTHILEZRLTCVAE, (1) OTHA ~
DYptr, AIBIIEITT 538 —  OFIZBW TR ED
LTt s —%, (2) DFHFA ¥ TIEBEBADILEN—ET
b, H—hOREHEOL —F PERTE L Z LT
SN, F72, K10 (c) FFERICIER L 728 — & 22wl
B E FLIR OV —E A XS TEMLZSDTHY, ¥
2 b= a YIZXARBESHOFIAIE L\ 2 &A%
b,
COTT)F— g IBWTH ANHEILIL PDF 7 —
L7z, F7, BEISHELE LTERLADS, HIFED
FMEZ DL Z LI L > TR BB E LRI H T 5 2 LA
THETH 5.
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(a) input pattern

10 b=y oREICmiFzIini. (1), (2) d2hzinglo
THEAYERLTVE, al AN LR OE -5,
b : ConductAR (2 & ) il ik L 728k, ¢ ZEfbEH &
FLIR #O¥ —FEH# AT TEUWLIL -t~ v 7. (1) D
b — Z I T O WM EEAET LTl ) M OfG R A
=B DR AL, (2) D —F TIE—ho%E L TH)
s B2 Ln0hs (SR [22] %)

Fig. 10 An application for heater design. (1), (2) individually

(b) simulated heatmap

(c)actual heatmap

show different design. a: Meandering heaters used as
input data. b: Heat generated from each heater is vi-
sualized as red pixels. c¢: Actual heatmaps obtained
from FLIR thermo camera. The heater (1) shows un-
even and fragile heating, while (2) shows relatively

constant and safe behavior (modified from Ref. [22]).

5.3 HEANDICH  HHE - HHIEHEDO LED O 4T
HENDIHELT, U—2 v 3y Fi2BWT, I -
MEMEO LED #39% 52 S CHIT S5 X9 2 E
T HBIMICRET 2 HEE L FEE L7, 5o LED 2345
WCHAT L v e v BB, A PEBEA V7T —2
avTETIOBIIRD ICHICTAMETH L. HED
LED # 1 DOREECTHELRHL SICHITT5013, DT
O HGE LY bELVEPL W I (1) LEDDOL &
WEEEE L, T LIRS, (2) LED OB Sk
LEWHEBLE LN EREIKTFT 5.
5.3.1 LED OEFILE

M Z AL 272012, W ODRIEtEZEL 7.
F¥, LED B3 FHEFORMEICL > TNTA=F PR D720,
Z OEBTIZMIHT A LED %k (LTST-C150CKT), #%
fo (LTST-C150KGKT), #Hfh (LTST-C150TBKT) (ZE
L7z, £72, LED BHEZEFTREZRWwoT, BfEDOT IV
T RLICEET L7012, LFORM 2T 7.
(1) LED i3 L & WMEEEZEINT 5 L BIEIRICZ 5.
(2) LED DHEFZIZERIZILHE T 5.

CORPUILLTOLEBYTHSL. 11, K12 1, Lid
D 3FHEDOLED OF —% ¥ — M Hh Sk - BB 7257 —
¥ Thh. X 11 13 LED OFER-ELFMEZRLTBY,
InERZE, BESLEWHEHELEXL DN WEAIZIZE
WBEE AT EW—FT, LEWVEEELZBZL LA
WICERDS LA T AT 05, COZENL, (1)D
EPERA L., $72, 12 13 LED O #EfE - Eii k%
RLTWAD. & DITERAD 30 mA £ /NS WHEIKTIE,
HEEEDSBICICIZIZHBIL T D, 2O Ehn (2) DM
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Fig. 11 Current-voltage property of the supported LEDs [5].
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Fig. 12 Brightness-current property of the supported

LEDs [5].
‘ e@;
|eo

13 {4 ® LED ICAEO&ERZ Y 72 D%, LED & &l

EMFICEMZRT 2 2 Lk -, WPUERIEO 7 VT
VALZIBHTAIENTED [5]

Fig. 13 Applying the same current to all LEDs. The battery

Vasrrear

Roenrrery

is modelled as a current source in order to use the ba-
sic algorithm of calculating the resistance by the nodal

equation [5].

WML, LED OENSZ5 )54 LT, [FnEFho
LED ICIN A BRPELL R D] #IETAHZ LITLT.
5.3.2 LED #¥FICAMIT2700T7IVT ) X L
MHEOEME Y, HCREMEEE [FXTOLED 2L
EWVEL D O RELBEN P> TEY, »O%HELVER
PN TVD LT 5] Il s/, 22 TFET,
?&f@Lm)uﬁ?%ﬁ%%%?é.H13K%¢l5
, % LED IZii A 2 LIl 2 Eix Igp EIRET 5
k LED % & @*ﬁ IREE Igp OEFIFICEET L2 &
MTEDL. RIZ, 1 25OBMOEESY VearTery, MNib
ﬁﬁ%Rmmmwk?ék J— b rOEE Y ) EMLEE
TIRICENERT L2 N TE T, ZOBMBEOEREN
Ptz Enzn

I = VearreRY/RBATTERY
R = RBATTERY

b, COWMETLE, 3TWIRLAFELREMRIZL
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T, HEHICBUILIBELEMEEZ KD NA.

ZFITHR 13 EDOMKICE->TE2 5L, 12O LED %
EUHOMRIZrNLELEEZROONE, 728 2 1TkE
LED O h b EEE VL &34 E, 2O LED 2565
729121, Frf LED O L & WHEE Viraresaorp-r 12H
LT

Vi > VrHRESHOLD-R

iz 3N RS B, £ TRIFNE, Iupp DRRE
AR ET EDLD Vearrery DV/NS T ELp L) 2 LI
%AHDT, TNHZEHEL T ) 1 EEHH IR L.
B, FEETIIEIRMZ /NS %25 AR S
TTHIEL. =0 ZoREHZLTwa 26, AH
LTV B DEEMEA > 7 #ER oo X S HifE

R V1 — VrurESHOLD R
L=

I ep
MHROOEND., ZOfEDPS, HFOMBOKS L EELHEL
TS, i/ LED 1IN 5 &% Igp ([CHETEX 5.
fli> LED % & &R B LT h FEARICHRETIE X v,

5B, &DHHOWPUELIBUE EORREN T 3 FEOSHET
ROLNDDT, #2056 BAEDIPUE & BN 2 IHLH
Lok oD, ZOICIGLET, XRUYRHELITLE
HAWTHOKR S Z 2L ST, MIROFIEITTHEL 25,
1 /¥, ConductAR fEFHENEBINEEREMEA > 7 XV &
BEMEA Y7 OHE L TLEFH L CHEROMIREZLET S
MT2RLTWwS, fiH%ICT<TO LED % 13135%1C
HITTELZ LD
5.3.3 LED HESITDER

X 14 i, ConductAR 2 L, #IE% F% L T
D LED OMEZZELTL570EXERLTWES, i
Z13F ¥, ConductAR LA v % 72— 2A%{HL T,
K LED &Ny 7 EET A, RIZ, BIEEOEORIC
LED 258> TW A 2% /R$. f&i%IZ, ConductAR IF4EH
DRKEZ ENLBWERTLLEDNDH D05 RT TF AN
TA—=FNY 7 2FRTH, ZOTNVIT) XALDOFEE L
T, THA Y #ZEEL 2L R WEG 2 IEIEON R S4L
CLEWMEETH 5.

15 OEHE %, ConductAR % f#i /3 % Fi 4 @ [0l %
ERLTWS., ZOFEBRTIE, AT A4 ADMEMHL
7z, ORI S NS A >~ 27 [AF 12 ConductAR % 5
ML, BONTHIRDO LIt > THULD X ) 2Nl %z
FIRIL 72, T & ofb 0 ICHIRI S 78 E M A 278

= EMFRALE-OE, FHEICIoTAEL) piaEE
s 57-0CTHsH. FHTL2EFICHLTE, K7
BEih1 250 3.0V OELETIEHE LED © L X2 \WEEL
VIHRESHOLD—B = 3.4V % JIT 8¢5 1213+ Th 572
¥, VBaTERY % 6V, RparTEry ¥ 6Q IZEREL T, K%
>l CR-2032 2 42 7 VL L 72
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X 15 T2, BIER#ZIZBIT 5% LED O®EIE L BiRD
RigaRLZ, STBEMCELTRS L, B2ICHR
LED IZEIN & N2 BEA L & W EEIE VigresHoLD-B &
TH->TEBY, BRSZIEZHN TN LG 5E. —
FBIEHETIE, §XCTHOLED 2L & WHLL EOEFEHH]
manctwa, 72, K- - HENTILOERMEIZIBE
A L CEDEI/NESLL HhoTHBY, HEL LTV
50 mA (2D VT W5,

W2, EBIZT—2 Y3y T &7 72BI2 LED 254
ITERVWGEOEREZLTICHET S, $72, ZOBED
ConductAR 12 & 2 WLk % 759,

1. LED % & & OIPUEATE .

X 14 LED #¥%12065 £ 12T & oW OMIE L #%S 2 F ConductAR O/RIZ & » THAK L % 2 &9 2R
JE. a6 \RLAETHE Y — > 2/#L, GUI L T5.
TLED 2l 5. b EMOMER FT v 7 TiRET 5. 2. BIFELAME .
cIMBIEL72WLED O 5K xfEd 5. d: 7F¥ A MIX ConductAR DEME DR, FOKk S DOEHETHLT

74— KNy 2 &, SlRE EOBEEA /M T
LR EIET 2 [5]

Fig. 14 How to adjust trace widths in a hand-drawn circuit

EWIEA (LED O L S WHEEREEDSEIIN S Tniawn
WLERE) CEEFEELY LIPS XH)FRTS

ShE L R 5 7 5 S
to equalize the brightness of LEDs. a: Capturing the 3. BB MM L R &9 BEIhH 5.

image as shown in Fig. 6, the user indicates the po- BT B LRSS > TH DK E DL THIAL
sition and colour of the LEDs on GUI. b: The user TELEEF1OEBY) IR EHE T EEEA V2
then drags a red arrow to indicate the position of the DIey, A FEERLTW T, ¥ — MEPUEDSS
battery. c: Individual traces which the user is happy WOTHKE L TWDENSY — Y L HETIBETE

to modify are identified. d: ConductAR provides text- 2EEDH D). WHRTELVEASIIZ20LBY 12

BREL TR A H, HPUEHEE O RIRPUE 2 <
o TWbE T i 5.

6. BENLGEREICHTI2EMM

6.1 FHZXOMEERICHT IERME

M TOERTIE, EBREEOR LO729HIZ PDF 77—
Z RIS Nz EER L. 22 TRETIE, Con-
ductAR OFH & L FIRIOW 7 ORI L THETH 5
PEBRHTL., THEONY — V&) HEICIE, BiET
i SNZEIRI S Y — 2 SRR L C, 5122 DOERAMD

based feedback indicating how much thicker or thinner

each trace should be [5].

Before After

Before After =t *—&ﬁ‘h’ﬁg 1z ?ﬁ%ﬁj— 5.
Voltage Current Voltage Current 1o ﬁ g)’ % L -(HEi- zé) Eg&glﬂ ci’ En@ V) —(% 4.

Red 211V 7359mA | 1.95V  35.68 mA

Green | 2.05V 1178 mA | 214V 4221 mA T—=7ay T EORENGIRNICB W THEHZ R
Blue | 236V  1.402pA | 332V 27.14 mA TNy — 2R CBICIE, Bz XY — 22012

=1 1% 27 b K 1] e - S L s s ik
B 15 BRI ERRT B HEOWR LT x -y, i ook C BT BT S BRI Ch . O
FOO LED 2L 3VEREAAME L v v, i de BREDELIETORE/SY =R Y, v

BT EAETAFRIS L v, ik HFEO LED 2L MEPLERAD T 5.

SEVEBEAHINE R, §NTO LED X% LWt -5 0% 2OHDOERIE, RYEZhLENOEITHL. <~

AT TS [5] ZAHBIEINE/Y = OREFIL L TELT 5. 20
Fig. 15 The photographs and table of the circuit before and MRS S NDA Y E e Y — ML T 5.

after applying the function. Before: the blue LED is SHLOERISEEMA ¥ 2 B — FEHIC B

B g > N %E_— N > z ==V ~ o~ :wst

the blue LED is lit and the current goes through each TWEEGRLDERNLI20I, FEIEA ¥ 7 <] *ﬁ\
branch on the same order [5]. L7 & e 2 g QW LE O )T & &2 —
(20 205 27 7%, n=30) WL TREZIT-72. & 16

not lit, since the voltage and current is too low. After:
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Fill each square with silver ink.

.Il=lm - I‘ﬂm . j‘=jcm . - .

2.32

I

16 i Fisohlg Ay — 2. REOMMATHER TS 5. 4!
[ LA X BIROER S 78y — >~ [5
Fig. 16 A hand-drawn sample (left) and the equivalent printed
pattern (right). The uneven surface of the hand-drawn
pattern is clearly noticeable when compared with the

smooth surface of the printed pattern [5].

FEWRT L9, 22—, EE A V7RV EHWT
4 X 1lem x lem, 2cm x 2em, BL P 3em x 3em D
EhEEsRRAT AL IMMIEL. F72, WHEERE LT,
U A ZAOHIRINY —> (n=4) ZFIRIL7 (X 16 £
ZM). Ok, TNEhoNy — % A BHIREL, ¢
D AR OIRPUE % |l L 7.

w21, FHE Sy =2 LRSS — 2 L OO
EERIEL72bDTHLH, FEO/NY =335 010K
%&@%ﬁ#%?tfwé~ﬁf FIR S8 — &, A4S
THIF L7 TRORRESRE —F LR TH B, 4.6% 205
TARDEERE Z R LT

:wﬁ%#% FHi 2 A OEILOFIHE T 10% D+ —

RAENEEL, 7)) v MR TEIE L2 EIERETIE

&w_k#“#é UL, it i 2 $BUE T ld 2 < Ak
B0 AZ 08 LS5 7 7)) r—3 3~ (LED ©¥
EEM R E) TERIOBRENERICRLZ EIE RV, M1
D&, MxE %R v — MKPUICBE L 72 RE OB A1
(& ConductAR 254 MK IC Q@A TH 5 2 L A%
jy

it,ﬂ DL—=HFHY —  ZEE S 750
ANTOIES XLz, &3 1%, K16 Dl =2cm
DIEAREFR—LZ—=HFIZ10@AENTH 5275508
Y= DESUEDOEEMRE 2R L Tnb (=% A5
n=10). ZZ75, ANTOEIENITS D XIF, Kb
EED2EDRKEVLI—FTIUTH LI LD h oz,
DFN, HHL—YPREULNY =V EfCTEBTIT- 72
ELTYH, ZOFEMICIIHN3EHOMEIFELY D L
WCHFEESLETH 5.

6.2 BWHOETMA > 7ICHT 2EMME

A2, ConductAR 7S OEEEA » 7 12 LTLA
BCTHEDEMILT 5.

FPEMARBINEEZZ L. AR CHH L7z AgIC [H#%
R=ADEHNA Y I PELMMT B R THIUL, FUH
BlCBfianizA oy — b s RE—E L 5.
B, FHEICL5 Y — MO S MUZOWTIE 6.1 il
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%2 Tl S HR S EBICBY 5 Y — MEOIZS DR 5
Table 2 Variation of sheet resistance between hand-drawn

samples and printed samples [5].

T & Flpl

E I [em] 1 2 3 1 2 3
Sy wlQ/sq.]| 1.74 2.07 2.44| 1.85 214 2.33
R o [Q/sq.]| 0.66 0.57 0.73| 0.13 0.11 0.11
LRI o/p 37.9% 27.5% 29.8% |7.09% 4.90% 4.62%

£ 3 [—O—F2710 [
DX

Table 3 Variation of sheet resistance between ten-time trials

W LUTFHE LG ao#ioir

by the identical user.

- 1 2 3 4 5
LR o/ | 11.7%  28.2% 28.8%  9.6% 12.4%
T 6 7 8 9 10
TEMRE o/p | 13.2%  92% 14.6% 13.7% 19.1%

AgIC 8EF Bare Conductive
R —H— v Electric Pen

17 BEHROBEWA Ry =2, 130
KRy TH-72

Fig. 17 Patterns of conductive inks. Each square has a side of

1, 2, 3cm DIEJ

1, 2, and 3 cm respectively.

R4 HBEOEFEMWA 7RO Y — MEPL, ConductAR TR L
7avy R, FNENOIET Y — L ICBIT HEHEE

L FERME & DR
Table 4 Conparison of conductive ink pens which shows sheet
resistance, conductance used in ConductAR, and er-

ror between calculated and measured values in each

square.
= NPT | A L7z | FHAME & EHME L o
[©/sq.] g [S] =1 [1=2 =3

AglIC [ali%
- [9] 2.43 1.4 2.06% 2.84% 1.18%
EE LR 0.64 5.7 3.13% 11.1% 10.3%
BarePaint [7] 54.5 0.06 |5.87% 3.62% 2.04%

BWCTTTIZELE L, —), EESNAETLITY) XL
BOWTY—MERZRET NG A—FPHMMI 57 5
gCTHb., F1LICORLEEBY gl ZERICLLDT, 4
VO TEICRLE D g BIRTIUTHEEOEREA » 7125
IBCTELI LR A,

Z 2T, EBICEEOEENEA ¥ 7 & v CIRPUE O
ExEAT-o7. B AT IR L7287 — 2 b A v 7 OFEH,
RAHH LA Y20y — MltEHf oy 57 5 VA
g DfiE, FHHIL 723 — MRPUEORRAEZ RS, 2B, #Hih
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HORE XY — 1 16 LD/ = DEDTH S,
SHEMEOMELY, aVF Iy U AEER LA
HONR Y TRCCEEREFT IO EET CICHAONS
S ENGH otz DbEns, RFEESEEOEENA > 7
W L CTHRITH B 2 EDVERWICHER TS /2. B, &
I & BarePaint TRIERADKE L 2o R IA L,
AgIC RV I N BERDSH LA v 7 THHI EDVEZLN
Lo Flo, MHALaY Yy AFEBRICHRD DO
THY, EBICTHHEOA v 7 2fFHTA2L5I121E A L0
DEX)TL—a YR EIIL D,

7. REROBEBEADEA & RIRRG
RETEL—H IR0 5N B BT THHT 5.

7.1 I—YOERL BEEOEH

T4, KRFEEPFZ—HI2L o TER SN2 0B ICB W T
DERTHINEWIAT H720, T—FIZEEREERL T
DOLWEHEREIT o7z, OB, FHANEEMEAS V7 XvD
R EEZBESE =6 D2 —F LT, LTFD2
DOFMFTHEE 2 E 272 0 (1) LED % 1 2D EAIT &
L2k, (2) TR TEMEHETI L. F0%K, [
25 LED L EihZ &, ConductAR T % ilik L C
EHUEA R L7z, X 18 IfE s -mgEsRT. I
5 OWEHFOFER, M 18E Z KR $_TOREIZHB W
TO0.19% (C) 75 149F% (B) OFFHEKM CIIUERTH
EITH) e TE (ECHLTIERETHRATS). %
72 Z OB OEIUEDOIEE L 7.8% (D) 5 40.5% (F) T
Hotz. FOEBIZBOWTHICRE CRREDE U8l &
LT, 61T Loy DEFEDENDSEZHNL.

ZIhL, —HBEHTELVWHILFETLD00, BL
TEBICERE SN FEEIC BT E{E R & I E

(1) original (2) binarized

(b) SUCCESS

(a) FAILURE

WHRETHALZENHLNE R o7, BETH LT T
r—asizonTiE, TRTESUEEE S TR TH UL
HBWIZETTELTLVT) ALTH LI ENLFEBEICE
TTRECH 2 & b D,

7.2 {ERABEOHIK
ARETTIEL—FAMER L 7 2 585k L 724G RS 5 e
BLRIZBIF A ConductAR OHllF G2 DWW TR 5,
7.2.1 BOMFVARTIC L B A

B2 CTbRLAL)IC, BEES 7V EHVDLE
DI=FZEON TR Z T ZEMT L.
D72%, ConductAR I 1 DX ) IZWHFE DR AN X A%
fESHD FAZHE PN TV TREMHRZITZA A L) ITFEHES K
Tw5. ConductAR TlZ, 6-M14DEBY VDL DL
WREEL AT AT 2 — D EE EORIK Ny — &2~
TARA Y E EIIBTIHRET 52 LI2% 5. RIESAMH
Holzl LTHZDES & M & W2 S 2 UIRTEZ .

W/ 57

A

AP~

B 18 Z—HAF T AL o THANLEE (n=06). T—FIZik
(1) LED % 1 DB LT &2, (2) 49t~y THfii%
g2 & 2K L 72

Fig. 18 Conductive ink Circuit drawn by users (n = 6). Users

are asked to (1) make at least 1 LED lit up and (2)
decorate their circuit with colored pens.

(3) with contour 4) final

19 By D%, (a) ConductAR TREFKICERL L72# & (b) By L7z, s 25mi%
IZHEZR->TWwa e, (2) ELOBIZ N & Hefii & 25T E 2w

Fig. 19 Effect of color pens on ConductAR. Examples which (a) succeeded in and (b)

failed in recognizing circuit. When the trace of color pen is over the trace of

conductive ink, it is hard to distinguish each of them.
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722, HEfDSEEMA Lo DNy — v Bl Tw A
4, ConductAR I ZIE L WEERRZATH) T & TE 2w,
7ol ZIER 19 KB OR#EE TCE h o bl R IRT.
B 19 (a) 13V DIEOFAEEA » 7 TP TBY,
ZONMRROFEAIER Y TEHEYDORENTVE, Z0D
olp% 2 38Rk 3 % &, IR &> DFRF o3l T
BN 70, K19 (a2) IRT L 91, MELLT
O Mg L AT TE TR, 20X ) RNy —21d
BRO7 )V T) XL THITATRETH L. 5% 2 OREIC
LT BIGEICIE, B E VA v 2Ny — OB %
EWEZOLND,

7.2.2 H—LXE

B{g 2 W T A, LK EEBEA V7 ok
PRI & 2 RS 28T 572012, ¥—% GRS 540
Ehd D, 72k ZITENTOBETRESHE T TS > 2
L G L T, EROREIEE Y — 2 28T E W
EWH 5.

7.2.3 RO

B 6 I2Rd & 912, RKEEDFEETIZL—FITEEREE A
7 [ O 2723 R BRI A S — 2 O HEET RIS
NIHZEDEC) METILENDL. LELTEDLD
I WO —FIIZ I D XD | EIE LAY
HEEZOLNA, ZOREICHILT 5 72D121F, WigEH 50
BENTMOMIE 2 BIMIE L CEENA ~ 7 0K
[ LR R ORF LIRS 2 HEPAETH L L b
N5B. THICE T, | L2HEISHKIE > T2 R
WIZIEFEREDORE CRIEDS TE L L) b b2 bN5.

8. FELHELEE

KEgTIE, EEMA 7B OI/NT A — 5 %3053 - fFAT -
WA L5 Y — IV TH5DH ConductAR ZIREE L, FDFEiE
ik & FEM 2 kR T, F 7z, 3EAT - B BEICB AT
TV —varEiRL, FRERER EOHENLR ST
HEUAEAESCHEZMEEL 72,
EHC, ZOYV=IVELTDOL) % 7o0BIERER
L7z,
1. EED 2RI EEEA » 788 — VIR % AT C
5.

2. PCLy 7Ly bewvd, £ NHHTREZE &
L72TNAZADIRE TR TE 5.

3. & (HEL)-7 A MR &) RITERoY 1 71
[ T

4. 77V r—va vy OETRLIZEBY, ZHORBEIC
I TED L) BRILEEOH LT IVIT) ALTHAH.

5. BEBOEEMA v 71 LTy — MEJLO/ST X — %
FEEST AL TEMOTIVT) AL % @A TE 5.

6. ¥— MEFLORFED (&, BABEOFI) T 2T
&5, 1272 L ULICI3Bik§ 20 R0 HET 5.
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7. XNFA—F EREROFHIRR SR 2 flib % < T T%L
T (p<0.05) OFECTHITDITZ S, 7272 LFHE
HEOBAIIZEAM COER - AN TOERT 3
HREEET L LEND 5.

kD5, ConductAR #HH\WB Z &12X o T, HED
MY RFER - BIET 27200 BEE R 2 VELE
THEERMA > 7 N2 H - CRITHR OB 21T) 2 &
WTEDLLHICHhDBEEZEZOND., 4, T LREMZR,
bOOLWEHREEDH SO B N4 DA 7 A% I
ERTEL LR DT MR 5.

AthFE 2 5D ConductAR DIEREIZIZIZIE 2 DD i)
MNEZLND.

1 DHOHEE, RETHEA L 72 EARN % IKPuiEE 7
WT) AL EDMMOT 7)) r—a v DEETH D,
ARTITEBEA 7 FOMEICFEN Lz bOD, 2—
FLLTHBMLEZBELTVLIEND, 728 21F
ks EmB LT LT 2RI AHCTH D L PSR
% (BRU AN AN O 2 52k L T b 720 FHBEAT
Hb).

2 OHODFIMER, 74— KNy 20l &) UL o
H#BTHDH., KEICBIT HEETIE, EIOHE L IBILED
WHORIFHEIZTF AP LTFERENS, LaL, il
FIZE o THEMN L 74— KNy 7 XYV EENTH S &0
b, I2EZIE, RIAESNZEBRAZOKE S L CH
MIROEFEEZHRNDL LI BRA VY T2 —ADBEZLNS.
F72, BIBEFERLEET, ThE 7990 r—%E L
Titskl, LDESLTT) vy TERCEBETE B L)
T BIEEERIIIER ICEHZ L BN A,

HE 3 HOMEMEIRME L TN Myamo, AHZRIRE
EaRXY M LTSN RRCHTEE B L LIPS, AIFZEIE
JST ERATO JNETAE#ME 712 = 7 b (JPMJER1501)
DO—ERE LTHEMBINTE L.
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KA1 TUrIL0EHNT A—5 [5]
Table A-1 The parameters used in this paper [5].
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