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6 2.4 89.7 17.5
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9 29.7 86.4 18.9
10 42.3 80.3 15.5
11 52.8 73.8 13.7
12 57.8 66.31 23.9
13 25.2 89.02 28.21
14 61.91 61.96 -27.86
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23 -66.58  53.11 13.43
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TABLE IV.  RESULT OF SHUFFLE-SPLIT CROSS-VALIDATION

Split Split Split Split Split Split Split Split Split Split
Average
1 2 3 4 5 6 7 8 9 10
Trial 1 0.977 | 0.998 1.000 | 0.982 | 0.992 | 0.990 | 0.992 1.000 | 0.997 0.999 0.993
Trial 2 1.000 | 0.974 | 0.971 0.964 | 0.945 1.000 1.000 | 0.984 | 0.970 1.000 0.981
Trial 3 0.993 0.999 | 0.999 1.000 1.000 1.000 | 0.999 1.000 | 0.980 0.997 0.997
Trial 4 0.994 | 0.996 1.000 | 0.999 1.000 | 0.976 | 0.999 | 0.999 1.000 1.000 0.996
Trial 5 0.977 | 0.986 1.000 | 0.995 0.977 | 0.995 | 0.994 | 0.998 | 0.981 0.995 0.990
Trial 6 1.000 | 0.992 | 0.999 | 0.956 1.000 1.000 | 0.999 | 0.988 | 0.981 0.978 0.989
Trial 7 0.984 | 0.987 | 0.999 | 0.971 1.000 | 0.998 | 0.987 1.000 1.000 0.962 0.989
Trial 8 0.997 | 0.991 1.000 | 0.997 | 0.970 | 0.992 | 0.997 | 0.996 | 0.949 0.992 0.988
Trial 9 0.987 | 0.999 | 0.995 | 0.986 | 0.994 | 0.985 | 0.994 | 0.989 | 0.993 0.994 0.991
Trial 10 | 0.996 1.000 | 0.998 | 0.986 | 0.992 | 0.984 | 0.983 0.995 | 0.998 0.999 0.993
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Preparation of nano structured Ti oxide films via WCP

O Start materials : Pure Ti plates (1 cm x 1cm) and
Pure Ti particles (< 250 pm)
3 Preparation conditions for WCP

> WCP reaction solution: KOH solution
* Volume: 5 mL
> Concentrations of KOH solution: 1 mol/L~25 mol/L
» Treatment time: 24 hours
» Temperature: Room temperature
QO Procedure of Chemical reaction of WCP
@ Immersion the Ti plates and particles into KOH solution
@ Occurring the chemical

= .KOH solution reaction using shaker <& !
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¥ Ti-O-K Bonding (K-incorporated phases)
4 Ti-O Bonding (various Ti-oxide phases)

Intensity [a.u.]

KOH 10 mol/L-treated Ti
KOH 1 mol/L-treated Ti 4

Untreated Ti

600
Raman Shift [em™]

200 400 800 1000

K5
W= Ti
[

WCP UMBEBRICERHEINI-FT/HEBEER
A H D Raman R MICKDILEEEDE

293.5

Iryénsisty (arb.unit)

296 294 292

Binding energy (eV)

6 {ERIn-F/BEZRV:-EHD K, D
kiR

300 298 290

0.8

0.6

041

Content of potassium in
nanostrucutred Ti oxide fims

02

00

0 5 10 15 20
Concentration of KOH solution [mol/L]

B7r/  BEOPICEEShEKDOE

4. SEOFERVER,
FT/BEICETOMBEEE~DEEZAE.

X EFRNE - BRKR



EIRIMRERZER W=t &
ADRER - 5ERIK

1. Fim (IXL®HIT, FAHLE, B
ANDREAG 72 EONERIRTE LATE) 72 & DAL
WREDFHA & BRAIZIX, A b L AREOHES

TEELD T IR D 5 BN TH Y,

HENENIZBIT S R4 = REE=4 1
TEHE~DIGHPHHEEIND.

N DN - SRR RE 2 FERE Al FHI9 5 72
DL, D4 - PR O A IR, A0
R ECEEICEAT 2/TEI G, =5, Z
o OERERE LIATEEMR L WS HE D
BRI EZMAGDELILERD .

TR ESE S NETEE S S IR AL (AN S ol d = RN
b, REEA, BEBEAE 2 KZERICETRE
TEH0, ZnLOEZHMICET D65
TS HWbH R TWD . —F, Al - TR+
Jem RO EHICE, IKIRERRE IR T 51
FHEE ORI A E) T L D AMEL O R
ZRATRT .

Z ORI LT, HiAE ATRE 7 YR S0 A [
(LR A 72 AR AN & D D IR RE &
NTWa., ZhoDHFEEFAITHDL—H,

SAERSEIR £ T X BRESE O KA 2RI 5720,

R 2 F 0 B R e 0 B ARSI IR 9 B A Fe
S ARICHERRT 5 2 LI EEL V.
HEARIMRE T, AERmADHEHFIND
B 2 BT 5720, A - AR &
X2 D W B S < FEREARE A AT RE T
b5, Fio, BARESBIREUTE K3 D REH
AL, WEOKFOLEG & IT R 5 ERE
G REMEN DD, LI - T, mARS B

116

3

A

DETA -

p: L ]l st
IR

= =3
BHE
700N

BTE EBiE

Bk, NOABREBATEICE T 21 H A 4l
MDD TFELELTCHATHDEEZD
nas.

AWFIEIE, ERRBE AT, AEERHE
DB & 2 DR ZbZiEH LI ADON
e SRR O P REE A R T A L O T
b5, R, Jel U TR &S 2 IR A i
L, TOBERITH HEN) R RFRZEL ORI
FHHL, RO - TR
K HEEMTET DRI FELRFT 5.

2. HIREE

ABFZETIE, EARSE G EZ AW ADOW
H e AR EIR AR EH NS T, AR IR R, B
B IE G 28 O FRAT, ATENFHAIO =2 Z iz
BEt a2t 5. A IEEEEHRTIE, EARSE)
T 5 7> 5 DS RE IS 77 2 P09 7 Re [ 2811 % il
I 2720, (K8), &R OMELR, 35 5k
FEEAb DB A BB L5 B H T35 % Bt
T 5. BRREEIGE O Tk, BoimEL
BT E S < BB TR 7 BRE O 5L & % R
S, EASNEGICEAORME(EET L
b3 %. 1TENFHAICIX, W% o 7%k 8 2E @
R RBIREREZFA L, AOBEE
JERATEI O T30 2. £72, =R
SMNEMRIT K D BREEER AR D 72 D 0O = YR T A AR
IZOWTHMmFTT 5.

3. FHEOETIRG

FHE OMEATIRGL & LT, A Ik RN B
L CiE, EARNBE I W TR
LW e E b EZ T 2720, KB)DE



BAME T 5E AR FIEORTTZHED 7.
Fo, BEG D OLHAEHEE O BRI
%?éﬁ%%%%bt(%%iﬁﬂkﬁﬂ)

B RSB OMEATICBE L TiX, =R E)
@@m%mf%iﬁéﬁ&@%i_ﬁﬁéﬁ
FETo T (EEIUK4], [6]). 2k, &
K72 B 247 5 72D ORTLEE L LTH
EHTx%.

S 5T, TEEHANCE L TIX, =R E B
AW ZROTERR, BN X2 ARk
TS OB 2T o= (FEFCwk6], [7]).
ZOEh, NOWHEMFICWIT T, BEPD
DEAEHEE T 2 BRFF 1T o 72 (FER I
[81, [9D).

ARl & T, ECEFRIMRG 2 T2k

DR BHEE BT D AR 2 W45

3. 1. BEARSRAG & T IERE il L BT HE
iE
DHBITIEBRB L OV R 7R8I
LEBEREMIETH Y, BER R ERE L,
PEIR D B R, TR R ORI A <
WHILTWD [T]. X, FHAIR O S IKH A
AR TE D0 AT %2 DT IR L
HEHEENIEE S TWD

ARG F 7RI E WD B
AT R—ZD0AHEE T, Mk bIicfE D K
GRS DM EB Z2FIA T 5. 20w,
MBS E, R R E, RBEREOZ (N
WEREICEET S, —J, BRI AT
TIEANERE DO OBMHN 2B T 5729
AT 72 K ORIBERE T
AR A FITHSL R FER] T
RN D D 1% DAL DR FIME BT % L
TIKZ v 7Pl zmm L, 22 MAIc 3B 72
WP ZZBhpk oy 2 i U 7=, B B iz &
of'wa%z%*&ﬁé?é ZOBZHIX, B

W SE FE T EERIC I E L CE EN D ARG
ﬁ%ﬂmﬁéﬁfﬁﬂfké.

LU, #EARNBE I ISR T 5

Rl TE 5.

117

W RIREEAL I TR <, WBRE O K,
LA, WRIBEE, AT ORKEHIE
WCERT I AEEEENEEND. ZNHOD
RO VDA Ry & RIAR I RER B 2 8 & R D 7z
0, @ﬁﬁﬁ7/7 U%ﬂ&ﬁ%ﬁ®&f
X HENREECTH . Frlo, mARSENE{E T
HE%QMﬁﬁﬁﬁhét , KRBk O SR
FTH 72 R BB B RIS ok 5 L@ A B s HE
E%%Kﬁié%ﬁiﬂﬁfﬁﬁw
ABFIETIE, EARARBNE G D D 1572 KR
FUE T L, Ly &, 1A TEAR XK
ORISR K T 5 A KRSy % [7 B 12 4y Bl HE
ETDHFEEZRHNLEZ. KFEORBNIX, =
RO G AR aihéﬁ#ﬁﬁﬂ:%ﬂﬂﬂbo
DAAHEEIC AR 223608/ 4 Ao L O
JRPTH 2R AREY Ry 2 Bl 5 2 &L Th D

O’

%xié

7, ERARBEHRDOK T L —L%EN X N
W ZE Ny FIZoEIL, £y FHOEFEED
VHMEAE AT S, 2RIk, EFEEMO

T U NI EE G LoD, HIREESY
RIS N D RERFIEL A Ny FHALT
WH. Hon/Ny FEERIIESYeR*T%E
BT —H2 L THWD., 22T, PlII Ny T
¥, THEAN 7 L—2ERKT.

AR BN TR, —ERR S i T b
NOZEEMESLY YV 7 L—v a2k,
K RINME B IC AR R BB N AL D Z 01D
DL O e 28 B 30 A JE I ORI
HHZDAEEND DT, AL E LT
Haar V= —7 L v NEHZEH L, mlL L
LRV RV ERELTZRICHEER %

B 98
B

175, ZhHICXY, Rk BEZEROZE %K
L, DIHHEEICFH LT WERRIIE 5%
mz.

50T, DAEIT xR D JE SRk (0. 7-

2.5 Hz) #i@ ﬂij}:?“é/\/ NAD AP I
FWAHT S, Zhick A EEAY P A



X3 IR E Ry, B E RS/ A XNkt
IST D @AM TS, Zh b oL
LV BONIPEDON Yy FETTL—0Nn5
RLBRPATHNEY e RPTE T 5.
ERFIETIE, BATTHY 2, DAy, &
Ny FIET HRMEER Y, BLORT
IR KBNS ) A Ay dFfne L TET v
4% :
Y=as"+1n"+ M

2T, seRNIANNy FCTHET H.O0MKR
FIMEE, aeRPIZZTDZEMME 2R T Y
cVTHDH. £, neRTIT ey Fiodmt
LA XAy aE#E L, MeRPTIXZERICR
TR KB O BICER T2y F LD/ A
Aoy R T .
ZOETITIE, LS ZE Ry FI2H
W5 —o0ORMES & LTRT—F, K
LDRBII Ny F LI R D RS E L
TH . £, BNy FICARKICENL L EH)
Zne L CHBET D 2 & T, R85 O M IELE
RBREABICH KT HILE ) A X2 0k
MHEIY 5T 5.
INDLORMEBZFRFICHET 5720,

R O B g Ak F R 2 i <

min  lY' —as” — 1n" — M|l + Al(Wz1T) O M|,
a,s,nM

st lsl=1

T, MIEAMETEDOEAHA/NT A —XZTH Y,

W, eRPIZNyF Loy VHBEIZHESL
BAXRZ ML THD. £, OIE 7T X~ — /L
ZFRT. AN s =11, aksDO A7 — )L ARE
PR T D720 EAT S,
ERMEEE, BT R EER ST v U
IWTAELRLT WAL ERLEH ZME L THRIL
LT THLEDIZEALTND., T X
v, LIATSICE, BNy FICIm L, M
DU E B IS BN S K E L R A A
BHZELEMHETD.

RIS L 05D sickt L C R 5k fi#
HradTv, R —2X7 MLVP(HEHRIHT 5.

118

F 1 DHEE REATIE R

Tk | RMSE (bpm) | MAE (bpm) | RIh% (%)
TER 11.59 6.46 75.99
K7 > 273l 2] 18.52 12.55 65.83
— =M
B gi[z]
120J
A
E 100 4 [ —

60

40 60 80
Time index

B 1 #EERRDORRIIE/L
Z D%, 0.7-2.5 Hz OFH TP K & 7

T T
0 20

LHE—7BAWEEERD, el bl
EEICHE Lo (bpm) 2HHT 5
BdEL

PESRAFFE [2] T H W B A 72 AR S R B 8 4
FT—HEy hEHWT, BRETIEOFHEZ
L7z, BEEEZ30MDEL, BRELEH
B RRN S 1 AR TREABEZ AT A S
B, FREMEBICHICT 27 L—25%4% A&
LTHWE., ZoFEIZLY, FHMICEL
T OERERL ) A AOEEZ G T N7 &
N CEM &2 1T o 2.

Tk e LT, KT v 7 Eplicks< 0
Wil E Bk 212 -, FEMRE & L C,
IE RO BT R D TR O 5 AR AR 22
(RMSE), ¥t ii e (MAE), J6 X OHEERA
7ML bpm LN E 2DV T LoEE (K
D) MW, EFETIE, N=20, m=
3, A=05&L7%.
FVICFIMERE R 2 RS, £ 1 Lo, T
FEITWEE FiE L& b LT RMSE 35 L TY MAE
AR L, MR EZLET LI LR HEABCTE

L. F, 1D BCHE TE A R O B SRAIA
fbzRd. ZOMPL Y, HEFIHEICHEST



PER FIEOHEEE N B OB T WP T
HELTWDLZILEAMRTES. Zb Dk
Bld, ERABEGICE EN D0 EKOMK

99 72 B A L 2, HEICIRGRICHEKE T 2K
oML TH Y ZEORNEEZRKRLT
W5,

4. SHEDHERUVER, #
ST, EARSENEE S O IERE AR
HEEIZHOWT, KE), RIGROMELH, 7 5%
WEZPHEERRIZHE 2 D EL AL,
AhELIZ % LT
F7o, BOKER T T WIS < EARSH

G, FREEAIG M A HWIATE R, B &

DR HEE L OISOV T L, BT 5.
FR M XFEORLRLILTOBEY TH

5.

[ 3% ik

1. BEREE3R, ZEIEMHRME, AR, mAMZ, B
W, “RE) OB L MG U7z iz AR S B E)
B b OIEFE AL BHEE, " B IEREE T
SiA KL, 1 page, Mar. 2026.

2. K. Kurihara, Y. Maeda, D. Sugimura, T.
Hamamoto, “Unified Physiological and
[llumination Modeling for Heart Rate

Estimation Using Dynamic Mode Decomposition

and RGB/NIR Sensor,” IEIGCE Transactions on

Information and Systems, vol. E109-D, no.

1, pp. 95--106, Jan. 2026. (peer-reviewed)
3. A Tohma, K. Kurihara, Y. Maeda, Daisuke
Sugimura, Takayuki Hamamoto, “Impact of

Image Processing Pipeline on Video-based

Heart Rate Estimation, ” in Proc.

Workshop on Advanced Image
Technology (IWAIT), vol. 1407, pp.

2026.

International

Jan. (peer-reviewed)

4. T. Kuroiwa, K. Kurihara, Y. Maeda, D.

Sugimura, T. Hamamoto, “Far-Infrared Image

Deblurring Based on a Thermal Temporal

Transient Model by Using Deep Unfolding,”

R S FEEZRET 5.

165--160,

i FRRE - BRRR

119

o

in Proc. IEEE Sensors, pp. 1--4, Oct. 2025.
(peer-reviewed)
BAERD, ZEEHA, BIHBM, KR, ik
Az, "BORMHERET VLSO TZRE
BRI X2 ERAEBORTHRE, " ETIHE®
GRS E R RY I S 125, 55,
[E2025-10, pp. 53--58, June 2025.
TR, MRIEEE, ha e, HiE
WARINE G A AT SRR 3B D R
AR KOS IS 1 F ik o kR, 7
FET Ry A (PCSY) /B AT ¢+ 7 AL BR
YR Yo A (IMPS), 2 pages, Nov. 2025.
NSO, AT REE, KB, Bl B,
AR 2 VT BB KD Ao T
7 ERTF LY AR Y T A (PCS) /B A 7
A TP AR YT L (INPS),
2025.
Vee RIEE, ZEIEHEA, HIHBEM, AR,
R, EAM 2, BRI BATIZ HD
SREAE M o BMRYE 2 BB L 726 R Rk, 7
15 Bl fE 2 B e s, 125,
410, 1E2025-156, pp. 335--339, Mar. 2026.
Pox RIER, ZEIFHEMG, HIHEBEE, AR,
THETENE, wEARMEZ, "7 I 2WHFEICLD
BHFE NG &1 S0 MHTIC B S < AR R,
WG R T A PCSY) /BB AT 7
WP R T L (IMPS) Nov. 2025.

(Z DM, FehmdEfiE+H : 1

vol. no.

2 pages, Nov.

- 1

vol. no.

2 pages,
)

2% SCHR

(1]

P. Palatini, “Need for a revision of the
Hyp

19

limits of resting heart rate,”

33, 2, pp. 622-625,

normal
ertension, vol.
99.

Mg s, “YK7 7l EoS<E
o OEFTALLIAMEE, " B EsE
i = 124, 405, 2025, pp.

55.

no.

ER AN TR S
HEEREEEE
150-1

vol. no.



RIBMEREE ML ZWIL L SRS T HIRD
BDNERAFEDEERE

T5ER
1. B (FLCoIz, £Fa2a0nE, BM)
BRBE A AR, bk EHEH EHIE O #

Bhb, BEAV MORAMEZRREICER L -
a7 —bFOERPEENTWS, BEIEK
WHEEETHEFAT 7MKL, 70D
DROVICKREIHEMNT LI ENARETH D
e, BRTIEHES AEEHEA TS Z &
2 B, REMEH LT @b b 3k Hl
BICET D LFEFITHFENALTNDLEZAT
bbb, TORD, @t AN CHEMEY (&
i3 60-70%) CZz % RIS E X kOB
RN RS A OIS EMAICE S S
R EDLNL TS, ZThhbDEAY ME
IR T (R N SN = g 7/ BN DR S ol = I
TEBMBNT WD, JEMEIERE O FEIEICE
WTIE, @ AT 7B ROBINIIG T TH)
ISR EE O BUTE W T 2 23 K WA BT
REL B ERIOLNTVWD, 272 L, H
IR COMERIITEMME IS VT HIE
WIaZtbi<mbhTnWd, 7o, EfE
PR L MR O BRIT, — R = s
U~‘%&jﬁéﬁb*’&%ﬂré%vcw5 Hiz, Ji:
WA REPEIC DWW T, KB A > B EIC B IRTE
T O, FFEEFE AT 7RO BRI
RKEKFELZRY, LU s, Pk
PEIZ. AL E T REA PO TIZEDY,
TNAVHICTFEGT DKWY TH D KBS
7 AR L pHBK 95 2 & <°Ca/Si

oW C-(A)-S-H 72 ERAERTHZ &b,

FHE E2

120

FRICREBRTE CORMLHENR KREL 2D Z
ERHIBENTWD,

FNEIERT D L 9T, BEHERN 5% FRE
LETHNE, 7B U U Bk (ASR) (2
T HWMPIERELS 2D b HREINTE
V. IHIFERRREICHT OEIMED &
VN, B-1 1% DEF (Z X 28R & #R e p 5H L
TAERTH DN, LN, BIF AT 7B
KOBHEN 25% % B2 5 LR Z MK 3 25
AL BZONTND, 510, HILWA
F o DBRBEEMHEICOWTIT, E LW IHIRh R
MRBOHNDZ &, KpRE (FEK) ITBWNT
b, BIFAT 7 RERMT 22 L THEL
<M CTEDL LR ENRINETITREINT
W5,

NS OWEBEIRED R EL FRICKkD %
BARE LA A 250 BENICE L TIX
W e e E 2 Ak 95 2 & T, Wﬁ%@
HmomEl s TnasEEILNTND

3.00%

N

2.00%

1.00%

Expansive ratio (%)

0.00% ¢
0 50

100
Period (day)

-1 DEF (Z X % g a7t A R > — 4



2.H%ﬂﬁ
U) BEMERICBT 2T e —F
¢ %ﬁiéﬁét@m\%ﬁxif

ﬁ%%% Limar 7V —roD %kﬁﬂ
PEH & L OVA B A 41 2 | ik & B Y (o 8
3%, A&z, CI (HRK=> 27— KT
FR) PR LTV D BREREAN Y — LIz
EIVEMUICREEELEBE LT, 27
— MEBIC L2 EBENEZEHET S,

(2) WELFE O

AT TR EH WD Z & Thx 721k
BEARH I, HWALENT 2 R A MH
KERWEGEGEIE, RESERLZ LT E
WL ThHDH, TORMEEZRELTND
DIE, HALENOZERBETH DL Z L NH,
%ﬁﬁ%iﬁoﬁlﬂﬁ% HAJ & L THET 21T 9.

(3) REEILIC Kk 2 2B Rs 2 b
ﬁf/hm—xhhf&M?é LT ZE R
FENENLTHZ ERDbNrDOH DL, D

EEALZAKSBENCS ) L TRA S,

3. FHEOETIRER

(1) BREZMERE O #E L L B

JOI OBRERENMY —LBIOZINET

DFREBEORRIZ L D HAEFTMIZE D C02 K
WEZBH LA VX M) T =2 E2E£-1(Z
R, IHELEICREEY — /XD 00, HEH
BEEEY - RIEDEREZRE L, 3tE
WX, =227 ) —bF I I WD AR
LExEOEREEAIELEEEETHE LR, £72.
BEL VR LZa 7 ) —MIBNTDH
HREETol, TORREBMNEEGHEL O
BfrE LT, K-2, M-3 (27, ZhEkv,
HANLRE A E &N 213 £, B #EIZ CO,
HEHENENT 22 nHAbNDE, £, £
DEEBIZOPCZHNDLEFE L, BIFAT S
WK EZ%< M- BC (mFk A v - C )
TEHMHFI TETWLHZ &b D, BA b

HRDBEFREY - BIEMHEHEICBNTH, #
EMEREL T NWREHIEFZRTHY . —5F

121

FICIRETCE DL ENALND, TiLiE, BE
FWNX ) oA BGER . BIPEWAE TR S
WCHWOEERIFEM Th D EIF AT TR
RIIAT v v aDEBETHLT EE YR
TIEHDLN, PIHEREBELZ RT I ENTER

TELIFHEFICRERERTHD LWV R D,

#z-1 HHEMEIOA L RN T —X
EAEIED | COMAHE| CORNE | =8
wet-kg/t | kg-COxt | kgCOJt | giem®
AL T Faeivb 52.44 H06.51 - 3.15
3 (B Ar BE 463.06 471.12] - 3.04
& | 7547y atty NBE 185.71 603,87 - 2.97
[SharSelk=: 1000.00 40.21 - 2,91
magk - 7.09 I 2.6
o | EEEREHH 1000.00 40.98 - 2.40
%ﬂ EEREHL 1000.00 2.20 - 223
L |BASHL (REL) 1000.00 2.20) 5680 2.5
By (FREsk) 1000.00 2.20) 7190 2m:
2] - 7.09 i 2.68
< |B4HESHH - M 1000.00 7.47 - 2.50
¢ [EmEEL 1000.00 210] - 238
© |EEESHL GREL) 1000.00 2.10 2350 242
*EROEEZ, FEEEFA
600
OPC : y=0.805C +5.77 OPC
FB:y=0.688C + 14.87
500 | L= T Ao ReE T I 0
[ BB :y=0465C +17.00
= ‘v=0 +
3400 BC:y=0.265C 16.23__0 o FB
Q - e
2300 oo BB
I _'_.ﬁz__.o“‘ e
H200 o  ear® " BC
_'1% § o ] .-K. ________
S PN
<100 T Lon AN
0
200 300 400 500 600
B {755 # 2B(kg/m?)
-2 HALRE A& S C02 HEH &
180 440
OPC y =-0.716C
160 o 400 -
y=0257C B
% 140 | & ;g 350 o~ =k
S| yeozec & 0 | £ z?
ﬁ.; 120 '_&,. o B é 300 &0
% 100 | & = 250 '3
| .O__a"- . ] !
E 80 .4_, o BB E 200 . m
£ /0 £ 150 u rFB
i y=0.145C i F v = 01860
B a0 | & ..' W@ 100 -
i T «* - 00529
0. ¥ =0.077C g0 | s YRS
0 S S g | emme®®®T OpC
200 300 400 500 00 200 300 400 500 600
BiiE st 8Bkym?) BiE S BB kym?)
(-3 kA b BT RY ik 0 BESEY - BIBEM I
&



7
E OOPCW7 QOOPCT7
> 6 @OPCW28 mOPCT28
I ; OBSOW7 [BS0T7 OPCO A&
£° oBsowzs mBsoT28 0
ﬁ/; OB70OW28 ©B70 WOl
by V0P GGBSE &R
)
5 2
uid
&1
¥

0

0 5

X-4 FZERRER LKy IR I E R B O Btk

(2) WyBRARME & 22 BURR I O LL s SR

Bl-4 137 /v A7 AETEHN L7222
EEARFEDOFIETE L 72K 512 % W AR
BOBFEERLIEZLOTHD, OPC LEiFt
A FB FEAHY (E#R50% : B50) B LW
mhAE A b CREAHY (EH#R 70%:B70) K
FEAWEHINRERET 2170 R A
BLEbDOTHD, ZNERHEO0PCOH L
B A T IR & Fv 7z B50,B70 T, AR
EORZERETHDHIZHNNDLT, KR
BRERBIIRES B R D205, 2
DX HICHRZERETIL, WEBEFEE2 R
TERVWEWNWS ZERHALNTH D,

(3) mEEbIZ X 5 ZERZEL & E &1k
BHER RS2 AT 2 mFE A ME1k
BTEHLN, RBIEDNELDLZ ETEHL
2R E L LT D E AL o TE T
W5, ZORKZMRMET D720, RE(LAT
BIZE D MNP OZERSMZM-D5 TR LT, =
T TCIE AR E T 2B b EHRIEZ T o T2,
IHIZERY, BEHATIEOBENDRREWNIT L,
—EANS T2 ARKBRRKITIT W & 7> T
HIEMRBTETEBY, BHMENKEWHE

g

MHe7p2E B%'*%Lfg?)ékb\x_é — 5T, HEH
il T O S VB A, A &

U Bl 2% B?T&)ék%%%ﬂé R 1Ak AT 1%
T#ET oL, H@AELFT L REAL RT
XA DI/ S S
éKm\ﬁMmﬁfm%m%%®%ﬁ#ﬁm

mFEE A NN

122

0.12  xER{LEY —=
0.10 B50
= 0,08 —B70
fj 0.06 t
= 0.04 Tt
221 !
0.02 :i
0.00 Y
1 100 10000
HFLEE(nm)
0.10 B50
2 008 —B70
= 0.06
et
= 0.04 t
= ]
0.02 . i
0.00 —
1 10 100 1000 10000 100000
MFLEE(nm)
-5 MIP OFHZ2 AW REBLFi%IC L D
72 [ e e D 2B AL D ik
— 1. REWRKER
| 2% #oERET
b 22 oA BT
EstkiED
SEEH é%ﬁ$ A
2. K EEGHER

20°C60%RHIRIE T ICFRE

=
Sy — 4

#oMmT
RHEERE

-6 K4y Z& M- Z AR E R O 720 Ok
BR 5 15 D Rt
KREWD, KRLHE TIEEN NS R->TE

CZEREENRES LML L ERE
W5,

ALK D 22 E 2 e 3~ 2 7 121X, K
NBEEHNTLIZENAENTHDL LG,
K5y % O T2 22 A 1 R 4R 00 3R 5 1E O B R
kAo, BARMIICIE, K-6 27T X951,



B 2 RS TR N Ehik

W, KFIZERELAKD D  —o-N_FEL

W AGEEE &2 FHRI L, £+ BSORTEEA

BRIk EfFo T, 7 BT

T E i
~-a--ECM_mR 1L

R 2535, & 61T, B8O FEhitik

AEEEREEICREL . sso s

K 4y o o A B

HZHDTHD, 2k, MERITEXR LT DT

DI, MERBERICFET DKGOEE . B’
KOZBEITEAR, RBOLGEITRFRLE L
TR LTV 5D,

-T2z 0RBRERO—HMERT, 22T
X, EERETOFRMEAEICL2RBE2D
Do LB ZHWEEREZ L TWD,
@R T AR (N, @AV
I BFEFH X (B50) . 472 2 > b CHEAH Y (ECM) |
miFtE A b 80%EH (B80) ik L7z, =
& v KRR TIERPMEADE S 2Rk
L0 b EEMICITKRTEREENRRE o
oo THIZOWTIE, KRR ZZERAF TH D5, 72
72U, MIENCB T 2Ky OREEE L, P
B DIFE S BDREDoT2, —F. KOBET
X, RAPEAE TR R EERE R E VR T
EEFEDER ol FRITEFEAT
W RATMEN TV HRBRIBIEEREL A
ST, — 7T AR TR, O EE AV <
Flo, 2L OKGBHBB LT, SHICEDE
. B AT TR E A WIZ S DODIE DN
KREL, KOGPBRBELT WG L /oo T
L2 ENOND, ARIIZOFEE R DR
OB AL FRoKE A2 MHETER L 8L

ER WM LTV E 2,
4. SROFERVER MXFRRE - BRKR

SEIORREZ T, (1) 227V —LD7
VAT 4 v 7 CmiT -8 b5 RatzitEd 5
Zr. () LD 7 U — b DZERRE
i rOoRMNEEDDL Z L EEKTDHTET
o, B mXE LT, FTRRz&ERBLWY

123

T ey

0 50 100
FiBEFR (vmin)

150

B EF R (Vmin)
50 100 150

100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Ko REFE

.
E-‘-:"G'-.rg ————————— 1
;\L i~ CEEEO |

A 1

15 a1

=T KAWL, TRHECE B L 7o ZE R R oD
i o —pl

BRTETH D,

[BREEBES VAT 7]

D GHYEFEL A2 U — bo @b
FHEH R L FEEY -RIEMLEHEEZZR L
TRBEE VAT 4V TREORSE, =
7 U — N LFERGSCE, Vol. 48, 2026
(B« BRI E)

2) ACF2026 EFE=iE~ DM T E

[ % WAl 1% 0 22 B i i ]

3) Wk WEE, GHRE EmE, A REFE,
LR R EREEE EREREE IRV T
ML LTE®FRAT IMmRER =227 Y
— hoWEBEREORE, 27 U —
N TR R SO, Vol . 48, 2026 (#4
BAR )

4) RILEM 80th [E|Ff =k~ D& A T iE



Design and

Fabrication

of Flexible Oxide

Heterostructures for Sustainable Hydrogen Generation

TE Paolo Mele
HEREE

Shibaura Institute of Technology / AGH University of Krakow, DD

1. Fi#w (LI,
Photoelectrochemical

TAMNE, BM)
(PEC)
is one of the most attractive

water

splitting

sustainable
it directly

into chemical

approaches for hydrogen
converts

[1-4].
Since the pioneering work of Fujishima

(11,

been

production because

solar energy fuel

and Honda on Ti0. photoelectrodes

oxide semiconductors have
investigated for this purpose

efficient PEC hydrogen
still the

simultaneous achievement of visible-light

extensively
[2-5].

generation

However,

requires

absorption, effective charge separation,
and sufficient chemical stability under
operation. WO0. is a representative oxide
photoanode material because of its
moderate bandgap, visible-light response,
and relatively good stability, but it
suffers from charge recombination and
[imited interfacial efficiency [6, 7].
Zr0., in contrast, is a chemically robust
wide-bandgap oxide that is not

photoactive in the visible region but may

serve as a protective or charge-

[3].
investigated whether
fabricated by

separating overlayer
The present work

W0./Zr0. heterostructures
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M2 Kazuma Ishida

(PLD)

PEC water—splitting performance

pulsed laser deposition could

improve

compared with single-layer W0; and mixed-

composition WO0:-Zr0. films. In addition,
oxygen—-deficient W0:-, prepared from
spark-plasma-sintered targets was

explored to evaluate the effect of sub-

stoichiometric oxygen and possible
Magnéli-type behavior on PEC activity.
The central objective was therefore to
identify a thin-film architecture that
improves photocurrent generation while
maintaining structural robustness. In

this context, the present work should be

regarded as a necessary foundational

substrates. Before
transfer of
to flexible substrates,
to first establish the

combination,

study on rigid

considering oxide
photoelectrodes
it

optimal

is essential
material thickness

range, crystallinity, and interfacial

design on a stable and reproducible rigid

platform.

2. HAEEE
The

main

of three
First,
were

research plan consisted
directions.

thin

experimental

bilayer W0./Zr0, films



on FTO-coated

with systematic

by PLD,

of deposition

deposited glass
variation
time and layer sequence, to evaluate the
role of WO, thickness and ultrathin Zr0.
protection. YAG (A =266 nm)
focused on rotating dense targets of W03
and Zr0,. The

were for

laser was

experimental conditions

same all experiments: Laser

power: 300 mW; Base vacuum P = 1x10* Pa;
PO, = 27 Pa; T = 500 °C; Deposition
time: variable; Substrate: F-doped Sn0;
(FT0) 2cmx1cm, half covered. Two bilayer
series were prepared: an initial
screening series with broader thickness

combinations, followed by a second series
in which WO,
and Zr0,
the trends observed in the first series

W0.-, and WO0:-,/Zr0. thin films
were fabricated using an SPS-derived WO
that

sintering,

was used as the bottom layer

as a thin top layer, based on

Second,
became oxygen—-deficient
by the
This
part of the study aimed to clarify whether
WO

polymorphs could promote charge transport

target

during as indicated

color change from yellow to blue.

oxygen deficiency and  mixed
or PEC response.

Third, mixed W0;-ZrQ.
containing 1, 2, 5 and 10 wt% Zr0. were

prepared by milling and sintering,

composite targets

and
the resulting PLD films were evaluated as
an alternative to layered
heterostructures.

The deposited films and bulk targets

were characterized by SEM/EDS, FIB cross-
section analysis, XRD, and PEC
measurements. PEC characterization was
carried out in a three-electrode cell
with 0.5 M Na.SO. electrolyte, Pt counter
electrode, Ag/AgCl reference electrode,
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Ag/AgCl
Reference
Electrode

Pt -
Counter
Electrod

2H* +2e- > H, 1

Photoelectrode
H,0+h* 2 2H" +% 0,1

Aqueous electrolyte

1 - Schematic of PEC cell and W0:/ZrO0.
[8]

Fig.

thin film electrode for [-V evaluation

and AM 1.5G Xe
1). This

morphological,

irradiation (Figure
of

electrochemicall

| amp
combination structural,
and
analyses was intended to establish clear
architecture,
PEC

is also

correlations between

crystallinity, thickness, and
(8].

for any future transition
the film

understood

performance Such knowledge
indispensable
to flexible

system must already be well

devices, where

before substrate-related constraints are

addressed.

3. FTEDEITKR

The
successful
all three
WO0s/Zr0.
W0s-Zr0.

architecture,

the

fabrication and evaluation of

project progressed through

designed material systems:
WO0:-,~based films,
composite Tfilms.
FIB

thickness

bilayers, and
For the bilayer
confirmed
with

Wo
s layers deposited for 6 and 18 min had
thicknesses of about 62 and 188 nm, while
Zr0. layers 4 and 8 min

reached about 44 and 88 nm, respectively

analysis
near—|inear growth

deposition time. In the first series

deposited for



thicker WO,
and the

corresponded to

In the second series

[8].
bottom

best-performing bilayer

layers were prepared,
approximately 528 nm WO: capped by about
30 nm Zr0-.

on

results were obtained
the

necessary benchmark for future extension

These

rigid substrates and provide
toward flexible architectures.

XRD and SEM analyses showed that the
W0:/Zr0, structure preserved the
crystalline of WO
allowing the Zr0. top layer to act mainly
overlayer. The first
indicated that a thicker
layer combined with a thinner
than

In the second

bilayer
character while
as a thin functional
series already
W05 bottom
Zr0, top

the reversed

layer was more favorable
arrangement.
series this tendency became much clearer:
only the 40
sample showed photocurrent

high bias, while the 60 min WO,

layer was largely

among single-layer WO0: films,
min marked
under

single inactive because

excessive thickness promoted
capped with Zr0.,
the 60 min WO
shift

increase

recombination. Once

however, film showed a

strong negative of onset and a
maximum
that the

electron-hole

pronounced in

photocurrent, indicating
suppressed
The best bilayer
about 0.75 mA cm™* at 1.4 V vs.
AM 1.5 (Fig. 2);

is still By comparison,

heterojunction

reached
RHE under
this value
the
published preliminary result reported for
was 0.12 mA

recombination.

illumination

unpubl ished.

a related optimized bilayer
cm* at 1.4 V [8].

The WO:-, series also showed
SPS

produced an oxygen-deficient WO

important

progress. processing successfully

target,

and FIB confirmed thicknesses of about 44,
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T T T
750 |—— WQO3-60min_Zr_1min
500

250

—— WQO3-40min_Zr_1min

750

500

250

1 1 1
—— WQO3-20min_Zr_1min
750 -

Current density (uA/cm?)

500 B

250

Potential (Vgye)

Fig. 2 - I-V curves for the system W0:/Zr0.

181, and 328 nm for 20, 40,

depositions,

and 60 min
PEC

films

respectively.
indicated that WO0:-,
exhibited

activity without a protective

measurements

already intrinsic water-
splitting
and that coating them with Zr0.
the
especially for the 40 and 60 min
that
WO, -

contribute

|ayer,
further
density,

improved maximum current

samples. These results  suggest

oxygen deficiency and multiphase
structures
to

interface tuning.

related can

positively charge  transport and

By contrast, the mixed—composition WO0,-
Zr0,

from the PEC viewpoint.

less successful
SEM/EDS and XRD
confirmed that the composite targets were
synthesized intended
WO and Zr0.
new compounds.
the

approach was much

retained
without

Nevertheless,

as and

separate phases

forming in

thin-film  form, composite route



produced only weak PEC responses. Low-
Zr0.-content samples (1-2 wt% showed
slight activity, whereas higher Zr0.
concentrations were  detrimental. In

the 10 wt% sample did not show
WO, diffraction
suppressed W0,

particular,
detectable
suggesting

peaks,
crystallinity
or partial amorphization.
4. SEOFERUVER,

The of this
indicate that heterostructure
than bulk

improving PEC response

results study clearly

design is
more effective compositional
mixing for in the
WO05-Zr0- should

therefore concentrate on the bilayer

system. Future work
and
The

systematic

oxygen—-deficient architectures.
be a more
of WO bottom-layer
ultrathin Zr0.

to refine the balance between

priority will
optimization

thickness and top-layer
thickness,
light

distance,

absorption, charge transport

interfacial recombination
the

identified a strong benefit from

and

suppression. Since present  work
already
capping thick WO: with thin Zr0., a finer
the best

is expected to yield further

thickness matrix around
condition
performance gains.

be

investigation of the WO:.-, system.

A second important direction will
deeper
The coexistence of monoclinic,
WO s -related

suggests that non-equilibrium PLD growth

and orthorhombic phases

and oxygen deficiency may create

favorable internal interfaces for charge
This should be studied more
by

substrate

separation.

systematical ly adjusting oxygen

pressure, temperature, and

post-deposition conditions, together with

tetragonal,

WX FERR - BRI
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additional
of Zr0.

over layer

structural analysis. The role
rectifying

shou | d
[8].

Once these aspects are consolidated on

as a protective and
on oxygen—-deficient WO
also be clarified in more detail
rigid substrates, the resulting optimized
architectures may serve as the scientific
to flexible

[ower

basis for later transfer

platforms compatible with thermall
budgets and mechanically compliant device
|ayouts.

One publication has already appeared as
a preliminary report on W0s;/Zr0.
thin films [8]. A fuller
centered on the optimized bilayer concept
role of ultrathin Zr0

would be the most direct

bilayer
journal paper
and the beneficial
» protection

next outcome.
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1. #& Eil

T AN —THERIND XKL —
X, NOKRFELEE I o#x, Y7 hrRy b
DEFBH AR LEOFHBICELTWNDLZ LN,
BE 2 72 W 72 & 4L T W % (Petroniené et al.,
2024, Pyo et al., 2021). Kt % — X% DH)
EIRFICE S &, fEAEM LB O 2
oK Ehs, EAEMNE Y —I1X,
BRI 2 W2 D RiEMR CTHRATZY v M A
yTFEEALTEY, SAHoERICEY Z
NNERT DL, EMOEEL X OFHERE
DEENENL, BEFENLLT L. 20
-0 R L HEREEOHBN D ZEN
BEFNT L. KA —1%, =F X
~—WELIIRMmMICEL SN FZREmR (O
BRI OBV ERBERAE(LL, =
NEEMEELTIZS. HEXERITEHE
BENDCBKE 2TV v 2N, BHTANI R
BMEELHWEELWIREELEENLENA LT
V% (Dong et al., 2021, Qin et al., 2021, Yuan et
al., 2024).

INFETIZ, TZ7INRTT A b~vw—%H
e LEEMNET—ARF ) F 2 —7 (Carbon
nanotube: CNT) ¥y K & ZiKEM & L 72 Kl
Y =T kDB o7 B E o F
(Minaminosono et al., 2023) , H 25 WEI T U =
—> x5 A~ (PDMS) ZH#t & L CNT ¥
KaEMmE LR o — 2 X DK 40
Hz O#E#)GE 5] (Wiranata et al., 2021) 23
wEINTWD., T, YVa—rxTT AR
~ (Ecoflex) # %4, 1—AHR 77 v 7 HE
RREmE L, Za—TZHABAALTED
i Tro28ERFTsEN ¥ —
(Shintake et al., 2018) <>, PDMS % JA4f, CNT
MAREEMmME L, MEKZTAN~—T 27 F =
T—XOFMENB L OB ELZ 100Hz £ TO
REICEZHHU T2 EAEN ¥ —

< B
FE A B
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(Kurata et al., 2025) HAfFZE SN TN 5.

—FH T, FReLrF—DBBMOME L LT
HAnbHiusd CNTIFIEFICEMTH 5729, T
DERETDHETEELRLIZENATRAIN
L. FBHEOIX, K2 A MeEHBICRKR T A
ERMEMN SR DT Y — 2 RE LR
FNE Z R L7223, 10Hz £ TLOIEEIINE
% 5T & 720> o 7= (Fujimaki et al., 2023).

ARFZE T, B+ Hz LU L O R B2 23 5
AREZR, K= A M kit o — 2 MET 5.
FEEMM R 2 E Al 72 CNT 2> 5 224l 72 BB én
WCEE T 5. %A PDMS, a2 CNT ¥R
(PDMS/CNT), B R (PDMS/Héh) & L7z,
FrEA RN B LRI O Xkt o — Dk
BEBRIZ LY, OSBRI A A L 72

2. EREUY—ORKEEE M

2.1 FHE Y —DHEE
ARWFFETIE, CNT R & BEp K& iFE
FTA N —REICHEBTEMAT DI LT, F
WEM AR Lz, X1 ICHERER &
MO —offiEzrd. FEEEL
T, =TI A bM~—HoOmEIZ, A
T T AN~ —[REO R I REEMRDBAR S
5. BT, ZMEBBOBEETmOICT
T AR~ —ECRE LT

2.2 REEBR AT L

X212, ikt o ¥ —o 8IS &
THODREBER S AT AERmd . EHEIN
RECHY fHF s n=miEa v Ric kv ek
UV —E AR I, TOROHFEREMD
X OEHE D ZE( % LCR A —X% —TitHl L
7= IR A B X, 10Hz, 60Hz @ 2 fifEH & L
7o, Xkt o —0ERE (BAE) X, &
MBSO MIET — 7 v FIZEY 1 5070
HWEE Y —IC X MEE S LTCEHEIL, &
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Fig. 1 Structure of flexible sensors.
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Fig. 2 Experimental system to evaluate in high frequency response of capacitive- and resistive-

flexible sensors.
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Fig. 3 Time-history waveforms measured by each flexible sensor at a vibration frequency of 10 Hz.
(a) PDMS/CNT capacitive-, (b) PDMS/CNT resistive-, (c) PDMS/graphite capacitive-, and (d)

PDMS/graphite resistive-type sensors.
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Fig. 4 Time-history waveforms measured by each flexible sensor at a vibration frequency of 60 Hz.
(a) PDMS/CNT capacitive-, (b) PDMS/CNT resistive-, (¢c) PDMS/graphite capacitive-, (d)

PDMS/graphite resistive-type sensors.
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Stage 1: Temporal Feature-Based Candidate Extraction

Event Data Acquisition of Blinking LED Array

Segmentation of Event Image Frames

Compensation for Event Data Loss

Generation of Frame Difference Images

N

Extraction and Concatenation of Segmented
Regions Containing the LED Array

Stage 2: Spatial Feature-Based Localization

Event Intensity and Density Emphasis J

Localization of the LED Array
Within Each Segmented Region

Fig.1 Flow chart of proposed method
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1. B (LIS, FxhE, B
In modern manufacturing, automated
visual inspection is an indispensable

process at the core of quality assurance

Although deep-learning based industrial
anomaly detection (IAD) has advanced
rapidly, most existing methods rely
almost exclusively on RGB images. While
RGB is effective for surface
discolorations or obvious damage, it is
fundamental |y [imited in capturing

physical deformations (micro-scratches
dents, geometric anomalies) and
subsurface/internal defects
(delamination, voids, thermal
inconsistencies).

To overcome these |imits, multimodal
anomaly detection that integrates
comp lementary sensors—Infrared (IR)
thermal imaging, depth maps, and surface
normals—has attracted strong interest. IR
can reveal subsurface thermal anomalies
invisible to standard cameras, while
surface-normal data highlights minute
geometric deviations independent of
texture or lighting. However, multimodal
fusion brings significant challenges:
registration errors between sensors,
cross-modal noise contamination, and the
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high

high-resolution

cost of processing
This

real-

computational
feature maps.
project establishes a lightweight,
time multi-view and multimodal
that

lighting

anomaly

detection technology operates

robustly under variation
occlusion, and minute sensor misalignment.
2. BIREE

The FY2025 plan was structured
three phases progressing from algorithm
to

benchmark evaluation.

into

design system integration and
Phase 1: System Setup, Data Acquisition
and initial multi model fusion

The first phase focused on constructing

a highly realistic evaluation testbed
capable of  synchronously acquiring
multimodal data (RGB, IR, depth, and

We procured an NVIDIA
Jetson Xavier GPU-embedded edge device to

surface normals).

explicitly define the real-time hardware
constraint, and used IR Camera to collect
data of

industrial devices with internal defects

necessary image various

(voids, micro-cracks) and surface
anomalies. In addition, we performed
initial study on multi model fusion
focusing lightweight and real-time RGBD

anomaly detection framework that not only



refine per-modality features but also

performs robust hierarchical fusion and
tolerates missing inputs

Phase 2: Core Model Development

We engineered two foundational deep-
learning architectures. The first is an
unsupervised anomaly detection model
explicitly tailored to the

characteristics of IR thermal images (low
contrast, smooth temperature gradients),
with High-Frequency Gradient
(HFGF) and Directional Saliency Attention

Fusion

(DSA) to amplify minute thermal anomalies

The second is the MambaAlign architecture

for robust RGB-X fusion: QuadSnake
scanning extracts direction—-dependent
contexts, while Cross Mamba Interaction

(CMI) is applied at the deep feature level
to that highly

resilient to spatial misalignments

achieve fusion is
Phase 3: Integration and Dissemination:
We integrated the developed models and
optimized them for edge deployment via

quantization and TensorRT. Rigorous
evaluations focused on
(I-AUROC,  P-AUROG,
inference speed (FPS) using
(MulSen-AD, Real-I1AD

D3) as well as our custom RGB-D dataset.

quantitative
detection
AUPRO) and

public benchmarks

accuracy

The comprehensive findings were targeted

for publication in high impact factor
journals.
3. HE®OE£TKR

Within a limited duration of this
project, we developed several novel
fusion frameworks. This led to
publications in Q1 academic journals

(1) A lightweight Real-time Multi

Modal Fusion Framework

Our first attempt in this project was

169

motivated by the fact that RGB-based
anomaly detection framework often fails
to detect subtle structural defects.
Meanwhile, most RGB-depth (RGBD) methods
are computationally heavy and fragile in
the presence of missing or noisy depth
data.
|ightweight and

detection framework that not only refines

Therefore, we proposed a

real-time RGBD anomaly

per-modality features but also performs
robust hierarchical fusion and tolerates
this
employed a shared ResNet-50 backbone with

missing input. In approach, we

a Modality-Specific Feature Enhancement
(MSFE)

geometric

module to amplify texture and
by a
(HMM)

integration.

cues, fol lowed
Multi-Modal
cross-scale

Additionally, a

anomalous feature generator

Hierarchical Fusion

encoder for
curriculum-based
to produce

context—aware perturbation was introduced.

Via careful evaluations with different
evaluation metrics, we achieved
competitive such as 99.6% image-level
AUROG and 99.0% pixel-level AUROC,

setting a new standard for detection and
localization accuracy

(2)
State-Space Fusion

MambaAlign: Al ignment—-Aware
Continue the succeed of previous step
we study further the possibility of IR
The chief
in fusing RGB with auxiliary

in anomaly detection.
difficulty

domain

sensors (IR, depth, surface normals) is
sensor misalignment together with the
rapidly growing cost of high-resolution
feature maps. Thus, in this period, we

designed MambaAlign-an alignment—aware

state-space fusion framework (Fig.1) that
modality with Per-Modal

refines each



Mamba Modules (PMMs) built on state-space
models and QuadSnake scanning to capture
long-range, orientation-aware context
while preserving spatial coherence. Mamba
Align enables semantic, content-
conditioned cross—modal exchange through
a |lightweight Cross Mamba Interaction
(CMI) applied at deep semantic stages,

which provides cross—-modal guidance with

near—I|inear complexity and reduced
sensitivity to spatial offsets. A top-
down al ignment-aware fusion (AAF)
reconstitutes low-level channels via

local fusion and channel reconstruction

tolerating small spatial misalignments

and preserving precise localization.

Extensive evaluation on multiple

multimodal anomaly detection benchmarks

demonstrates large, consistent gains in
both
level localization; averaged across three
I-AUROC
the receiver
operating characteristic curve) by
4.8%, P-AUROC (pixel-level area under the
receiver operating characteristic curve)
by 5.0% and AUPRO (area under the per-
region by 6.5%

maintaining a competitive runtime of 30

image—level detection and pixel-

data sets, MambaAlign improves

(image-level area under

overlap curve) while
frames per second (FPS).Fig. 2 shows our
with

detection and localization of anomaly

qualitative results precise

(3) Unsupervised IR Anomaly Detection

Framework
When working with IR thermal images, we
realized that such images have weak

texture and smooth temperature gradients

making microscopic anomalies easy to miss

Thus,

deep framework (Fig. 3) trained only on

in this research period, we built a
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normal IR data
sigbr;b& % Cross Mamba Interaction Module (CMI)
I I }—; A ) PerModal Mamba Module (PMM)
A A lF /Vz\ | SuperSimpleNet-lik
ro I 8% 5 Aoty Decion | SRR
\ ‘Y TF} = and Segmentation
‘I—»I £y.5 pom——
X-Modal Sﬁ\ji’& 2 7 : | Alignment-Avare Fusion (AAF)
Figure 1. Overview of the proposed

multimodal anomaly detection framework
IIEIIIII‘:’IIIII:II
.
-
GT

Baseline Ours
Figure 2: Qualitative results on the MulSen-
AD data set.
The High-Frequency Gradient Fusion (HFGF)

module extracts horizontal, vertical, and

diagonal gradients with fixed directional
edge filters and injects them into a pre-
ConvNeXt-B
explicitly amplifying micro—cracks
hot spots. The
Attention  (DSA)
directional patterns characteristic of IR

(e.g.,

trained feature space
and
Directional Saliency

module  focuses on
directions),
letting the priors of
normal background structures. The Multi-
Scale Attention Refinement (MSAR) module
uses deformable convolutions to handle

To train the

thermal-diffusion

network learn

defects of varying size.

discriminator using only normal data, we
devised Saliency—Aware Feature
Perturbation (SAFP), which injects
physically plausible pseudo—-noise
directly into feature space, guided by
DSA saliency and gradient maps. To train

the discriminator using only normal data
Saliency—-Aware Feature

(SAFP), which

we devised

Perturbation injects



physically plausible pseudo—-noise
directly into feature space, guided by
DSA saliency and gradient maps.

Quantitative evaluations highlighted the

framework’ s state-of-the-art performance

Quantitative evaluations (Fig. 4
highlights the framework's state-of-the-
art performance).

x € REXWx1 _

High-Frequency |

Ll

. Feature Gradient Fusion Dsi:::;‘a! }idi :‘?;‘-“?Ie L
reactr [ i oase | et el
(I Py

Figure 3: The proposed unsupervised

framework for IR anomaly detection

“ .

;_,

Crack

Figure 4: Qualitative anomaly detection
results on the MulSen-AD dataset.

(4) Educational & Social Contributions
via International Collaboration

In alignment with SIT's mission to

foster global engineering talent and
reflecting the spirit of the Special
Education and Research Grants, our
col laboration with FPT University
extended well beyond technical research
into educational and social domains. A

business trip to Vietnam in December 2025

facilitated face-to-face mentorship and

knowledge exchange with the local
research team, accelerating the
refinement of our data augmentation
strategies. Participating in the SOICT

2025 conference in Hanoi allowed us to
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disseminate our findings to a broader
gathering
This

involved graduate and

academic  community while
feedback to

project actively

refine our models

undergraduate students in cross-border

research, significantly enhancing their

technical capabilities and global

perspectives.

SHOHERUVE

=, i X FIHE - RRIKR

Future Research Plans
IR-
specific frameworks established in FY2025,

Building on the MambaAlign and

we will pursue real-world deployment such

as industrial pilot programs (e.g., long-

term operational tests on factory

production lines), robotic integration

(e.g.,wheeled autonomous mobile robots
and UAVs,

Publication Status

etoc.

Three peer-reviewed papers have been
highly Q1

journals with very high impact factors as

accepted in prestigious

direct outcomes of this project:

[1] Dinh—-Cuong Hoang, Phan Xuan Tan, et
al. “Accurate industrial anomaly
detection with efficient multimodal
fusion,” Array (Q1, IF = 4.5), Vol. 28,
September 2025

[2] Dinh-Cuong Hoang, Phan Xuan Tan,
et al. “Object anomaly detection using

Results in Engineering
28, 108063, November

infrared images,”
@1, IF=17.9), Vol.
2025.

[3] Dinh—-Cuong Hoang, Phan Xuan Tan, et

al. “MambaAlign: Alignment-aware state-
space fusion for RGB-X industrial anomaly
of Computational
Design and Engineering (Q1, IF = 6.1),

Vol. 13, 514-537, January 2026

detection, ” Journal

Issue 1,
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