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Prediction of thickness undulations in coating of liquid films by means of
physics-informed machine learning
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This research applied Physics-Informed Neural Network (PINN), to efficiently

predict various film thickness irregularities that occur in the liquid film coating process in
microfabrication technologies such as semiconductor device and various color filter manufacturing
methods. The effectiveness of PINN was investigated by applying it to the partial differential
equation of liquid film flow, which includes a fourth-order spatial derivative and a fourth-order
nonlinearity, for which was not validated. We found that for proper learning, it is effective to (1)
densely place the spatio-temporal residual points where the solution changes rapidly, (2) use
double precision floating-point operation, and (3) reduce the number of automatic differentiation
oEerations by introducing intermediate variables and reducing the highest order of derivatives in
the partial differential equation.



¥ X C—19,. F—19—1, 2—19 (58

1. WFSERHAR YW DTS &

HHEEIRT NA ARMENS TNA A, T A AT VARRBFZEFON T —7 0 )V Z —FOWHMIN T~
0 AR T, MERETERIE & ERMIA M DR D B A I — B AT 5 TR D, =
DO TR W TH A OIREE LT B5AE L TREREO-HEEEZ B ELMERH Y | KE
LT ORAEZTHTELYIab—a VEHIRPEEL 2> TD, ERMZREEY I 21—
varhHikE LTHBEMSERENREL LTSN, HHREDEE &£ 5 BB ORI RS
BIZIZERMZET B0, 25 ONEREEZ AW TR A T & B - JI6 T 5 L 9 ekl
S 2 BRFET D OILFERERIINCH o 72, Z O X 5 R AR LSS ik s LT, g
Z X 7- Physics—Informed Neural Network (PINN) 23281F &b, Z DOFFiEL. XEE R OME
Foa—F0 3y NU—7TTFHIL, X FEROBEELZR/MET 2L EIELLDOTH
O EERNC X B FRIARR 2 R XM S D N TE D, ZOPIN NS Z LT,
Wi T — 2y P TR REROMZ THITX S AEEES R I TWVD A, MRAES LT
WA DRSS THMZRRDATH Y | RN EDOFEAM I RITHT 5 H 20O MRGEIL T
HoT,

2. WEDOHB
AWFFEIX. WFLIER| ORIR S E 15T D PINN ikl o HFEc@ A U TF AR 2 5T
T5HZEHEBEMINCER LT,

3. WO HE

kG L 3 DR O R E U CL RMEIENC X DK O =R OFEf 2 & /8 L 7= 22/ 4 B
Wy & 4 WOIEBIE & G Ry HREAZ M L, 24U PINN 2@ L7z, PINN (X Python <~
— AT tensorflow & keras ZAWVWTIHEEL, HRAKFEFEHRIME L X —>D Readbush B L
Wisteria/BDEC-01 {Z TEAT L7z,

4. FFIEECE

(1) R D ST FERIC 1T D PINN DA 0 MHEEGE

FEFE RO PINN I X DEHRAERZ | (EKIETH DA TR 1E (FDM) OFE R & LLBHREE L 72, K
BEEN TR T T2 g sgnit, K1 I12R9 K 912 PINN & FDM O R E &I+
DIKEETCEETHZ LR LT,

—
(=}

@ﬁDM

a
Z s = 1 logoh
é O . _—
T 5B ] —
S 0.00
O 10 I I 1
— 10 : T T 0.25
e PINN
Z 5F (b) 0.50
= -
<§ 0 ——" S 0.75
) 1 1.00
O 10 I I 1
0.0 0.5 1.0 1.5 2.0
Time r (N.D.)
[ FDM — PINN = | |
(d)yr=05
0045 25 0 5 0 -10 5 0 5 70
Coordinate x (N.D.) Coordinate x (N.D.)

X 1: ARZESE FDM) & PINN I L 2EfERHERE R, (a,b) WfHt, ALExIZxIGT 5 fiF
h(t, X)X Ot Lizb o, (e, d) BHERLICBIT DBEESHDO AT~ 7 a v b



) B2 1= O HAE

B 1 ICiEHaeBECHonNMa R L), ZORREGSDITIER Yy NT—27 A XA05E
MORERPICTREE L, 2720, 2O OB AIIHEIKET 2oL, — &
LCHREZRO 2V AICITERE SN,

O A E OB AT X D15y BEE DRI

F9°. PINNs CTIHERHOFEIZBHEMY (AD) Z V5723, AD TIXRFTOERE 255 7-9DIC
LAy NI =7 2RESBTIVERH D, Z<DTATF ) TX1HED A OFRE LTEHE
HEBH5EEBRNTZD, BSOBERICK LT AD OFE a2 MIEKREICHENT 5, 575
AJEIE 2 & TR IER AL D ZER] 4 PE sy A adeT-h, AD OFHE 3 2 MO TE b, ZDEk
Bax NaET 5 ks LT, FRIZEZEANLT PDE 208 L, Moo Es FiF5 2L
T, M 1/3 DM CRIRBEDHETCEE XA LERLT,

@B NEURT R O RS 2

FEY BT ORSE b BRI ET 25808 b 5, AR THR L L4 WO PDE T
B R & TR (FP64) & L2 T UE T e RS L O D e in o 7=, HRRBIKOH
Baii~joL 25, FP32 TITREEH2 x 10 TEANETHE T LDk L, FPé4 TiE
R OBD BN TNV D, FP32 TORPHE T I3, HRBIEAE AT O FEIHN TZ
EL72RL rofeleITE TR Y | BRSNS T AERITEVIRIEIC /72 2 & T Mk b
> TARDHEIETFRARR LT EEZA LMD,

(@Residual points DOELE

PINNs DU HME & R OFEFE 1L, Residual points & FETN 5 %8 S OB ISR KET D, %<
@ PINNs DISHBITlL., FEAOREILT T U BIEY 7)) v 7 8 & v TRz %
WCABEED T ENEON ABFFE TSR L U7 i SREFRTE I I LW Z 0 |
ZDHDEAF I 7 AFRBONCR D, ZOWE REEIRIC Y O BRI 8 S OB 2 @iz
F 9 BROKEE LRV R o T,

(2) WISk & w28 & 95 PINN

PINNs Clid, #IHISRM 2 ZAT — % & U CHRAMBUCHAAT 720, WIS 2 E 2 256130
SRRV D, FEANREEY I 2 —3a v DEL TSI RN S 2 ST,
AR U727 —Z I B W TSR b b SR 0T A —2 L35 Z L B3Z 0, PINNs %
AWz F —Z FUBIEIC B O T, PRI 228 2 2B I E RN MEIC R D2, HISEC
KT DABOFENTE /LD, ZOMBEEIT D012, FEHOIXX 2 1TR-T X5 22 4H#
FEE LT DL OICHEIR L7 PINNs 2828 Lo, FEAMICITFIISMAS W O AJNIZED &
HNZLTWAN, WIS OBES S 2 AN D LR RIZR DT, A— ho a—
X DR TALZEA L TS, 2O — b a—F i, HE S5 0502 #EEN
THANIFE S TEL, PINs TOFEEICBW L, YI#GH0BEIEA— oy a—2 0
T a—FEyTCRITIEM L. I EPASKEOHB gL T 5, gD, BET DS
oY) 2= a v OFFIZE SO TIRD DM ERH L, Z OHASOME] % PINN OA
TNTH-Z2, PG MOREEFMT 5 BT e OBBU = VWb, 20 X 5 ITHE5R L7z PINNs
ko T, VIS AEEZ - SA 0% R —d PINN IC2X-oTCTFRITEALII1CRhD, ZOKE
LT 52 EOR AT, VIS EEZ-BEOMOEE B L > TEHETX 5 L 951C
LR THY, T2 AHLICB W TR b REXI BT A =2 LT 52 LR TE S,

ML O {>-mxmn g
77 "
— MBS
—
- BREH —
XEAHER —
MME

PINN
X 2: @ISR ZE L 9% PINN OREAL



(3)PINN ZFIfH L= #7727 — & AHLIE DR %

PINNs DAY U F /L OFaC TlE, PINNs O KEEBICBINT — % 2 Hhilid » THAATr Z & TR
HDIRT A —H H[RIET 5 FEN data—driven discovery DA T/REINTWD, T DL
X PINNs WO X 7 & LTl E W2 523, PDE A{ROZEE LT A —H D[H
TEZFRFIZAT O 728, RHERM 2592 2 ENEHE COMBEIZR 5, AR TIEIRMD/XT A
— %% PINNs D ANIZEARIZTHZ L T PDE OFEENTA—FORIEELZSHETE 5
ZEIZEB L, K3ITRT L9722 PINNs 2 HW #7272 7 — Z [AMbIE O A 2 422 LTz, Ak
L72 & 912, PINNs CTlE Al F RO 2 A L CRHMEiT 2 BRI BB 2 V228, 2o | #)
PN TFBRIIRDORT A — 2B EHET BRIV TE S, 7—Z Ak, &y 2 =
L— g L5 PRIE S BB OMAEZE L T, Z00#E k/IMbd D WITEE &2 KRk
THEICIab—va ORI RA—FERFTHHETHD, T—XREIENRILSIER &
TWARETRIDOZE TIE, FUERER DT XA =4 L UTHIHISRENRE SN D0, BIEOM
EEFEIEGETHZEHTE D, AR THEE LTWD LU A MEOBA - TSI,
REMEARE - R IES) - B - JEBARE EO L OWEENE S L TR Y . 2 A EBISHEIE
THEODOBEF T A RPRENZ ERBEICR>TWD, T—Z Rk E AW, BEES e &
O 1 FEOT —% OB CEBOWMEMEZ FRFICFEET 5 2 & b Al b, AR TIL,
ML E & L CRMERIRORT A —2 % | FEEDO A T 8ck L, Tz liBdsz ik/IMb+ 2
Z L TRIET AR E LT, cB AL ST DZE{kiZ PINNs O HEMMSIC L - THE T
578 mE 2R FEEH RS ATRRIC 72 B WEKRI 2T — 2 AULEED —D>TH BT ¥ a A v METIL,
WD IXT A —5 % T O T RN IINE S 7 ORFRIEFIE 21TV, T A —X BB X 12O
fRDOZAL, THRDOLARGEOBIZIZT ¥ a A v F R AR G mcHE TS, 207 Vs
A2 P HFBRREML DI, NEHFHOHE S FNCHRE a2 — FE2ELLEBRHY, ZOENRT Y
a4y MEOFIEDIEMER S Th oo, RWFZEORREETIX, A - MO T 2R L
PINN ZHWCHE TE 27 0FENHEIC/R D, -, @EOT — % FL T EUEH RO 1
LB L DN —E LT D EIER ST AT S B SA~PNIEGFE 5 LER H 5 A3, PINNs
TIEFE R UAONLE & AN T DR E BE TR TX 5720, WHFHEDBAREIZ/R D, T DM
HBIERKIEZ AR TN 28 TH D,

aTos  0Tvn oh |— Jpa = BEIT—48 hy (1, X))

dc oh dc \
update FHIME Apinn (i, xi, ©)
fIiE e JpINN

X 3: PINNs Z A= 5 — & [biE ORERR



4 4 0 2

Nakamura Yo Shiratori Suguru Takagi Ryota Sutoh Michihiro Sugihara lori Nagano Hideaki early view
Shimano Kenjiro
Physics- informed neural network applied to surface- tension- driven liquid film flows 2022
International Journal for Numerical Methods in Fluids
DOl
10.1002/f1d.5093
Suguru SHIRATORI, Takuro USUI, Shiho KOYAMA, Shumpei OZAWA, Hideaki NAGANO, Kenjiro SHIMANO 38
Efficient Implementation of Two-Phase Flow Solver Based on THINC/SW and S-CLSVOF on 2021
Unstructured Meshes
International Journal of Microgravity Science and Application 380301
DOl
10.15011/jasma.38.380301
Shiratori Suguru Kato Daiki Sugasawa Kyosuke Nagano Hideaki Shimano Kenjiro 154
Spatio-temporal thickness variation and transient Marangoni number in striations during spin 2020

coating

International Journal of Heat and Mass Transfer

119678 119678

DOl
10.1016/j - ijheatmasstransfer.2020.119678

Shiratori Suguru Nagano Hideaki Shimano Kenjiro 191-192
Semi-analytical solution for deformation of elastic/viscoelastic two-layered films pressed on 2020
partial ly-opened substrate

International Journal of Solids and Structures 588 600

DOl

10.1016/j -ijsolstr.2019.12.013




10 0 2

Kohei Ono, Suguru Shiratori, Kenjiro Shimano, Hideaki Nagano

Modeling of liquid film flow during spin-coating; Marangoni-Benard instability in parallel basic flow

8th International Conference on Heat Transfer and Fluid Flow (HTFF' 21)

2021

Yo Nakamura, Suguru Shiratori, Hideaki Nagano, Kenjiro Shimano

Physics-Informed Neural Network with Variable Initial Conditions

8th International Conference on Heat Transfer and Fluid Flow (HTFF' 21)

2021

Physics-Informed Neural Network

2021

2021

35

2021




Physics-Informed Neural Network

2020

2020
Marangoni-Benard

2020

2020
Physics-Informed Neural Network

2020

2020
Physics-Informed Machine Learning
2019

2019




2019

2019

31

2019




