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Application of D-shaped optical fiber and coating technology for soil moisture
sensing in farmland
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Abstract
In this study, after the multi-mode fiber (MMF)
after side grinding is coated with single-layer
film and multi-layer film (SiO2/ Ge /SiO2) by
evaporation and sputtering technologies, a high-
sensitivity soil moisture sensor is fabricated.
Among them, the D-shaped optical fiber is made

by the optical fiber polishing machine set up by
the laboratory. The polishing process is also
equipped with the optical power meter real-time
monitoring system to control the residual
thickness of the optical fiber. After completing
the D-shaped optical fiber soil moisture sensor,
the phenomenon of loss mode resonance (LMR)
is used. When the refractive index of the thin film
is positive and higher than the extinction
coefficient and ambient refractive index of the
thin film, and meets the phase matching
conditions and a large amount of overlap
between the waveguide and the film modes, so
that some optical signals are coupled into the film
material in the form of evanescent field. D-
shaped optical fiber sensor with high sensitivity
can be made by loss mode resonance (LMR)
effect. The LMR sensor was put into the soil so
that moisture can penetrate into the film
microstructure, and observe the waveform of its
penetration spectrum and the drift of the central
wavelength to measure the change of soil relative
humidity. At the same time, with Arduino's
electronic soil humidity sensing module as the
experimental control group, the soil relative
humidity range from 10% RH to 90% RH. In this
work, we have fabricated a LMR-based optical
fiber humidity sensor combined with thin-film
coatings and side-polished fiber techniques. We
found that the D-shaped fiber with a residual
thickness of 73 um and ITO thin-film thickness
of 23 nm has the highest sensitivity of 8.6
nm/%RH for relative humidity varying from
40% to 90%. To our knowledge, this is the first
time that the proposed relative-humidity fiber-
optic sensor can achieve the highest sensitivity.

Keywords: D-shaped fiber, thin film, loss mode
resonance, soil humidity sensor



-~ 3#;} b2 B o

ARAECIRS C R LA I = R O
Pldoih A F FER 2 ER 20 A BT
LNEPE R 2 OERIE SR BB A E 7 A
WORE SN A AR M A AR
SpE SR (Ve R E- SRR B AR
K)o fed MAPLEGPREE T FAF E0E
Frm;{ﬁ%gﬁ BROK A e o R Y IR R
Sk S J\ﬁx%‘m“* R

fe e L 4 R P] % (Optical fiber sensors)2.
F oo K e gﬁ;r* kgl B o i
e ﬂ—\ﬁiiﬂ al*’?iimiiJﬁl P AT E P REE
FHEBED R A RPIERLY 0 Fl R PR
# o "O%JE\:/PJEFQ Z‘ Fhi R v s L
L ehr g et FRR 1AL PH
EER RS &/PJEJQ%@#‘T@T R B |5 % > d
P A SRR TE SRR -6 R ke
ARz - c BAEBRERPBIE G 0 F g b
Fixs 2MBRRFT B2 ARERIRE 0 &
BRI R N R R e - A
THFIRPBIEF LA AT FIPt A2 ¥
THEBRLEARPEIFTIRF IR FC
BRETFERFNIEBRDEFRPE -2
Bk B EWZ A 1”&?"““"3‘4 %’}ﬁ' s 1 Sk
BRI - EIEEAGFT a2 RO
FEE B~ RIS % o A0 kg kB
i MRS L fAREL LSS RS
FEFAT AR L EEPEN AR X 355
M ERE IR FART > SROEEF T
R s A RHEAEB A g ArFTEes .

TP ARG FEN LR R TR AFE

REL o EF TG EEA ]
St o REE Y ¢ RBOREE R RIRE B
f%]%ﬁﬂ%%ﬁfkwﬂﬁﬁﬁ?fi” o

Yol A7 0 B E S BT ady B Rir ko
PR B R R AR R R BT > 1
BN A A RE PR R RA S TR
4 L FRER mﬁi’) Bt Ao " MBS s

ﬁrﬁ I'E_;Il'/""]{t:\' ’Fﬁ’
R Al
Y ﬁ”"—ﬁﬁryﬁ‘m*iﬁ;ﬂ&%f«}iﬂ

= ;ﬂ’“’%;‘é@:}»DT‘ ’Eéé«ﬁ?i'?‘#?%* Bk
ERRIE S ERGVERPHERRERIEE
> B P 4T

2022 2 B A B HIE i T kRS ¢
2.1 DAj kY 1F

BTk R R B ;ﬁ‘a - TP
PR RE F[1-3] kg kAR
LG R SER 135 #*é*“%'%%éé«ﬁ“f‘**#
A IR I ST e
Rk G ADA R R R GITE BB 0 A5
AR T R U T
FRIREL > AT A FTART 1T > Rk
FEPP RS (2F SR A)FT
k5 &~ &1 HhIRE 4P = o d Siao-Min Tseng

Bk H

27 Chin-Lin Chen?7# 1! e LF”% ¢ [4] > #k G
R T S LT SLEE Y
PNEAELE I CERIE L RS S

RN R AN VRS 58 SRR A |
Bl4c@ll o ¥ ¢b > 4] % k8 B A M T i
Fer FEENVAER TR 2 SRR FE R R
feehm g &R P &8 #F o d Hussey{rMinelly
S A e gkl [1] Mk ER A B B T B 5
ﬁ%ﬁﬂ%%%w%% YeBI24TT 0 BB AT

F BT 100% 58 Bre sk 2 % F 5 2 g & b
,)5\ #&%E%F”fr“/‘w FR a3 PR E B L
B o % 1 HE A REHE K KB e R D ke
R4V MR ERSSER > BIEL D
DAk g gt | % £ A& - d ZhangfrWang% + #%
B e ? [5] > M-k R B Ry e D
Fgn™ > T F IR e R R
Rl 2P B o Fhd SET BT A
ERUIERCE FCARUEIANRE (AN R 1
AL R e o FARTITERPI PR R
UL RN U FCECRIE TS Lk 5 R I

22 FHEHLEFERRE

2019 # pF W.M. Zhao & 4 3% 11 endf 4= 0
AL = #[6] > A4 £ R(LMR)A 4
H_d *.“ £ .?gé« P W e 8 e R R B e
Brie 8 & - P ERCE RS e s X
f6 % AR T feiE R AP ARG A
E[7-9] - 4] 3 “i77

Y.
d r ot a
f hd

. 17 e

b

Bl 1 DAz ar L E



tension T

IS

‘ liquid paraffin %
light soaked sponge
source detector
B2 DAjkgpetLy
Guided mode in nanofilms TiO/PSS nanofilms
. (Lossy mode)
Cladding
—— > e
Core modes \
P n;iilflon
B 3 :}E%f-ﬁ—ﬂh £ = T2 ) [6]

ﬁ%iﬁﬁﬁ%fﬁ% kL ET -
B2 5 R Rae J AR & iR
153 R R B R Bl RILERACT o R

2R R TR o F RBATI SR
Pk ) AR S e F 0 2

R E L AT fe R e s o
Wang % + [10]4% 3] & iRl 4 4754 5 chsg v ¢
}‘Eﬂiﬁf BORE odf 42 WOME 2 B 4R 7 e iF

Lo A4 gL o T 0 Fipld
&“I‘ET}; L SUEVE IR F g S AT IR

B4 vt THER o AN £ JR ek
%@’Pljﬁ %‘Q;‘y}ﬁm?}&}i b Hg"}-ii')i‘ff'/v

AT Et % o 4 Ozcariz & A otk e /]‘?c
[11] > %37 § %5 AfKBF 2irAE
&iiﬁétﬁjpﬁﬁ XRpE iy H—‘V» M &
A5 o Verma % A % I|[12] > & &%y B
Weal G AR S B A AR S %E S
R ARG IEBE DG 2T S

i $RH e o TR E%ﬁﬂ*’mf w #ﬁimﬁ.’
%”'3 R Ry TP H AR HEp B

Sm IR0 2 KGRI A T4 T W e

23 BN BPHERERE

d ZamarrenofrHernaez ¥ * & i ch2
Fe(13]9 - e = § g (Ti0)foR 8
F(PSS) 18 5 R F w4 » st dp 42
Pl =3RRI SAPEIRA R E -
SRR A TR S N )
T Boehg 2 (cladding) T'F:% RiplE L5
ERUHEMABL)  FETHTFIEFF R
i F et éﬁ’%MO}%%/é] RS AG

2022 4 AT N R AE ek TR AT ¢
ﬁ13m>wﬁhwié“ﬁ%§ﬁﬁi”
AR £ IR 0§ R E PSS btk
szj\% BLE A AR S gi"l )
%ﬁ R R %TIOZW#TETE?‘%‘TL% 433 0F
’H[ ]° #-mﬁ; mﬁ%”*/&l’
gz,,] o NIR‘T ¢} JcbkaVIS" R ¢ 51
0 e B4 A Va]f‘"@;‘f—ﬁcllj’z;'é;‘#’ﬁ“' Bk ¥
#F%]F\’%F"I"’Tlﬁz e £ 4= (400nm-

1700nm) > 7 5k <R R qsv Bl 5 IO%RH;.L 85%RH
HEER O VRRITELRFEAAA B
FERE O DEFRAE L S G P A SR
B IR GR oo

Halogen White NIR Spectrometer

Light Source

\

#

etector

Sensitive
Region /'

VIS Spectrometer

M4 BERMER R

ERN i
§ R R R R d R A T i R
ﬁﬁii'l%‘ééé\%%’é@ﬁ SRR R R AT

%‘*' VA A R kA kA R E R
b "s—f‘& 1‘# B AR ATE SR 40 F] P AR

* 2 F 447 (Sn02) it ENH AR E K
ﬂs‘f’ SnO2 B F {3dF et B4 T o gt o> A
BE IR B0 ) Rk (Si02/Ge/ SiO2)dE R B
Dajkg b > Bk 2 900nm > H ¢ SiO2 &
RATEH A Ge & Az th AR B2 2R Ge B A
AT 2 F] 5 R SR B T g
A D ARERPIERRT A4 ORR
B o

30 2B HEBRERF

_._nr‘rn},é_)/?‘l F 4 %fﬂ pEEz 4 P
S TARSRE LM E LT i
b2 3 I e SNSRI LR U N N R
THBFTFEE (407 4 & ,Bg)m;_‘ﬁ_,
HFd g At tEeroq 3R
BI% R R R L LR p R R

?@E“?Fﬂﬁﬂ%ﬂ;&nﬁ@?lﬂzﬂﬁfu? iF 52

—


https://zh.wikipedia.org/wiki/%E9%92%9B
https://zh.wikipedia.org/wiki/%E9%92%9B
https://zh.wikipedia.org/wiki/%E9%92%9B
https://zh.wikipedia.org/wiki/%E9%92%9B
https://zh.wikipedia.org/wiki/%E9%92%9B
https://zh.wikipedia.org/wiki/%E9%92%9B

ESRNCE S L AR VRS L
Bo ¥ ﬂﬁ#&%@ﬁgﬁizﬁ,@mq%—r Ve
FHRYFAER TR @ 8GR EE
Wiz d o *?;’%%"Pwi@ﬂ REZELH
g o
ot DAk peBew ke
B b Ry i K (jacket)i’»lj% o fp] B Sk 4 - -
R F TN E T AL TR R G TS
JokE R B R 4 0 IRE L RIEFEE R
fe bR TRIEITE T AAET 3 H4
FERG B Ao A R R GRS DR B DRl 6
I TR AR REE Ol o G
g oA S M E R &S DI e Bk
o R PRI g ER S Bt a ERETH -
Foebod AP ks € Ui IR PR ek R A
T A s FE R 10 A48 47 - =
Lol SRR e e RN ERER S ]
)P e
Ml iTn A eh D A5k g IR R R
miiP o kg BErRE LR V-
> BT A bk k3 R(NIRS12) 2 7 Bk
£ & (Ot0) > kizsr4 IBA RHIO% 2
RHO0% 7 F % B ek 3 F o 2 t&ﬁrﬁwﬂr
ool d R KRt £ PR o T T
e A k2 Tk m 2LH - & 45;:&
oAU B AT RO & R R RS
BN Fﬁﬂﬁgﬁo Arduino fr§ + ;% 2 HIRAE R R
BITE R eGP PR T RHEIR
‘:J o B R R dipt D Aj sk g4
tg&&tﬂi]gf‘mﬁwfi o

y W

I BN

W52 8RR 58 (o Wi-Fi @ 8)

White light source

Ocean Optics

v
Electronic soil

moisture sensor;

=y

LCo

Ocean Optics

Arduino

B 6 2 3mSR AR PIF % % HF

2022 4 53D NEFIEMH Y T ERAF T §
ﬁzﬁﬁé}ﬂriﬁ * e D AR ERE k) A
ARSI R REFE TR WY R RACR D
},g/?.']f‘u B[15-17]° R g3 » P& LT B 2 = D
A5k R B 1S > A% R F R pes g e AMCap
AN A Eepe B te R 5 R B R Y
* Matlab #2334 R £ B A F 5K (6 RlE D)
kRN DT B e R e RS L
AW EYNISL A E T 5L B R
AR RERER SR o 2 D A
gir 2HEPMFRRFIRBREREF
Rt o 4 I PR S R
Arduino ® + 3% 2 HURR BRI BAGLE § AR
2R o

r ~ BERENH

41 EEW DA BMPpFIBARL B E

= F V4R IF L RATIEHA[18,19] ok F
R T g A R RIRR N E
DN AR R R A ® FRF R S B D
378+ 5 3 40 o Niedziatkowski % £ [20] % 7 |

AR E R AT Bk R e 1 F
(EC) » B3T3l A4~ enBl it o A3t 5 (475
(ITO)4gE Mok 4 eff 5 2k % = #* %% EC @420
%§EW°E£QJK)ﬁ%§%ﬁ%%&ﬁ
BT o g E #ﬁﬁ**iﬂLMR)U@T
Ao ) ITO 5 TS T p ek B
Frio TP Ay R BN D AR T
IREEBRRERE R RE A AL
FRIT > am A ERATE ok G ?,:ff(—t#z D
kPR T ER S 96 ymo HFATR S
2.15 nm/RH% ° B 7 5 SnO2 ¥ & "cdg>t 5 2
DAkt RRE RIT &5 & LHRF-FH
8 4 ITO-LMR % D 25k sk enB a5 B P45
LW A o ¥ ITO % ﬂwg}i % 23 nm 7D
ARG PIE > § HIHIRR & 40%3] 90%
2R B A0k 5 8.6 nm/%RH -

o
o

o

o
o

Normalized Transmittance

172 nm shift

(a)

L s
480 560

Wavelength (nm)
WA ORAPEERRE RE

I
SF
S

B 7 OHE K 5 i k3



cso | ® SnO, coated D-shaped MMT
R2=0.978 o
560
g il /
E P
= s //.
133 A
= 480 /
2 460 3
g _'//
’_ﬁ 440) //
s 420 r/./
" (a)
20 40 60 80 100

Soil moisture(RH%)
B8 H AW DA LR NFARREMIEE

4.2 $RWDA LGS HAPHBRLRE

BaEF SR WD ARG 5 0T AT A
BehDA LB RIEL T ARG & PRATR >
d 3t B R K 0 A bR D5 R R
o AP AR RRERTER S RT 0 F
Fleoge~ AR 5 121 nm/RH% - B 9 & &
r"'B FACR 2

K HBRRLRIBERAR 2 AMEIE - 82
S ﬁ BT 2 AORATEEAR 0 e 2d 2 5 R
WL T B gk BPE o AT B R RR
PIER L G A NG AR o

o
o
®

X

I

N

=}

X

o
>
I3
Py
I
3
o
=
-

o

=)

3
|

97 nm shift

Normalized Transmittance
Py
I
g
=

L L L
1140 1200 1260

Wavelength(nm)

FO 5k

1260 |-

m AR coated D-shaped MMF|
—— R*=0.965

1240 |

1220 |-

1200 |-

Wavelength (nm)

1180 |

1160 |-

0 20 60 50 100

Soild m0|sture (RH%)

Bl 10 2 3ERRE R B ®ATRRPEEE

55 KW o B 10 5 5 45D

2022 4 547 VL FE A TS ERAEFEE
I~%H
BEATFHRLH1 8N LER TR
WE B e p B 2 MR PR RATEA
HENLEE2 A BPRERERELF 2R
B2 o0 B TR S B 4 2SRRI
T o Ffd BB RITR AL R T
LU il - ST e ?Iﬂufg_—\ 0 —_E)“%%ﬁj%‘ﬂ
T N E R ITRARR 0 SHE T ¢
R RIE R AR o AL A
PR ELEF BT R 2 H AT 3
WA AT R AR R XV TR
TR EAREIER > BW R BT R
ﬁiiﬁz(-&ri B3 i%ﬂ]ifzﬁ) L @iix%?
LR o %ﬁiﬁﬁﬁnﬁ q_?*ﬁ’#mﬁf‘m,

BEpEm ﬁﬁﬁﬁ%ﬂ\4ﬁg
@AFle‘QEF q_? /Lﬁ\ ‘J'M ‘]’%Eééﬁ’d_@
%im%a?:uﬁ- /)Ek‘éfzﬁi%”k_%ﬁ%'% fi";;"l,
3 ?‘%j’\o

AEEE e R RS § 1 47(SnOy) -
ITO & %-4r K "(Si02/Ge/SiO2) = & 24 #

W b S AP R A R
RY LR FEL PRACR » 5 R

Fdp s T 2 P BRTE RO -
- F VY H R DAk IR R R P
B g I&:21hm&H%o_¢@%D”
kgt > T 9Tum AT E R HD Ak
FE &a+mﬁa¢& Dt EAPHIRR R
% RH10%3] RH90% » & #c & % 1.21 nn/
RH% - ¥ - A3 %R > DAL AFIRER 5
73 um >~ ITO EF¥ A A 5 23 nm 0 D 35k 4
BB BEARSHR R & 40%3] 90%2 FF % i pF
kB BACR 5 8.6 nm/%RH o J5 5 AT
w0 S Al BB KSR
DB R DFAR o - LARM Y Y
B ACR 97 A2 3.5 m/%RH -
E%%ﬁlﬁﬁ’ﬁW%F*ﬁW&&
HEPEREGEL 2 AU I{F R
ﬁﬂiﬁLMR%ﬁhﬂﬁﬂﬁhp°pﬁﬁﬂ%
*ﬁ-ﬁ%ﬂﬂ%&’%-“*ﬁm%;f
NEAEIRINIOS - 320 L R AR ;4
BIBA A F Famck » WED{
o BRI GV LY g A
5K RE R el

= @

N

55

o
NI

5
3
ﬂ%« . \w\a

55

ER
AT
Kia

%Wc“

/)

1
=t

AR LR KR
2622-E-035-020 #74% & o

b
=

\

R34 MOST 109-



10.

11.

540
C.D. Hussey and J.D. Minelly, "Optical fibre
polishing with a motor-driven polishing
wheel," in Electronics Letters, vol. 24, no. 13,
pp- 805-807, 23 June 1988.

Danh Tran, Kee Koo and Sang Sheem,
"Single-mode fiber directional couplers
fabricated by twist-etching techniques
(stabilization)," in IEEE Journal of Quantum
Electronics, vol. 17, no. 6, pp. 988-991, June
1981.

H.S. MacKenzie and F.P. Payne, "Saturable
absorption in a tapered single-mode optical
fibre," in Electronics Letters, vol. 26, no. 21,
pp. 1744-1745, 11 Oct. 1990.

S.M. Tseng and C.L. Chen, "Side-polished
fibers," Appl. Opt. 31, pp.3438-3447, 1992.
Y.X Zhang, L. Wang, Z.H. Liu,“ The
polishing detection method of Side-polished
fiber, ” SPIE, Vol.8202, 2011.

W.M. Zhao, Qi Wang, X.Z. Wang, X.L., J.Y.
Jing, and H. Z. Sun,“Theoretical and
experimental research of LMR-based high-
sensitivity optical fiber refractive index
sensors,”Journal of the Optical Society of
America B, Vol. 36, No. 8, Aug. 2019.

I. Del Villar, Miguel Hernaez, Carlos R.
Zamarrefio, Pedro  Sanchez,  Carlos
Fernandez-Valdivielso, Francisco J. Arregui,
and Ignacio R. Matias,“Design rules for lossy
mode resonance based sensors,”Vol. 51,
pp.4298-4307, 2012.

A.B. Socorro, 1.Del Villar, J.M. Corres, F.J.
Arregui, and [.R. Matias,” Spectral width
reduction in lossy mode resonance-based
sensors by means of tapered optical fibre
structures,” Sensors and Actuators B:
Chemical, Vol. 200, pp.53-60, 2014.

I. D. Villar, C. R. Zamarrefio, M. Hernaez
and F. J. Arregui, “Generation of lossy mode
resonances with absorbing thin-films”,

Journal of Lightwave Technology, vol. 28, no.

23, pp. 3351-3357, December 2010.

X.Z. Wang and Qi Wang,“Theoretical
Analysis of a Novel Microstructure Fiber
Sensor Based on Lossy Mode Resonance,”
Electronics,Vol.8, Apr. 2019.

A. Ozcariz, M. Dominik, M. Smietana, C.R.
Zamarrefio, I. Del Villar, F.J. Arregui,“Lossy
mode resonance optical sensors based on
indium-gallium-zinc  oxide thin film,”
Sensors and Actuators A: Physical, Vol. 290,

12.

13.

14.

15. %

16.

17. =<

18.

19.

20.

2022 2 B AIH AL FE I TS FRAFE
pp.20-27, 2019.
R. K. Verma, A. Joy, N. Shama, and
Vikas,“Performance study of surface
plasmon resonance and lossy mode
resonance based fiber optic sensors utilizing
silver and indium oxide layers: An
experimental investigation,” Optics and
Laser Technology, Vol. 112 , pp.420-425 ,
2019.
C.R. Zamarreno, M. Hernaez, P. Sanchez, 1.
Del Villar, . I. R. Matias, F. J. Arreguia,
"Optical Fiber Humidity Sensor Based on
Lossy Mode Resonances Supported by
TiO2/PSS Coatings", Procedia Engineering,
Vol.25, pp. 1385-1388. 2011.
S. P. Usha, A. M. Shrivastav, B. D. Gupta,
“Semiconductor metal oxide/polymer based
fiber optic lossy mode resonance sensors: A
contemporary  study,””  Optical  Fiber
Technology, Vol. 45, pp.146-166, Nov. 2018.
ENAEICE Y ) =Tk NI -
R J1mak > 2016.
FRCROCRWEP ET B AR &
FAEUF RAOREELRE LT AT
WILARF T AL 0 2014 & -

b5 1 "‘f | % KB H TR R
D /£ ST LT £ 348
AL w2 2017 & -
Qi Wang, Xiang Lia, WM. Zhaoa, S.W.
Jina,“Lossy mode resonance-based fiber
optic sensor using layer-by-layer SnO2 thin
film and SnO2 nanoparticles, ” Applied
surface science, Vol. 492, pp.374-381, 2019.
U ETH i'ﬁ@‘kﬂg ﬁ?% AR RE
SPR Bacig g B2 H EJrkddimy”

¥ & 27 k¥ 4 47, vol 32, No.2, pp.402—
406, 2012.
P. Niedziatkowski, W. Bialobrzeska, D.
Burnat, P. Sezemsky, V. Stranak, H. Wulff, T.
Ossowski, R. Bogdanowicz, M. Koba, and M.
Smietana, “Electrochemical performance of
indium-tin-oxide-coated lossy-mode
resonance optical fiber sensor,”Sensors and
Actuators B: Chemical, Vol. 301, Dec 2019.


file:///C:/Users/user/Desktop/å��è��è«�æ��/S1877705811060115.html%23!

