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Abstract

The purposes of this study are: to analyze the scattered transmitted light of skin as well as internal fingertip
tissues based on tissue optics; to develop a fingerprint sensor system that uses the influence of the fingerprint
surface to improve image quality; and to study other potential practical uses. Fingerprint verification has been
widely used as one of the most important biometric technologies due to fingerprint uniqueness and perma-
nence. However, the verification performance is strongly influenced by the image quality of a conventional
fingerprint sensor. A fingerprint pattern obtained by such a sensor is often discontinuous due to wrinkles and
wetting and sometimes even fails verification. To solve this problem, this study focuses on the fingertip tissues
of the epidermis. Various fingerprint optical coherence tomography (OCT) images were obtained and investi-
gated; as a result, a fine structure corresponding to light scattering intensity distribution in the stratum corneum
was discovered. I named it “submilli-structure”. The submilli-structure was confirmed to be present regardless
of the surface condition of the fingerprint by scrutinizing the OCT images. In other words, it was found that
there was another "fingerprint" under the skin. In order to detect the submilli-structure, | developed a novel
fingerprint sensor system composed of a red light source that illuminates the back of the fingertip and an
imaging device for detecting the scattered light transmitted through the fingertip tissues. Moreover, simula-
tions were performed to analyze the scattered transmitted light of the submilli-structure based on tissue optics
to verify the principle. Since the skin simulation models in tissue optics are layer models, a new simulation
model was constructed, which consists of small units with different light scattering intensity distributions. The
simulation produced the same brightness pattern as the images of the developed fingerprint sensor; therefore,
it was proved that the submilli-structure was actually detected. For practical applications of the developed
sensor system, the conditions of the light source and the imaging system are important. Good matching per-
formance requires a bright image with little shading and without saturation. The experiments also showed that
the light source must be placed so as to illuminate the nail fold vicinity. On the other hand, when the vicinity
of the center of the nail plate was illuminated, saturation occurred. The inner structure of the fingertip was
estimated by analyzing the scattered transmitted light based on tissue optics, and thus it was proved that the
internal structure contributed to the luminance distribution of the image. The two types of tissue found to have
an influence were hard and soft tissues.

In Chapter 1, the history of fingerprint verification and its drawbacks are discussed, and the purpose of this
study is described. Chapter 2 elucidates the submilli-structure by examining OCT images and verifying the
effect of fingerprint surface conditions, such as wrinkles and wetting, on the submilli-structures. In Chapter 3,
I develop a novel fingerprint sensor to detect the submilli-structure, and describe the verification experiments
with wrinkle and fingertip surface wetting conditions. Chapter 4 contains the descriptions of the submilli-
structure modeling and a Monte Carlo simulation based on tissue optics to prove the discovery. In Chapter 5,
I describe the experiments for determining the optimal conditions of the light source and the imaging system
for practical uses of the developed fingerprint sensor, and a Monte Carlo simulation to elucidate tissues oc-

curred shading. In Chapter 6, the conclusions of this study are drawn.



Lo R oveverereeet s ettt ettt ettt ettt ettt ettt ettt sttt ettt 1
1.1 FERCHRG DIES L FRRE ..ottt 1
I Nl = < 3 B PR P USSP 2
R R N L 3 AR OO PUPSPR 2

2. FENT DT T X U REIE oo 3
2.1 FEHRCESY O B2 D JEHETE & KT ITTAREIE oo, 3
2.2 OCT W@ K257 I UARE DM oo 5
2.3 FRRORERIBISH T DY 7 I VARG OMRIFNE o 8

2.3.1 OCT FEPRIE R DTRTE oottt ettt ettt 8
2.3.2 V7 2 UREBEDALEIRITNE oo 8
2.3.3 Y7 I UMEEDREIRIBIIFE oo 11
24 EEZ ettt 14
2.5 I ettt sttt nns 14

3. BT LIRS AT AD/N—= R 7T (it 15

3.1 TERFTRDIFRE U & Z DR o 15
311 PERTTDFEEIE LW e 15
8.1.2 TEHTTERDFIRE ..ottt 18

3.2 REWNE DY 7 I UG AT 2B AT A 21
B.2.1 N R THEAR coviviieieiceeeeeee ettt 21
3.2.2 TERFTADFRREITTT T D INE e 23

B8 I ettt b et 26

4. Y7 I UAEIE O AR T D S TRBIRREE. oo 27
4.1 RN O IABTE DIEHT IT I 27
4.2 AR FIZESS T T I VEEDO T I 2L —v a3 VET I v 28

421 BT I UREEDTT Il it 29



4.2, T D T i TR T e et e e et e e e e e e e e e e e eeeaa e 32

4.3 a2 b33 U e 34
Bi4 FBBR ittt bttt ettt ne et et 36
4.4.1 BN O 2 b T A MR D HBEIRE DURTFENE (oo 36
4.4.2 FEHER OIS Y — AT D37 IV EELSORTFE o 38
4.4.3 ARHBESET E DT I UM o 40
A5 7 e ettt et e e et e e taeeaaeebeeeaaeens 40
B, AL VT AT AD T ot 42
5.1 BHIE L74GRE vV U AT AOFREH oo 42
5.2 FERAITTANT 7o YR « $RAGRELE O FEBRAVIRTT oo 44
5.2.1 HEHGHEE 25T DRI DBKIFNE oo 44
5.2.2 HEIEEE L2 2 HPRBLE DOURTFIE (oo, 47
5.2.3 AU « BB DFELE G cooveveeeeeeei s 53
5.3 AHAKFELE G OMEHTIZ K 245 S NEBIEIE DHEE ..o 53
5.3.1 MM AICEDSTBRANETHED L I 2 b —2 a2 VET Ve 55
5.3.2 U a2 L33 URER e 59
5383 Va3 a UAERDFIMI oo 62

B FEER oottt sttt 69
5.4.1 JUZ K DHELEIDIEDBEEL oo 69
5.4.2 MAEIZE DU T T £ U et 69
B M ettt s et 70
B TR wveverereresssesessessssseteteseses et e st e e na e e et et et et et e st e e e s e e et et et et et s e e s anane s s e eae st sesans 71
FHTEL ©evvveveteseet ettt ettt ettt ettt b et s bbb st b ettt s et st s e b st se b ses et b et es st ebesese e 73
A BERTTEDFEIIE e 73
B) R EICEE SO RFED B s 77
C)  EEELFRE A 2 FF ORI T 2 BELER A S I 2 b —2 a3 79
D) BRI OFRALEZ T D ARAFMEEBR O BIIRGE oo 86

ii



R TR oo et aa————— e a e e aa————————— 100
B B oot a——eea———a———————— 106
B T et eee—eeae——eea———eee—eear—eaa——eeaa——aaa——.——————— 108

iii



OCT Optical Coherence Tomography
MRI Magnetic Resonance Imaging
CT Computed Tomography

PET Positron Emission Tomography
LED Light Emitting Diode

SLD SuperLuminescent Diode

LD Laser Diode

v




1. Fif
1.1 5B EDRERE L RE

FRAURA I, 7 a— P ERBRESICB N T, A& ABROLE  ZILESFD
IZT S TERLRNEDTH D, O& HIZ 600 5 A S DIME AL AET 5 KETIE
TRrURA N EORBT —#2#ERMLTEBY ., AEROREEUC X > TERAY Z Fa
HL, A2 2T aRLROBBNLF-> TS 12, £, Hx REAB#REZH > A~— b
TRy AL EOBHREIR T, SAT—RONb IR EH S Z bR
o TETEY, 2020 FITIFEME & A~— b7+ O 16 EHEICRD LT
P TWD 3, 2D X5, BEERYE CREBAENIRL b TnbDlE, BVER
MWHY, AR EERFHEZHZ LA 1D TH D,

AT U E LT, EOFR R & OEROFZ AV CE N 235519 2 Bt & £ 7ARGR
AEE D D3 AERIRGEIC B W CEEARFE L, AR (R CR3% — 2 2R OMADRE2 ) |
AEARE (—HEANT = PEDLR) ZETHDH, BIII AT THRH T CERICT —
Z w BT TE DT DICIERIFMEER RO, BRAEIC L DB(E0Y v 7 T R 7 & o2& fifidh
WZE o TRHEIZELLTLEY, AETHLIHIBNRON TS, Fo, IEFEHRELTEL
HRIZ, ERNEICERR S 5720, 20 FTELICHENE WS FLERH DA, 22 10
DOFEL L7e <, AOAREL Y B EWFHT TE BT E2my, —J B L - T
NEFHTE 52 £13 2000 LU LRSI HNTE Y, FESA > R, BATIEHEI 1D
SN TWRENE > TS 4 AARNTE TR, MWEINZR DAY, 19 Hid 2 A0
SITRHER 2 E M T, 1880 4E(21E Faulds (2 L » THOAEARLEN S K EHG),
1892 H1Z1% Galton (2 & » TH ARFID /R I Tz 56, Galton (2 X5 Lk & — 03 A
T DN 1/680 BLLTFTH Y, 2014 FOWHRAORAON T2 BATH D Z &2
BB & HER IR U E FEo AR HE EFE LRV, 20X 512, TARRE - EER
EMVFEA S TND Z &b, 1900 FHEEN B A F U AR HARIZEB W TR A Tfibh
MO, SICE D ETHRA RET A ST BT — 2 BB S T E 7o, IERURA X
BHEHRIUCFE S TTARR - EEAE L, TNEEHAT DI RWVER L BWVIERD
JEL ORI ER S NIRRT — 4 X=X > T, HbEERERBIETSH Y HilF
HDTH D,

DX ITH WL Z RO G720 57 — U ORE L, R OREEZE Db D
X0, Galton 28~ == —3 % (Minutia) & A ZFRELOIEROM (k) RO K& (i)
R R EFNT, ROWBADH TITo T&E T, b OE < 0O & DI F—r D
BEOTEIE, FRICA 7 20 TRICHIF LY T D ETH 5, BARDIAIL Z0HETHY
DO DN A 7 PRRICERE S D Z & TR — U B3 goivsd, s
MO OMIEAR 2 EHEFEAR > TWD Z &7 D, Lol 1960 (R ZA NS, 2
Vo — & —ORBIZHEV, AEMERSEATERZT, T7hbb, B2 AW TS X
—VERRL, 2 Ea—Z —CREWIEEZITO HIETH D, TFEOHEE T, 2ol



SeDFH N Z — R EUTE L R URHICE SV TR Y B FHEICIEZM L H TS &, F5iL
DINER 03 Y EICEEAR LT, MR8 oV ENOELS E W) HR A Rx il %
AWTHE E LTt TOTH S, —fEETHEDN TW AR i, HER
B, BRAKX BEXRENDH S 89, UL, 2o O i, 53R O R OMNY
RN SIS — o BFiA T2, YU EOREEmOIRIBICHE ST,
LIZUIZIE LWERUSZ — U BRENARWZ ERD 5, Y URH 5 &M@, i
INEMNEERRBT D, E2. TR EOKGTHENHE S LB e @ IND LD L2
TR LRSS, AT, SRR Y = 2 — U R ICKRERFE LY B
P CHAIMD ZEICRESEZRPEALZD LT, BAICKEEZ KETEBENARH 5, 5K
BENTERP>THAIE, HAEEFHO A7 U —=0 7L E TIIER AW O Rl
TLIBEZAHHEELHY Fo, A U F—Ry 8T 7 B ALAEROFEEERIC BT,
2P NELIRRT —F ZR0ETZ LTy, FEESLet2E L<HER->TL
T, HEBSITHNREEORE - BLESFH DI, bIFPRL UL LRWFETH D
7o, %< DN& Pk & IO 5 72 DI2iE, R OE om EiZnAETH L, £ 2T,
AT, FROREOEELZ T IRVERUNY — U 2155 1202, FERNEHERRICE R L
72 PNERRARIC b RE ORI L [ U8y — o 2 oS N EE L, & DICZ ORED S R
NP =BG D T ENTENIE, REDORELEZ T 0ET LWERE v 27 ANEE]
T 5, RN OME Z A L, B LW 9 2B T 2 72010, A RNETRR T
DID 55 F A TR T 2 AL IS 21T 5 72,

1.2 KmXDEM

AERHRAR S (tissue optics) (ZHEEDUN T2 FZRE & F5 4 NERERREE O BCELGE B YEMREAT 21TV,
PERFTROBETH - TR EORELZ TR OVHEBE ST 0H LW o fEict
YU AT LAOFA%E & EAMBIZAT T RET 21T O, FEREGOE 2 m LTS 2 82k o
T, B EOMERE L ZESE, EHARER AT Z IR 2 2 L8 TE 5.

1.3 KX DIEMK

2 UL, FRRUDY OREPIEBHIEICATH L, Bk 72 OCT Bifg OMEORRE, ABAIC
RSN T LY HEIC OV TR 5, OCT BHEOFRAEIC £ 5 Y7 2 U ik O & |
TR EOFAIFREIREES Y7 ) S I RF T R B OMAEETT o7,

BETIE, V7 I UMEZTANTIOOH LW E VY VAT AZONTik~5, &
Fe NI O MELEB N & 3 2 o — R = TR A T L, e & v o
BT h o 12 U RIRII AR B MG ER A 1T - 72,

4 TTIE, B LB v v AT AOFERGEIC DWW TR 5, AR RIC S
EVTIVMEEET LL, BELBBEEMNT 5 E T ALY I ab—v g VELT

-7,



5 ETIL, BAR LIttt o A7 AOFEMEMFHIOW TR~ D, AL L E S
2 FEREMG 2 15 5 72 D DO NI & #Ri% R ORLIE Sk O ERAIRGET & . R R OMEED 72

DI AR IS T F 5 RN IE D E 7 /LI L OB BGELIZ O AfAT O 72 DO D
ToThANaYIal—ya U EIToT,

6 ETIXZN D DHIFETHE LIV R DV TiR R 5,

2. RERNEDOH T = )&

2 BT, ARRSCOHL & 72 DG 7y DR ENEBICAAET 287 I UG IZ DV Tk

o TR NIRBREICIREN DMWY — 2 Th D, ZONRY— 2% MBI FEET 5

BZF"%?!%EOD SRR Z T TICHRAN T HIEEAZ 2 R T 67220, £ 2 T0CT I L v kkx
PRYEHRCES 7y O Wi B 2 BUR U, SRS DA% IE 2 SRR IR & 2 A FRRGERSr DR NS
RKEOFERUTHIE L2 7 I UEENFET 2 2 L 2R LT, 2 ETIE, XL D] ?E%JHS
OIS OREIEIZ DN TR, KIZOCT 77— F 2R LR b %7 3 )%L®ﬁ@;0w
TR 5.

2.1 1EHER S DR E D BHEE & KFEAHREE

t NORFITEBEDOEN LRI N TS, K& I1EEK (epidermis) & B (dermis)
WS, S HIZEREIT EN S AR (stratum corneum) | JEA7E (stratum guranulosum) .
HikJE (stratum spinosum). #JEJE (stratum basale) (2SN 5, BRIfE X 2~3 &,
ARIEIE 5~10 JE ., FEEBIE 1 B oMM B 720 | EIIZE D D I DAVIILR 22 5,

TIOR3 13 A4 g & Bhig OB BE  (stratum lucidum) 2360 | AlgD—# & LT
Whoivd Z b2 00, LIT, AKX ChAEITRAEZ B E LT 5, AT
EVERBENOM U SNTEATSMIRTH Y . LA TR E, AilkE. EERITAEE
TWAH A" (livingepidermis) EFREND Z ENRH D, Fig. 2-1 (ZHEGH 5y O K2 O Wi
W& a2 T 4, FROWEEE D OAJEIIMOEAL L D E <, 100 JE1E & O fEHlu) fbEE L
THBY, ABLEHEOEEF LI-EOE XX 0.2mm~0.45mm THh 5 11-13,

— 7. FEREMRRIC I, RS IS ERE T AR E 7 - T @ik O &7 1 Tid /e <, K
RO EMEEN L O D, FEREREICIEEROM & MO E MRS FEL, 1JE#T
£ 0.5mm THD 9, IHIZEDOERNEIZIE Fig. 2-1 18T X 9128 — D4 (primary
ridge) &% 4L (secondary ridge) & U9 2 FEEHDE R ~FIEN D Z2 LR DOREE A R
bvd, ZbiE, ROFEDOINE & MEIZX LT 1 2T 2MFET D, ZHITHAED
D X0, BEIZIFREAED D ZEROEEZFI (dermal papilla) &V ) HEDF
EL. FEROMERSr 1 DIZx LT 2 DDOEEZFFD, Ko T, FEHONENTITEIE DM
WXt LTS ET DA RetEn D . TN b ER TR KL TH D Z L BRI
%, €T, OCT #HAWTIHREED in vivo DIRFET IO OR§EZ X 0 5HMIZHRA L
7
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T Stratum spinosum
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Secondary ridge  Primary ridge
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Fig. 2-1. Structure of skin of a fingerprint*. There are the stratum corneum, stratum lucidum, stratum
guanulosum, stratum spinosum, stratum basale in the epidermis in order from the surface of skin. The der-
mis is under the epidermis. The primary ridge corresponds to the ridge on the surface of a fingerprint, the
secondary ridge corresponds to the valley. The dermal papillae in the dermis are the interface to the epider-
mis and two dermal papillae corresponds to one the ridge on the surface of a fingerprint. Hence it was
possible that there were some structures correspond to the concave-convex shape of the surface of a finger-

print.
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Fig. 2-2. The cross-sectional image of a fingerprint of a normal finger obtained by OCT: the wavelength
of the light source was 1.3um. The skin surface was represented as the brightest white line, the dark area
upper this line was the air, brighten white area under this line was the epidermis.

A structure was discovered in the stratum corneum and surrounding area, which exhibited weak (red dotted
circle) and strong (red circle) light scattering of the sites corresponding to the fingerprint protrusions, i.e.,
ridges and indentations, i.e., valleys respectively. In other words, this new structure was the fingerprint
inside a finger. The size of one period along horizontal direction of this structure was about 0.5mm accord-
ing to one period of fingerprint pattern. The depth of this structure was about 0.4mm or smaller according
to the thickness of the stratum corneum. Therefore, this new discovered structure was named as “submilli-

structure”.
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Stratum corneum

Epidermis

® SR

Fig. 2-3. (a) The cross-sectional image of a fingerprint of a normal finger obtained by OCT: the wave-
length of the light source was 1.3um; (b) an obtained location on the surface of the finger. The OCT image
was obtained along a black dotted line on the image of (b) perpendicular to the fingerprint pattern. The
submilli-structure was discovered in the stratum corneum, which exhibited weak and strong light scattering

of the sites corresponding to the fingerprint ridges, indicated red arrows on the image of (a), and valleys

respectively. Ridge Ridge

Valley | Valley

IStratum corneum

Epidermis

I 0.2mm

Fig. 2-4. The cross-sectional image of a fingerprint of a normal finger obtained by OCT: the wavelength
of the light source was 0.8um. There was the submilli-structure same as Fig. 2-3 in the stratum corneum,
which exhibited weak and strong light scattering of the sites corresponding to the fingerprint ridges, indi-

cated red arrows, and valleys respectively.



Ridge Ridge
Valley | Valley

Stratum corneumI

Epidermis

(@)

(b)

2

(©)

Fig. 2-5. OCT images from different point of normal finger. Three images of (a)—(c) were obtained
along arrows of (a)—(c) on a fingerprint schematic. Arrows of (a)—(c) were perpendicular to the fingerprint
pattern and picked up different area to cover throughout the fingerprint. There were weak and strong light
scattering of the sites corresponding to the fingerprint ridges and valleys respectively, which was the sub-
milli-structure. Hence, the submilli-structure were observed in images (a)—(c), it was appeared that the sub-

milli-structure existed throughout the fingerprint.
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Ridge Ridge
Valley | valley

(a)

Stratum corneum

Epidermis

OV -~ A L S

Wrinkle

Fig. 2-6. (a) The cross-sectional image of a fingerprint of a wrinkled fingerprint obtained by OCT; (b) an
obtained location on the surface of the finger. OCT image was obtained along a black dotted line in (b)
perpendicular to the wrinkle. The wrinkle indicated by a yellow dotted circle was appeared on a ridge
indicated by red arrow in the OCT image of (a). There were weak and strong light scattering of the sites
corresponding to the fingerprint ridges and valleys regardless wrinkle. Therefore, the submilli-structure was

existed in the wrinkled fingerprint.
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Valley ! Valley

@

$ Stratum corneum

Epidermis

(b)

Fig. 2-7. (a) The cross-sectional image of a fingerprint of a flat fingerprint obtained by OCT; (b) an ob-
tained location on the surface of the finger. OCT image was obtained along a black dotted line in (b) per-
pendicular to the fingerprint. There were weak and strong light scattering of the sites corresponding to the
fingerprint ridges and valleys indicated red arrows regardless flat. Therefore, the submilli-structure was

existed in the wrinkled fingerprint.
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Valley Rldge

Imagmg device

Prism v /
0 < Critical angle ¢

i nght source

Fig. 3-1. Principle of light-path separated method. This method needs a prism, imager and a light source.
A finger is put on the surface of the prism and light irradiated to the finger surface, an imager is installed
against the angle larger than the critical angle. Light irradiated to a valley of a fingerprint is reflected in the
prism with the angle smaller than critical angle and cannot reach the detector. However a part of the light
irradiated to a ridge of a fingerprint goes through into the finger, the other light is total reflected and detected
by the imager. Thus, a fingerprint image obtained this method is represented that ridges are dark and valleys
are bright. The contrast of this method is better than the total internal reflection method because light irra-

diated to the valley always cannot reach to the imager.
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Fig. 3-2. Principle of thermal sensing method. It is a method of detecting a fingerprint by scanning the

finger on the semiconductor surface consisted of a heating element and a temperature sensor.

(© HERENX

JFEEX % Fig. 3-3 (2", RO RMANT < IZEBOEMm A MDA L, iR & FEfRm &
DZEMEarT oL LTRA L EREEZRET 5 TH D, BRIZEHSILD EM
(TR & DB SIEBIT D720, B R DI OMM AT D Z LN TE D,

Valley Ridge

Fixed
— _/

Capacitor electrodes " Insulating film

Detecting circuit

Fig. 3-3. Principle of capative sensing method. A large number of electrodes are embedded near the sur-
face of the semiconductor. The space between the electrode and the fingerprint surface are used as a capac-

itor, and detecting the capacitance by a circuit.
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Wrinkl% / A r I
" e
Sensor ; : i
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XX
(a) (b)

Fig. 3-4. Problems with conventional method: wrinkled fingerprint; (a) schematic diagram of wrinkled
finger on a sensor surface: (b) obtained image by light-path separated method shown the right side. Almost
everybody has wrinkled fingerprints. These skins may therefore present various ridges and valleys that are
not intrinsic to the fingerprints. However, the fingerprint sensors cannot distinguish the origin of the fin-

gerprint shapes. Consequently, the output images will have unexpected breaks on the fingerprint pattern.

: Valle
Ridge  Valley Rldgi e
\\/\_/ i
Sensor Sensor
(@) Normal fingerprint (b) Flat fingerprint

Fig. 3-5. Problems with conventional method: flat fingerprint. Normal finger with clear ridges and val-
leys is shown in (a) and flat finger with small distances between ridges and valleys is shown in (b). It is
rare for fingerprints not to have clear ridges and valleys. However, there are small distances between ridges
and valleys, almost flat, which significantly weakens the contrast of the signal detected by the fingerprint
sensors, because many of them depend on this distance difference to operate. As a result, the resulting

images of the fingerprint pattern may not be clear.
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Sensor
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Fig. 3-6. Problems with conventional method: wet fingerprint; (a) schematic diagram of wrinkled finger
on a sensor surface: (b) obtained image by light-path separated method shown the right side. ~ Once sweat,
water, and other liquids fill in the valleys, the fingerprint sensor will detect these valleys as if they were
ridges, because the fingerprint sensor cannot distinguish real ridges from the resulting fake ridges. In this

case, some parts of the fingerprint pattern images will blacken out intermittently.
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Fig. 3-7. Construction of the hardware of a novel fingerprint sensing system?2. The light from LED went
through the finger and the fingerprint in order to reach the imaging device. This approach differed from the
conventional methods in that there was not skin surface shape detection by contact. The light amplitude
reaching the imaging device carried information on the fingerprint pattern of the internal skin: the submilli
tissue. In the image, the ridge lines of the fingerprint appeared dark because the light strongly was scattered
by submilli tissue corresponding to the ridges, while the valley lines appeared bright because the light was

weak scattered by submilli tissue corresponding to the valleys.
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Fig. 3-8. Output image of wrinkled finger of (a) conventional sensor and (b) developed sensor.  Finger-
print images were obtained from 111 wrinkled fingers by the conventional sensor and developed sensor to
carry out the evaluation of the developed sensor. A pair of output image (a) and (b) was one example of
experimental output. Although fingerprint patterns appeared along horizontal, there were some vertical
bright lines across fingerprint patterns in the image (a). These vertical lines were wrinkles. Unlike the image
obtained using a conventional sensor, shown in (a), developed sensor can obtain a clear fingerprint pattern
without wrinkles, as illustrated in (b). These images indicated that the developed sensor could obtain the
fingerprint pattern from submilli tissue within the skin of the finger without the influence of the surface of
the finger. The developed sensor could obtain clear fingerprint without wrinkle from 110 fingers of 111

wrinkled fingers.
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Fig. 3-9. Output image of wet finger of (a) conventional sensor and (b) developed sensor. Fingerprint
images were obtained from 18 fingers wetted with hand cream by the conventional sensor and developed
sensor to carry out the evaluation of the developed sensor. A pair of output image (a) and (b) was one
example of experimental output. Unlike the image obtained using a conventional sensor, shown in (a),
developed sensor could obtain a clear fingerprint pattern without discontinuous, as illustrated in (b). These
images indicated that the developed sensor could obtain the fingerprint pattern from submilli tissue within
the skin of the finger without the influence of the surface of the finger. The developed sensor could obtain

clear fingerprint from all 18 wet fingers.
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Fig. 4-1. Skin model of the conventional layered model (a) and vertical structures of the submilli-structure
(b) appeared in OCT image. The conventional model consisted of several layers with different optical
properties. The number of layers was from two, epidermis and dermis, to nine, the largest number in the
latest study. On the other hand, although the submilli-structure that is the subject of this study existed inside

the skin, it had a horizontal distribution, so the concept of the layer model could not be applied.

29



2T, ERGHS D OCT Bt Z JelTfi 7o e BT VA RESE LT, Fig. 4-2 1T 7, £7°,
BT UG L UC, B S EELRE 2 B R URIROE k2 €% L, i hE
I _RTR LT, BBEUFEDOZDORENR BT VWL S I, lIEDR I DER EOZE DD
B PR LTOIR E U, SRELOFNL & S5 EELOENL b [A— DR E S & L7z, EHRDIET;
M (x ) £ E1%0.25mm & L, BEELOEAL & G9HEELOIALO 1 & > b Tl 0.5mm (2
D8I LT, ThIE, FRROEM 1AM 0.56mm THDHZENBRELLZ Y, Elom
SJ5m (z W) BED 0.25mm & Lz, ZAUTAEOEIN 0.2mm~0.45mm THH Z
EBIVN 28 TO OCT B OB XV RE LIz 11, £z, & HFREER L - a1
BT 5720z, BATE (y FH) HEEES bmm 2R L7z, wIZ, X, 73 U ##
EERIL x HlE y FAORSEZFESVEE L, 78— Ml E -8, V7 IV
W L CEICOBENM MR T 2 BN TH L7720, #EBRRITHZ T, 73V i
DETIVOE T 47 7 2 —%BE LT, AENLHTEROmAZEET 2720, AREO
JE&E & OCT BB LY, 7 I UHEOET /LD 0.3mm B L TaRE L7,
WAL Z DET VO IREEL & 35 EELOENALIZ M H - 2 B FREIZ DV TREH 5,

30



(Strong scattering \

Weak scattering 5mm

Submilli structure

£
£
4
Lo
g ] / .
<> :
Q).zs mm 0.25 mm { ' smm
z y H I
i‘ el 0.3 mm
X 7

5mm

Detector

Fig. 4-2. Our simplified simulation model. Simple shapes of this model eliminated other effects such as
differences in the thickness of the structure so that the effects of light scattering characteristics can be easily
represented. Two submilli-structures were created as the smallest unit and arranged alternately. Each has
different optical properties, weak scattering and strong scattering. The length along the x-axis of the unit
0.25mm was estimated based on the typical widths of the fingerprint ridges and valleys. The length along
the z-axis of the unit 0.25mm was estimated based on considering OCT images and the experimental value
of the thickness of the stratum corneum. The simulated light source emitted red light distributed according
to a Lambertian distribution, as tissue is a strongly scattering medium. A detector was placed under the
submilli-structure 0.3mm away so that the light intensity distribution directly under the finger simulation
could be detected without an imaging system .In our simulation, the submilli-structure was placed between

an opposing light source and detector.
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Table 4-1

Optical properties for human skin in visible red range corresponding to the light source of developed sen-
sor. Optical properties excluding Zonios (2006) and Bashkatov (2007) were surveyed in review paper of
Lister (2012). Prahl (1988) was cited from Lister (2012) because of private accessed. The values of pa
and s of Bashkatov (2007) were graphical data and g was calculated from equations and parameters only
in the reference. Since eleven values of pg in Table 4-1 were less than 5 mm-, it was small relative to the
length of the smallest unit of the simulation model of the submilli-structure, there was a possibility that
the light was not scattered in the smallest unit in the simulation. Thus, Bashkatov (2007) was adopted in

this study because only this study represented s and g.

Tissue A Ma Us s g Mesurament Reference
[pm]  [mm?]  [mm?]  [mm?] situration
Dermis 630 2.7 18.73 - 0.867 in vitro Jacques (1987)%8
Skin 630 1.3 9 - - in vitro Prahl (1988)*
Skin 630 0.3 1.7 - - in vitro Chan (1996)%
Epidermis 630 0.25 5 - - in vitro Salomatina (2006)*°
Dermis 630 0.15 3 - - in vitro Salomatina (2006)
Dermis 630 0.12 5.25 - - in vitro Graaf (1993)*
Skin 630 0.035 2.8 - - in vitro Simpson (1998)#
Skin 630 0.06 3.2 - - in vivo Doegnitz (1998)*
Skin 630 0.019 1.44 - - in vivo Torricelli (2001)*
Epidermis 630 0.1 - - - in vivo Meglinski (2002)%°
Dermis 630 0.018 - - - in vivo Meglinski (2002)
Skin 630 0.003 1.45 - - in vivo Graaf (1993)
Skin(Arm) 630 0.017 0.91 - - in vivo Doornbos (1999)*
Skin 630 0.009 1.67 - - in vivo Doornbos (1999)
(Forehead)
Epidermis 630 0.45 - - - in vivo Svaasand (1995)*
Dermis 630 0.07 46 - - in vivo Svaasand (1995)
Skin 620 0.02 1.8 - - in vivo Zonios (2006)*
Epidermis 640 0.5 - 26 0.805 caliculated Bashkatov (2007)*
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Table 4-2
Optical parameters of the epidermis for Monte Carlo simulation. Two parameter sets were hypnotized
for both strong and weak scattering, to verify whether or not the difference in the | values of the weak and

strong scattering areas affects the image contrast.

Bashkatov Parameter set 1 Parameter set 2

(2007)¥  Strong scattering  Weak scattering ~ Strong scattering  Weak scattering

at 0.64um
| [mm] 0.0377 0.0577 0.0177 0.0477 0.0277
g 0.805 0.805 0.805 0.805 0.805
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Number of light beams

Few

Parameter set 1 Parameter set 2

Fig. 4-3. Simulation results with parameter sets 1 and 2 listed in Table 4-1.5* Total generated photons
were 5x108 The brightness distributions of greyscale images corresponded to the layout of strong scattering
and weak scattering of the submilli-structure simulation model in Fig. 4-2. These simulation results indi-
cated that when the light was transmitted through a structure with different scattering characteristics, an
image with a brightness distribution corresponding to the scattering characteristic distribution could be
obtained. Furthermore, the contrast of image with the parameter set 1 was greater than image of the param-
eter set 2. This indicated that the greater the difference between the | values of the weak and strong scatter-

ing areas, the greater the contrast in the obtained greyscale image
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Fig. 4-4. Horizontal profiles of images in Fig. 4-3. The contrast of the profile of parameter set 1 was

obviously higher than the parameter set 2.
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Fig. 4-5. Fingerprint image obtained from developed sensor and a profile of this image along a red line

Table 4-3
Peak to valley ratio calculated from each one peaks of profiles of simulation results in Fig. 4-4 and a pro-

file of fingerprint image in Fig. 4-5. The value of the ratio of parameter set 1 was obviously larger than
the parameter set 2. Besides, the value of the ratio of parameter set 2 closer to the value of fingerprint im-
age than parameter set 1. It was appeared that the optical properties of parameter set 2 were possible to

represent optical properties of the submilli-structure of a real finger better than parameter set 1.

Calculation source Peak to valley ratio
Simulation results (Fig. 4-4) Parameter set 1 1.16
Parameter set 2 1.07
Fingerprint image (Fig. 4-5) 1.10
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$ Stratum corneum: n=1.51+0.02

@ Stratum spinosum

Epidermis: n=1.34=20.01

Fig. 4-6. OCT image of a fingerprint. A curved structure was observed in the stratum spinosum. It was
possible that this curve was origin of a fingerprint pattern of developed sensor because is acted as a lens.
However, a wrinkle in the stratum corneum was not detected by developed sensor even if the large ratio of
the diffractive index of the stratum corneum to the air. The ratio of diffractive index the stratum corneum
to stratum spinosum according to the directive index of the epidermis. Therefore, it is unlikely that the

curve structure in the stratum spinosum was origin of a fingerprint pattern of developed sensor
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Fig. 5-1. Strongly shaded image obtained using the developed sensor.  This image consists of a saturated

area and an area that is too dark to detect minutiae.
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Fig. 5-2. Profiles of an image in Fig. 5-1. The left profile was obtained along a yellow arrow on the dark
area and the right profile was obtained along a red arrow on the bright area. These two profiles represent

that contrast of the bright area is higher than the dark area.
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=P Direction in which finger was moved Irradiated point on the original position (a)

_ Light source (wavelength: 660 nm)

Fingertip
)

Nail fold \

—> (b)
L Shielded plate

_——_ Imaging system

/__._ //’\\ —— Lens (Customized, F#: 8.7)

|
—— Imaging device

Optical path length: 98.3 mm  (8-bit monochrome, Resolution: 640 x 480)

Fig. 5-3. Experimental setup. Arrangement of the optical system was configured based on the basic
configuration of the sensing system shown in Fig. 3-7 in Chapter 3, a light source was arranged to irradiate
the back side of a finger, an imaging system was arranged to detect the transmitted light from the finger.

Two black arrows were directions in which finger was moved in Fig. 5-5.

=P Direction in which finger was moved

Irradiated point on the original point (a)

(d)
©+—( @ <( — ()
Distal interphalangeal joint
1 Nail fold
()

Fig. 5-4. Irradiated position on the finger and direction of finger movement. Fingerprint images were
obtained in each position where the finger was present. These positions shifted 5 mm in steps of 1 mm

from their original position (red circle) in all four directions (black arrows (b)—(e))
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Aperture of a shielded plate . 12mm
<>

Fig. 5-5. Detection area on the position (a). ~ The aperture of a plate and detection area was shown by

red rectangle. A fingerprint image was obtained from this area when a finger put in the position (a)

(d)

(b) | (@ (©

Fig. 5-6. Fingerprint images of an index finger of twenties female obtained for the conditions in
Fig. 5-3. Images of (a)-(e) correspond to the positions and directions in which the finger was moved in
Fig. 5-4. Images of (b)-(e) were obtained on the position 5mm away from the position (a). The saturated
areas are shown in (b), (d) and (e); (c) and (e) appeared in the finger and outside the finger (red dotted
curved line) for each position. The saturated area outside the finger was due to the irradiated light reach-

ing the imaging device directly without passing through the finger.
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? "~ Light source: Laser diode

Nail fold \

= Fingertip

_ Shielded plate

__—"Imaging System
1
‘ '— Lens (Costumed)

|
__________ —L - Imaging device
(8-bit monochrome, Resolution: 640 x 480)

Fig. 5-7. Experimental setup. This setup was based on Fig. 5-3 and positions of irradiated area could be

moved. A laser diode was chosen to determine irradiated position easily because of its high directivity

Irradiated point .
Nail fold Side of a fingertip

(b)

_ (d) Distal
Nail plate interphalangeal

joint
Side of a fingertip

Fig. 5-8. Irradiated position on a finger. Red circles were irradiated spots. (a)—(€) were same position as

above experimental positions of Fig. 5-4.
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(d)

) () ()

(e)

Fig. 5-9. Output images obtained with the different irradiation positions in Fig. 5-8%°. These images
were correspond to images in Fig. 5-6: Saturation area was appeared not in (a) and (c), however,
appeared in (b), (d) and (e). Brightness of (a) tended to be higher than (b). There were no saturated

area outside finger in (d) and (e) different from images in Fig. 5-6(d) and (e).
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=P |rradiated direction Irradiated point

. A
Light source E D
a52C \ 45° € 45°
N

A

04\5;]' P
/ Nail fold \
A ~_

Fingertip

____ Shielded plate —

Fig. 5-10. Experimental setup and irradiated directions to a finger.  This setup was based on Fig. 5-7 and
positions of irradiated area and irradiated directions could be moved. Five directions were determined:;

vertical downward.

Irradiated point

(9) (&) (h)

( @ ()

Fig.5-11. Irradiated position on afinger. Red circles were irradiated spots. Points of (a), (c) and (e) were

same position as above experimental positions in Fig. 5-8.
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(D)

(B)

©

(E)

Fig. 5-12. Output images obtained with the different directions on the position (a) in Fig. Fig. 5-11.
There were no saturated area in all image. Brightness distributions were the same even in different

irradiation directions.
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Nail fold
Distal interphalangeal joint
Soft tissue

Nail plate / Distal interphalangeal joint

|

Distal phalanx (Hard tissue)

_ Nail plate  Nail fold
Soft tissue
Distal phalanx (Hard tissue)

Fig. 5-13. The structure of the fingertip 5. The simplified model was created based on this anatomy
reference. Blue colored objects represented hard tissue, the distal phalanx, which was focused in this study

because of the largest tissue in the fingertip

Irradiated point

Nail plate Nail fold Distal interphalangeal joint
/ Distal interphalangeal joint ~ Soft tissue
@

8/

N\ ,
Distal phalanx (Hard tissue) Nail plate  Nail fold (d) /

(b)

Soft ti
ot tissue Distal phalanx (Hard tissue)
Fig. 5-14. Irradiated point in Fig. 5-8 in the previous experiment in 5.2.2 superimposed on Fig. 5-13
There was the distal phalanx under positions (a)—(c) and not under positions (d) and (e) corresponded. The

shape of the distal phalanx under the position (b) was a tip part and thinner than other parts.
Fig. 5-14 12 L % & | BEEERIFIA R & /(7 (e) & (A DOWNEBIZITE A | A7E (b) D NER I

F ORI Y HHI< 22> TWZ ERbN D, — 5T, BEIZAFIN R 5720 72T
E@) & CQDONEIITER D D, Z ZBLLFORGELZ L Tlz,
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Table 5-1
Optical properties of chicken’s muscle at A=630nm 27

bs [mm™] Ha [mm] g
345 0.012 0.965
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Fig. 5-15. Henyey-Greenstein scattering phase function calculated for typical and measured g values. Typ-
ical g values are 0.6-0.9 for hard tissues and 0.8-0.95 for soft tissues. The measured g value of chicken
muscle is 0.965 (Table 5-1).

Table 5-2
Optical parameters used in the Monte Carlo simulations the values for muscle were measured and the val-

ues for the bone were assumed by the authors

Muscle Bone
Parameter set I [mm] g | [mm] g
1 0.028975 0.965 0.028975 0.8
2 0.028975 0.965 0.014488 0.8
3 0.028975 0.965 0.028975 0.85
4 0.028975 0.965 0.014488 0.85
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SHEIR LT BN T T £ 728, 2 ZC, Fig. 513 TR LTSI T b7 A5 O
KM%ZEZIZL T, TIECREZHEL-TT LV EE->7-, Fig. 5-16 (-1, ZOET LT
R 2R o 7= R PR CHER ST v | AMAIO RN, Nl [ fE RS 2% LT
W5, MEIEFE R < | A FREIR BT A K< Lz, Z20v 2 b—va U T,
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% NCE O R ITEE~O B 21 LT 5, £72, SEFIE, BilEOEROE » 7
v T HERSEIT, 96 DFATHEH N, KU =2 b— 2 0HMITERAROBE LR T
XN DO T E Lz, ZOFETAZHWEZY S 2 b—2 3 U R %A 5.3.3
[ N

Light source: Position (b)  Lightsource: Position (a)

____________________________________________________________

o

Detector .
% Distal phalanx Muscle

y Distal
Fingertipsidje € > interphalangeal
gertip joint-side

Fig. 5-16. Simulation model based on an anatomy reference illustrated in Fig. 5-13. This
model consisted of simple, concentric, tapered cylinders, with the outer cylinder representing
muscle, and the inner cylinder representing the bone. The cylinders were thinner towards the fin-
gertip and thicker towards the base. A detector was placed under the finger so that the light inten-
sity distribution directly under the finger simulation could be detected without an imaging system.
The detector size was set to be the same as the length of the finger. Also, the light source position
was set to be two locations on the nail side of the finger. Position (a) represents Fig. 5-8(a), and

position (b) represents Fig. 5-8(b). The parallel light with 6 mm diameter as the light source as
same as the experiment in 5.2.1
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Position (b) Position (a)

Parameter set 1

Position (b) Position (a)

Parameter set 2

Position (b) Position (a)

Parameter set 3

Position (b) Position (a)

Parameter set 4

Fig. 5-17. Simulation results with parameter sets 1-4 listed in Table 5-2.5  Positions of (a) and (b) rep-
resent the irradiation positions shown in Fig. 5-16(a) and (b). These results were converted from the number
of rays that reached the detector to 8-bit grayscale images. The number of rays generated each simulation
was 10 million. Each pixel was quantized into 8-bit data, the brightness was represented with the maximum
value 255 and the light detected in the simulation model are represented by white dots in In the simulation
results with parameter set 2, the smallest value of | and g of the bone, in Table 5-2, the largest difference

between the brightness of position (a) and position (b) appeared.
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Light source: Position (b)

Muscle Bone

Detector — —

Light source: Position (a)

Detector

Position (b)

Fig.5-18. Lighttrajectories simulated with parameter set 2 in Table 5-2. The number of rays was ten. The
light trajectories illustrated the optical path length and scattered angle in each path. In position (a), trajec-
tories appeared shorter and more complex, in other words, smaller optical path length and larger scattered

angles, than in position (b). It was speculated that these differences of trajectories between position (a) and

ity

Position (a)

(b) were depending on the differences in the values of | and g between (a) and (b).
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Fig. 5-19. Brightness profiles of experimental output images and simulation results with parameter set 1—

4 listed in Table 5-2. The positions (a) and (b) represent the irradiation positions shown in Fig. 5-8 (a) and

(b). The profiles of the experimental results were calculated from Fig. 5-9 (a) and (b), and the simulation

results were calculated from Fig. 5-17. All peak brightness of (b) of simulation results were brighter than (a)

and slopes of (b) were steeper than (a). These points corresponded to the differences of Fig. 5-13 (a) and (b).

Besides, the profiles of parameter set 2 represented the largest difference between the brightness of position

(a) and position (b).
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Fig. 5-20. The profiles of simulation results obtained using parameter set 1-4 listed in Table 5-2. The
positions (a) and (b) represented the irradiation positions shown in Fig. 5-8 (a) and (b), respectively. The
profiles were calculated from Fig. 5-19 and normalized using the normalization factors 4.29x102, 2.62x102,
5.04x102, 3.03x102 for parameter set 1, 2, 3, and 4, respectively. These were saturation areas in profiles (b)
same as the experimental results in Fig. 5-19(b). These simulation results represented that the simulation

model reproduced the experimental results in terms of saturation
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Table 5-3

Slopes of the profiles in Fig. 5-20. The values of all slopes were negative because of monotonic de-
crease of profiles. The ratio of the slope of (a) to the slope of (b) was less than 1 both experimental results
and simulation results. The values of ratio of simulation results were close to the experimental results.
Furthermore, parameter set 2 was closest to the experimental results. Optical properties of parameter set 2

assumed to represent the real experimental properties better than other three parameter sets.

Slope of first-order approximation Ratio of the slope of

Calculation source @) (b) (a) to the slope of (b)
Experimental result (Fig. 5-19) -0.298 -0.720 0.41
Simulation result Parameter set 1 -0.675 -1.391 0.49
(Fig. 5-20) Parameter set 2 -0.750 -1.718 0.44
Parameter set 3 -0.616 -1.309 0.47
Parameter set 4 -0.738 -1.608 0.46
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Fig. 5-21. Vessels pattern represented by dark curved lines are superimposed on fingerprint pattern.
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(a) ERFAR

AR FHFRITE VTR EN R FAT, 204080 BRI Lotz 2R S8
DT EERREME LTS, —RIIC, U XA RBFEF. LR TS TEBY . B
FERISEDLIEDICINLDORENRD LN TS, Fig. A 1 ICHEKEZRT, 77U X AT
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BUL, 52BN T U R AW U7 e B 2 2 003 I BLE SH, RS 11T,
7V XL CEME SRS AT AEICEE SN D, PO 6 1370 XA EFRO#
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L EFER DM L COW B EFT T, 2 ToNaerE sh, RgHE - IcBES 5, 20
FER. FEROMERRH S <, AL WEB S LTRSS,

0 > Critical angle Light source

Fig. A. 1. Principle of total internal reflection method. This method needs a prism, imager and light
source. A finger is put on the surface of the prism and light irradiated to the finger surface, then light
irradiated to a valley of a fingerprint are total reflected and detected by the imager. However a part of the
light irradiated to a ridge of a fingerprint goes through into the finger, the other light is total reflected and
detected by the imager. Thus, a fingerprint image obtained this method is represented that ridges are dark

and valleys are bright.
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%=y

Valle Ridge

A7 2 R

I 3 Light source

/I/ v v | .
) - Protective glass
Optical sensor chip

Fig. A. 2. Principle of in-finger light dispersion method. This method needs a peculiar plate, imager and
a light source. A finger is put on the surface of the plate and light irradiated to the finger surface, light
irradiated to the finger goes thorough the fingerprint and detected the imager. Light through a ridge of
fingerprint goes to the plate directory, however light through a valley of a fingerprint diffused in the air
between the plate and the valley. Thus, a fingerprint image obtained this method is represented that ridges

are bright and valleys are dark. Hence this method detect contact or un-contact to the sensor.
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AR\
\«
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arizer

Fig. A. 3. Principle of multispectral method. This method is one of the optical sensing methods. In this
method, because of light sources of some different wavelengths, light are reflected from different depths in
a finger. These light coming out from the inside of the finger is detected by the imaging device, and the
fingerprint pattern is read out by superimposing it. Furthermore, since the light is polarized, it is possible

to emphasize the scattered light that came out outside through the finger
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JFELX % Fig. A. 4 IZ-T, B ORKIZIL, BRI A TRICHEA S 5 EMmMN 1}*7_%7}%(
BY, BV ORNEICIE, 800 TE BRI 2 3 2 EMmAME A 5T\ b, f/IC
AN SN BRI IE, FEOBEK L BRSNS SN s, Z0F M&%t
Y NERICERE SV EM TR T 2, RKlh b ELE TORBESTREOMNES & M CiE
5t (2, BRI EN N D Z AR L TRIDOMIY S Z — o Z i LT b, FENE
BRI ABE L TWAHN, BRIt o b SHRE R £ CORMETH 5,

Dermis

/B A 'T;W

Detecting circuit

Fig. A. 4. Principle of electric field method. Electrodes for injecting electromagnetic waves into the fin-
ger are embedded edges of a sensor and electrodes for detecting electromagnetic waves coming out of the
finger are embedded inside the sensor. Electromagnetic waves injected into the finger are emitted from the
finger by propagating a deeper part than the dermis of the finger. The electromagnetic wave is detected by
the electrode installed inside the sensor. Although electromagnetic waves have reached the inside of the

finger, a detection target of this sensor is the distance from the sensor to a valley and ridge of a fingerprint

(e) REEX
JREEX % Fig. A. 5 1273, MEMS #4712 X 0 -8{RICHhEM LA L Th D72, 5%
Pefih S H 5 LRI E DR LS AL T 5, I K > T L FiF bz iiss
TIEEIR O P 228y OFFEREICEEDN A U, MERIC L » TH L R b =821k
N2 FREUER & MR T E 5,
Valley Ridge

Pressure

Pressure-sensitive element

Fig. A. 5. Principle of Pressure Sensitive method. In the portion pushed down by a ridge of a fingerprint,
the capacitance of the hollow portion of the semiconductor change and the portion pushed down by a valley

of a fingerprint does not change. Therefore a ridge and valley can be detected.
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Bashkatov (2007) O3CHRIZFNHL S 417220 14 & Verkruysse (1997) 16 72 & DAl SCRRA>
SOEFENRT A—H—%5H L B2 ya us, gZBH LI, 0L, HEOENT
holgz, JBS, JEIrR, KoahaeE, hikafasE, ikczaE20EE 57Tnm ([ZB1T %
ps, MEDVEEEDONRT A—H—THREL, MK, A 7= Koy, AR CWRIL, Mk
IZ K DHEL & N LIAMT K D HGEL, MR DEFHER 772 ED D | WRITIKIE LTS pay ps.
g EHMNTHHLDOTHDH, Table A. 1 IZHEH LIZLE DT A —%—_ Table A. 2 IZ
A=0.64pm TOFEFERZRT, AEOHKIEHENT A —Z—Wr=0.1, 0.2 TOZLI
FNOMEZEFHE L, 72, NIt TR L7, TableA. 11k 5 &, AREITKE
BERVMREIZR > TWDHD, fMOBFEL D MAJE 2R TIEL 20Wt%f2E TH D Z LRI
T2 5455, LA L Table A. 2 DAEOFHHRFERTIE, We2ZEZTH, uslIFTENENT
EDND, IWERDL. ZOHFKXNTIIAKDGEAED pa DBHORIZHEEL TWDEINHTH
%o €5 T, Table A. 21ZrT X 9512, )&, living epidermis, HJEE Tl us. gl3E D
ST, pa DAHBEL LTS, ZOFRIE, REOABITK L THEZRD D Z LN TE DM
TREEBNLTODN, 7 I UAREMITICE W TEERER E B2 LTS AEOKYE
DIMNEEND,

Table A. 1

Parameters for skin model for calculations for optical propertiest*®

Skin parameters Stratum Living epi- Basal Reticular
corneum dermis layer dermis &

upper vessel

Thickness 20 100 15 200
[um]
Bk Volume fraction of blood 0 0 0 0.017
[vol/vol]
Wy Volume fraction of water 0 0.6 0.6 0.75
[vol/vol]
My 1: the melanin containing 0 1 1 0

layers including upper
and basal layers,

0 : for other layer

R [um] Mean vessel diame- 0 0 0 6
ter[um]

77



Table A. 2

Optical properties at 640nm calculated from reference Bashkatov (2007)

Stratum Stratum Living Basal Reticular
corneum; corneum: epidermis layer dermis &
Wi=0 Wi =0.2 upper vessel
Ha [mm] 0.015 0.012 0.216 3.250 0.004
us [mm-] 27.047 27.047 27.047 27.047 11.572
g 0.81 0.81 0.81 0.81 0.82
I [mm] 0.0370 0.0370 0.0367 0.0330 0.0864
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% Table A. 3 (23 ¢, FAENMATIT 1x108 & Lz, I 2L —v 3 UiEFIL Fig. A 7
WRT LIS, RN L ST, R OB RS 4y & RS oy OB R ARAY Fig. 4-3
FUHHMRIC A TSR, Ziud, BHBELOFE B BT InNEFIhS< 740
ESLIZERLOED, HEETITFEACHEELABREHNL WD, EBRBERTH
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Light source
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Fig. A. 6. Simlation model of sabmilli structure assumed from OCT image: (a) OCT image of fingerprint:
(b) simulation model. The submilli-structure of this simulation model was defined as a structure sith strong
and weak scattering unis in and around the stratum corneum. This structure consisted of three units de-
scribed by yellow rectangles on the OCT image of (a). The size of the model and optical properties were
determined by the OCT image. The strong scattering areas were illustrated two types of different shape
units with the same optical properties and the week scattering area was illustrated one type of shape and
the optical properties in three units were arranged as one set, and ten sets were arranged along the x-axis.

In our simulation, the submilli-structure was placed between an opposing light source and detector.
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Table A. 3
Optical properties for a model of Fig. A. 6.

Strong scattering (i)  Weak scattering (ii)
I [mm] 0.0377 0.6667
g 0.805 0.805

Fig. A. 7. Simulation result with parameters in Table A. 3. Total generated photons were 1< 10°. The
brightness distributions of greyscale images corresponded to the layout of strong scattering and weak scat-
tering of the submilli-structure simulation model in Fig. A. 6. Borders between the bright areas and darks
were clearer than the simulation results in Fig. 4-3. Since the value of | of weak scattering areas was ap-
proximately same as the value of thickness of the submilli model, it was assumed that the light almost went

through weak scattering area.
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Fig. A. 8. Simlation model of sabmilli structure assumed from OCT image: (a) OCT image of fingerprint:
(b) simulation model. The submilli-structure of this simulation model was defined as a structure sith strong
and weak scattering unis in and around the stratum corneum. This structure consisted of three units de-
scribed by yellow rectangles on the OCT image of (a). The size of the model and optical properties were
determined by the OCT image. One strong scattering areas and two weak scattering area had three different
optical properties in Table A. 4. The three units were arranged as one set, and seven ten were arranged
along the x-axis. In our simulation, the submilli-structure was placed between an opposing light source and

detector.
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Table A. 4
Optical properties for a model of Fig. A. 8.

Strong scattering (i)  Weak scattering (ii)  Weak scattering (iii)
I [mm] 0.0377 0.6667 0.2857
g 0.805 0.805 0.805

Fig. A. 9. Simulation result with parameters in Table A. 4. Total generated photons were 5X 10°. The
brightness distributions of greyscale images corresponded to the layout of strong scattering and weak scat-
tering of the submilli-structure simulation model in Fig. A. 8 Borders between the bright areas and darks
were clearer than the simulation results in Fig. 4-3. Since the value of weak scattering areas was approxi-
mately same as the value of thickness of the submilli model, it was assumed that the light almost went

through weak scattering area.
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Fig. A. 10. Simlation model of sabmilli structure assumed from OCT image: (a) OCT image of fingerprint:
(b) simulation model. This simulation model was added the stratum cormeum to the submilli model in
Fig. A. 8. This simulation model consisted of five units described by yellow and red rectangles on the OCT
image of (a). The size of the model and optical properties were determined by the OCT image. One strong
scattering areas and two weak scattering area had same optical properties in Table A. 4 and optical proper-
ties of the stratum corneum in Table A. 5. The five units were arranged as one set, and seven sets were
arranged along the x-axis. In our simulation, the submilli-structure was placed between an opposing light

source and detector.

84



Table A. 5
Optical properties for a model of Fig. A. 10

Strong scattering Weak scattering Weak scattering Strong scattering;
Q) (i) (iii) Stratum corneum, (iii)
I [mm] 0.0377 0.6667 0.2857 0.0488
g 0.805 0.805 0.805 0.805

Fig. A. 11. Simulation result with parameters in Table A. 5. Total generated photons were 5 10°. The
brightness distributions of greyscale images corresponded to the layout of strong scattering and weak
scattering of the submilli-structure simulation model in Fig. A. 9 Borders between the bright areas and
darks were more ambiguous than the simulation results in Fig. A. 9. Since the stratum corneum as strong

scattering units, it was assumed that the light was scattered and diffused.
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Fig. A. 12. Histograms of images in Fig. 5-6 (a) and (c). Histogram (a) was obviously brighter than (c).
Distribution widths of brightness of two histograms were same, approximately. However, one peak ap-
peared in (a) and two peaks appeared in (c), which suggested shading of (a) was smaller than (c). Further-
more, the lower peak of histogram of (c) seemed to originate from the fingertip area of the Fig. 5-6 (c) and

might be cause lack of fingerprint pattern.

Table A. 6
Statistical data of histograms in Fig. A. 12. This data represented (a) was brighter than (b)
Calculation source Statistical data of histograms
[Grayscale value]
Minimum Maximum Mean mode
histogram (Fig. A. 12) ©) 59 250 145.2 150
(©) 30 191 108.9 128
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Fig. A. 13. The locations of profiles obtained from Fig. 5-6. The horizontal profiles were obtained along

“

a yellow arrow and the vertical profiles were obtained along red arrow.
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Horizontal profiles of images of Fig. 5-6.  Profile of (b) was obtained along yellow arrow on

Fig. A. 13, other profiles were calculated along same position. Brightness of (a) tended to be higher than

(c). Shapes of profiles without saturation area of (b) and (d) were appeared steeper than (a).
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Table A. 7
Absolute value of slopes of linear approximation of profiles calculated within the range of negative slope.

Values of slopes decreased in the order of (b), (c), (a).

Calculation source Slope of first-order approximation
Profiles(Fig. A. 14) @ 0.387
(b) 1.211
() 0.668
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Fig. A. 15. Vertical profiles of images of Fig. 5-6. Profile of (d) was obtained along yellow arrow on
Fig. A. 13, the other profiles were calculated along same position. Brightness of (a) tended to be higher

than (c).
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Table A. 8
Absolute values of slopes of linear approximation of profiles calculated within the range of
negative slope in Fig. 5-9(d) and positive slope in Fig. 5-9(e). The slope of the profile of

Fig. 5-9(a) was not calculated, because this profile was downward convex contrary to expec-

tation.
Calculation source Slope of first-order approximation
Profiles (Fig. 5-8) (d) 1.773

) 1571
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Fig. A. 16 Histograms of images in Fig. 5-9(a) and (c). The tendency of shapes of histograms were

correspond to histograms in Fig. A. 12. The histogram of (a) was obviously more bright than (c).

Table A. 9
Statistical data of histograms in Fig. A. 16 Values of Minimum, Maximum, Mean and mode of (a) were

higher than (b). This tendency represented that the image of (a) in Fig. 5-9 was brighter than the image
(b).

Calculation source Statistical data of histograms
[Grayscale value]
Minimum Maximum Mean mode
histogram (Fig. A. 16) @) 130 252 196.0 207
(c) 72 212 145.2 171
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Fig. A. 17. Horizontal profiles of images in Fig. 5-9. Profile of (b) was obtained along blue arrow on
Fig. 5-9(b), other profiles were calculated along same position. Brightness of (a) tended to be higher than

(c) same as profiles in Fig. A. 14. However, all profiles tended to more gentle than profiles in Fig. A. 14.
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Fig. A. 18. The locations of profiles obtained from Fig. 5-6. The horizontal profiles were obtained along

a blue arrow and the vertical profiles were obtained along red arrow.
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Table A. 10
Absolute values of slopes of linear approximation of profiles in Fig. A. 17. A value of (b) was
calculated during negative slope, the others were calculated during positive slope. A slope

of (c) was larger than (a).

Calculation source Absolute values of slope of first-order approximation

(Slopes of Table A. 9 were shown in parentheses)

Profiles (Fig. A. 17) @) 0.396 (0.387)
(b) 0.487 (1.211)
(c) 0.508 (0.668)

W EA BB S-S A 2T 5720, feoBE e R CEE SO 17
7ANERGE L, Fig.A. 19127 L7, 727 7 A /L% Fig. 5-9 & R U 6 S L.
RF L LT Fig. A. 18 [ZREAKFAITR LTz,

94



~
[oN
N2

)
t
o

-

= DN
O] S )
o O

at
(e}

Brightness
(grayscale value)
=

(e} (e

0 50 100 150 200
Distance (pixels)

(b) (a) (0
250 250 250

o) @ Moy r.\,ﬂ"‘" @
w 2 200 o = 200 w = 200
n < n < n <
g = 150 g = 150 S 5150 MMM
s 9 = 9 = 9
< "= 100 < " 100 < " 100
2 3 50 2 3 50 2 3 50
= = =
ol o o

s 0 50 50

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Distance (pixels) Distance (pixels) Distance (pixels)
(e)

250 ™
200 —E’N%
150

100
50

Brightness
(grayscale value)

0 50 100 150 200
Distance (pixels)

Fig. A. 19. Vertical profiles of images in Fig. 5-9. Profile of (b) was obtained along red arrow on Fig.
A. 18, other profiles were calculated along same position. All profiles tended to more gentle than profiles
in Fig. A. 15.
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Table A. 11
Absolute values of slopes of linear approximation of profiles in Fig. A. 19. A value of (b) was
calculated during negative slope, the others were calculated during positive slope. A slope

of (c) was larger than (a).

Calculation source Absolute values of slope of first-order approximation
(Slopes of Table A. 10 were shown in parentheses)
Profiles (Fig. A. 19)  (d) 0.493 (1.773)
(e) 0.357 (1.571)
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Fig. A. 20. The locations of profiles obtained from Fig. 5-12. The horizontal profiles were obtained along

a blue arrow and the vertical profiles were obtained along red arrow.
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Fig. A.21. Horizontal profiles of images in Fig. 5-12. A profile of (B) was obtained along yellow arrow

on Fig. A. 20, other profiles were calculated along same position. There were no saturation area in profiles.

The brightness levels and shapes of profiles of (A)—(E) were similar.
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Fig. A. 22. Vertical profiles of images in Fig. 5-12. A profile of (B) was obtained along red arrow on the
image in Fig. A. 20, other profiles were calculated along same position. There were no saturation area in

profiles. The brightness levels and shapes of profiles of (A)—(E) were similar.
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