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Abstract ; A novel temperature sensing structure and packaging process for metal-
encapsulated fiber Bragg grating (FBG) temperature sensors were proposed to overcome issues
such as aging, creep, and other long-term effects typically seen in traditional adhesive-
encapsulated FBG temperature sensors. Finite element analysis was used to design a strain-
insensitive sensor. In this new design, glass solder replaced traditional epoxy resin adhesive to
secure the FBG to a stainless steel substrate through two-point welding, while a metal shell and
silicone rubber provided sealing protection. The FBG temperature sensor demonstrated a
temperature sensitivity of 27. 46 pm/°C within the range of —20 to 55 C, with a linear fitting
degree of 0.999. The sensor exhibited excellent temperature stability and repeatability, achieving
a measurement standard deviation of less than 0. 003 “C across a broader temperature range of 0 to
150 °C. This packaging structure offers a simple, cost-effective, and easily implementable sensor
technology, with promising application prospects in the field of structural health monitoring.

Key words: fiber Bragg grating; temperature sensing; glass solder; stability; repeatability

s B H:2024—05—21.
EE£WmB iR H (BJXZ2021-012-00046).
CEEEE KRER

. 726 -



CESROGHE 2024 4F 10 H 2 45 556 5 W

AN F. BRI HEE FBG BEE BRAFRAR

0 5l&

ST A s M (FBG) /4 & sk . I B B i
G T PR 8 7 5 A% i 1 FE AR AR B v AR M S
RSB TIZ N T A A A R e ) A A I e 451
Rt R S A AT AR AR TR G L 2
RS e A A RRUR B E A5 2 T4k,
£ A4 SR8 U AT LN FH 7E H R PR B8 52 % DA S T B
REGEN S,

T FBG R 5 805 | B A e 1 Fn i 2 1
B2 T B R R A B SRR R T 2% FBG i 47
B, DI AR B SR BE R T IR L AR B
T AL K FBG 53U Ak R B K 4 )8
SR A MR R 0 5 R AR % 1Y S Bl e R R
WA BT e 4 m A% 2 AR 1Y R RO AR 0]
M AT EEE . 2022 4F, X BHSE 450 B 98 1 48 FH 30 S B
IR JBE A A Rl 22 390 1) 5 A 45 b 2% FBG A& IR 7E (I IR
T AR AL SR L AE 80~300 K IR EFE I, iR
B A3k 26 pm /KL LM 0. 996, AHEL T8 FBG
Tk B A% B YA R AR T . R 5 1 RS ) 5 4%
TR BE T AN CLF 7E AR R M O AR R I
K2 E N F1 24 38 0 rp ) 2 e LA GRAIE 2 5 2 2 1R
JO7 AR FOKE BA% 3 . I L 28 4 Ak ) A9 4 S . I RS 71
25 PR AR J Ak 55 ]

2013 4F , Ty I AR 35 31 T — Fl L 4 J 4 fl 2
L 3E GV B 3 R )[R R FBG, A5 3 TR
RPERZBGELF] 345.9 pm/°C 1 FBG i AL &4 .
) AT L X3 0 R B 4 T bR 7 2 d 2 A SRR 1) g
7 AT s R R A T A SR RORY B2 2 R AL IR AR HL R
SEMEELF, 2018 4 AR AEY A HF T FBG T
o} 0T 5 RT3 T A 2 2 TR ko U A% R AR
PERYSE A A A AR A B TREER L. B
PEE RS O A e o o = i 1S B K (2
14 1 7 4% I8 1 M B L F 9% 205 S 6 W 4 I b B e 3
ANAEAESR AR B, H L 5 f 8 2 A ] 353ND B
FIH R FBG AL IR0 3. 4 f5. B4 mE
X PR EM T ZoRE S, AR . HEK
T IR G I RIS 7R AN 4 TR AR RL B B AR KL 5Ok £F
A% B 1P SO SRy Hz T o O L R T AT
P i AE A b A bk B

ARSI T — R FBG IR B 1% R 2% B 5 45
5 T2 A3 S R RN FBG HEEAE NG S
LR b 4 v A R 1 T B SR AT SR B

4 TR AR AP AN 5E v B T A TR 1 AL AR A R R N )
AU, it SRR IR UE TR IR ) FBG T &
AR AE — 20~55 “C Y P I B AL B R I, 45 R 3R
AH 2 1 2 10 % SRR T B R B S 27. 46 pm/°C
S B G TR E DN i Y R MR MR . KR
FEJG S #E 0~150 °C Y IR B 3 BT Dy L 32 A ) i 33R
22/NF 0,27 °C o RV EE W0 0 RS ok AN A M

1 FBG &AL R 1

FBG &l i WOt 215 4 R ik 7 1 FE G 2F 2701
ol 1 7 T B P B T S R A A S B D AR
M. Y AGHEHE AL G . FBG X 80 233 2 A fir
B A B A B R S B

Ay =2n.4 * A (D)

K n g BRI IA AT %, A £IR FBG 1947
SRS R, S SZBNRA R
Fom L 0 B N AR IR Bh IR A R L X s i
M)A 2 T8 FBG Wb KR I I, K2 il FBG
RS SRS 8 i I W B B [ S LD S g (U R £/
i

0B AR A L B EF 2y K AR VK A 46 RN RO Ak
N L FBG 0 8 Ab £ bt 22 & Az JE J Al 4 . I 5 5
A BT S SO A & AR AR, 2o BeE e ST
PIFS 3 FBG i B 4 B B A oo |,

Ady 1 dno(r 1 dA
=— AT + — ——AT 2
A n . dT + A dT ( )
My =2A(e +a)AT (3)

A Ady RR ARG R PO KIER .«
POERE o Ik R AL,

BT SiO, AR RETR M, 27 B E X R FBG i
FTHRAE AN 50 (8 3L % A 130, HL LT B 2R A0 X
N 10 pm/ CAEAT AR Z IR 5 T #0AS BE Tt 2 I 2 7
Ko ARG A, 5 FBG R Y I A
P PO R B Ik R8T H I, 7 FBG
R R B T 20 AT EE R L X FBG #1734 B 2%
BT R 2 B FBG i A% i R B0 i W] AT i ke
JrgE . HAKTE LRI R T B A 8w A ik & B0 M
BHE R FBG &I 45 19 2%, LB FBG 119 Ik B2 1 7
EEZVF

My=2Al(e+a)+QA—P)(ay, —a) AT (4
o a g, Ros B2 SR R Ik R 80 R8I
PR Z BN 1.5X107°°C P, Ak 0. 22, 1] 75
S RSB FBG i 14 R 1 5 f53 1 A

o 727 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 45 No. 5

Oct. 2024

28.2 pm/°C,
2 ARSI B
2.1 ARTHH

ARSCHTEETT RS FBG iR B 1% B A% 5L R o5+ i &
1R, %A s % h FBG. 3% 35 42 8 . FBG 1%
TR RS R I Z (FBG & & 48 A1 50 74 A

Sz a1 FBG

P2

AT BRI AR
Bl 1 FBG &A% 45 1 m 5 1

iz FIA BRIC A7 B3 B B 1F 0 BT i 19 4 J e
A FBG L 5 I8 i 45 i 47 g A0y 0, s Ak
JUARE R 1R 6 % D 75 T A BT X AR R AT 41 45U K
A% 30 o3 (A5 AR 3] 73 BN 2L 4R T SR L 1R
IS 3 S AR B LA AR . R AR — i
XL AR ISR AP SEHE N 500 e (Y 1 A% o, JiF 75 44 J&
A AR RSN AR A A AN 2 B . DAIEL s 2 4%
TR AP T 52 BN RL ) A I A S i A e
A T B4 R ) R Ak A I A JEE A DG £ AR 2 O R
Az WS 1 1 93 A A8 AR L A 5T Y R T I Rl i kAR
Ji52 J2 A 128 B FE A T 4, 3k 3 W P e T 1) A% R Ah o
REAE A7 S8 HEBR SN0 L ) L 98 A e £F T 52 2] 19 5
Jybily R F R LA AR . BT FBG i
JEE A% S e ok SN L 7 A AU T LR e R Y
RiBE il FBG A2 1% e 1 T B A P A B A2 P T 4

Y

0__ 0.005_0.01 (¥fii: m) Z./IQ.X
0.0025  0.0075

K2 AIRICOEE R

2.2 fRRERHIME
e IR ) BRI AR 23 WAL 1D e B i

. 728

LR T A A e H 1 3% 3 F 6 18 € L JF T 4
7 nm BT P R Y O 1 JE B R AR
BHE ARG 2 8 FBG M8 2 BAL JR JE IS . v 20 5
it FH O 1A 75 1) FBG Aot I K MR T O £F
B K &R T2 2 nm B2 RS 2) i FH kAR IR
K S 5 AL B S ST R #2, 0F [ 4K 24 b FBG i
JEAR IR AR B e B B TR N HEBR R A R R X A%
T 1) A2 M R T B WL L AR SO T B FBG A& I
o B SC I 3 R

* ) |

& e

3 FBG I JE ff R 28 EF 55 501 1 1

3 LR E A

1L R b 2 A 56 WU - HE4T FBG TR AL AR
AR A SEI0 L SE IR 2 BN 4 iR, EEAR T AR
fER 18 (FLUKE 7381, il B 4% ifil 3 [l o — 80 ~
110 °C)H DOt 25 S i i PR AL (B K S 1 528 ~
1568 nm, 2> #F R Ky 0.8 pm) . 4 i 1 COFf & H
0.1°C) . FBG /& it EALA L. ¥ FBG 1R
S AOGER S A 98 A3, o I B AR Ak R ok
LR O R A AR A R AT S B M 5 R R A
H4 BB AT 1 FBG T B A% B3 & 7 RO & 2L HE IR
R b, B e IR B T & 55 °C L R0 I KR S
RGBSR N 15 CLIFBH R ZE —20 C,
AN BE T RFSERTEIR 3.5 h,

VIR
Bl 4 —20~55°C FBG 14 38 I B H v se e 3

FERRE 5250 1 BE Al B, A 58 BT 1 T E I i AE
FBG i B 1% J 4 1 I 2t m] 50 42 R 300 3 B AR
P, E—20~55 C N, &R 15 C & — A~ il 5 1)
B A5, A 6 AN, HEAT 3 AN B 1Y T A R S5, 1



CFRREH )2024 4F 10 H 55 45 B55 5 1

A F. HIBIFAHHE FBG B AE R RAR

IR AGE 5% FBG O I K B . S T ORIIESE 58
() TR B, AT A2 J i 25 ) 70 40 A2 3R 7 BRI T BE
THREZEI 3.5 h,

15 bR S () B Al b, o — 20X FBG & A8 7
R B Y1 PR P A S B R T RN R R A PR R AT SE I R
5o, S50 T 300 0 L B 4 T ke T O Sk R A R IR R ARG
HEAE (JULABO FK30-SL. i B 4% il ¥z Fl  — 30 ~
200 ‘C)H, S5 BE AR Bl o 0~ 150 °C, il i
KR 30 °C L BN IR S AR E BT ER T 1 h,
AT =AW EEDE R TR . A&l 5 BTN R
TE 0~150 °C KR B [l N FBG A& 8 I B2 Pk Y
SE A E

b il

e EE T E A A TEARIESS

Bl 5 0~150 C FBG 14 B4 i fp P sr g e

4 ISR 5

A RS £ 2CHE A R R A — 20~55 C

0 L S AT A SR A A A IR B AR E B Bl

A3 3 0 Hh O B S BE AR S IZ R BE TR FBG

Oy K (5 o /s e e ke HL kAT LA, T DL A5 #

FBG w8 K FHIR BE e 1 O 22, L& i & 5l 6
Jis A TR

A =0. 027 46T 41 560. 435 3 5

1562.0

o IRk

1561.5 A2
1561.0
£
£
=~ 1560.5
1560.0
15595 : : : :
-20 0 20 40 60

7/
Be ik SRS L

L5 R R W] FBG Bl KL e it 2 HAT RF i e
KERMA RBOKRT 0,999, B4 i 4 1 &L LR

FBG & 8% £5% 19 % B 2 8505, FBG (14 3 B 2 Bl oy
27.46 pm/°C , BEAK T #IB (A 28. 2 pm/C , FHXT IR 25
H2.6%.,

AT O 25 0 A i R AR B U RE I A S 5
FBG 0 K A2 4645 & W) DLE 37 FBG it
SRR B A IR M O T B AR . WA 7 R S
JEPG IR 1 A R FBG (1 rpc i K Bl IR B AR L G &R
M AT DL A A — R BE AR E A, FBG A% 84
AU T R EL AT A g 1 A AR A DU A B 1 B
AL FBG 1 —20~55 “CYE Bl Y 6 4> i
DU T A A KU B i 25 43 ) oA 0. 24,0.18,0. 17,
0.15,0.18,0. 15 “C, bR 45 5 & W A< SC BT i A 1)
R SRR A5 K RURIAE T2 0T LU A5 FBG & &4 B AT
A0 ) R 00 T A

L
LT L [

SeIBRTARPS

1560.5 L 1
-5C

L

4

1562.0

A/mm

110°s

B 7 —20~55°C FBG H .03 K B iR BE A8 1k il 2k

R S 6 00 5l L PT DA A B A — S TR IR
IR T] — L2 A [] — s 1] B PN %) 3L 8 8 sl 1 L
Kl 8 Lt T 7F 55,40,25,10,—5,—20 ‘C T, 446
Wi FHER
o R hWM-m imdadi

0.1

-0.1
-0.2

0.1
-0.1
0.2
0 25
-0.2

02
10

0

02
0.1 =

0 1000 2000 3000 4000 5000
t/s

P8 —20~55 "C Ik K i ik 2 v il B8 0 ik s A 3 E 00k AR
5E M 1l 22

55

R i /°C

RS C

. 729 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 45 No. 5

Oct. 2024

B2 S FBG i il o i) i B A M B0, mT DA
B E T AR I 01 LR BT AT R B SR A
WA /NT 0.2 °C L AT IH5E T A IR BE AR By
FRiEZE/NT 0. 001 °C L BB FBG i B % B ds B A
B 4 R A 1k

BEE HARMRIE N 0 °C %t FBG 5 4 B &8 1 i)
VRS B R AT ARG S AR i 2 =X () A5 31 A Hp ot 8 K RN R
JERY R A, A1 3] FBG MR B &4 0. 24 °C, Ul
W R FBG MY IR B M &R 25 7 0. 24 “C U
Mo AR LRSS AT LIIA R L 1A% s 1 bR £
SEABEIT R E R T2 0T LU s 42 & FBG 19 B R
R, DA K AR = FBG 1Y i B 2 42 P i B e 1k

Sy itk — R I T FBG A4 8% 2% 1 5 1 A a]
IO A I R OB AR S0 B AR SRR
50 K5 #7525 i . Qs 9 RoRTE 0~150 ‘TR
T BE G Rl FBG rpo0 R B IR B i B f it 2. 1A
10 F/RFE 0~ 150 °C i & A8 A B 9, B — A T B
WA A MR A IR R 2 JS L FBG W £ 19 6 1 T

P PE|
1566 L3S WY 5o

| R
o | A

£
£
~<
1563 \ { 60 °C
IR
I Y
1561
0 1 2 3
i10°s
9 0~150 ‘C FBG s P 1 bifi 3 B2 A8 1k b 28
&3] THE
0.1
-0.1
g
=R
=
i
uc|
0 1000 2000 3000
tls
10 0~150 “C Fh R ik A5 wp Ji 8 00 o o7 % 300 88 ) 2t S
T il 26

730 -

JE ) e A AR B AR E MG . 6 I B A A R
24y 51k 0.13,0.27,0.09,0. 08,0.01,0. 03 °C, fif
A B ST I AR AE 22 3 /T 0,003 °C L Bl gk
SRR WA KU BE Y i AR B AT AR A R A iR
JEE I £ ] A AR

5 g

FBG 7 B il SRR M 45 25 J0 7 Wl 2 S B T2 WA
ESR, 4R e LR R U R E R e EE
P A SO FH AT BR I8 20 BT 1 7 2210647 FBG i B A% 8%
ARV RS F ELAT N N OBl g
R R % G0 i R FAAE R Rl 2 2 41 RE Xt FBG 047 42
o 22 2 2 [ AR AL G e R s LR
AL BUIGAS iR EE ). #E—20~55 C AR
JERREE T AR RS FBG R 15 B O iR 5 R UE &
Bk B T 27,46 pm/°C, £k LA R 1K #] 0,999,
FBG WY E M sh/NT 0.2 °C, 0 a5 M e &2 1
HiF., HiZREALREAE 0~150 °C HY KR B 5 Fl
PSR B AR g i TR e e M F B PE . X FBG
T A% SRR AR A 7 8, HELAT R A T B A R g
AT RGBT A TR, KAk —
B ARAGHIAE T2, JF 08 B bRk DL AR AT B = M BE 1Y
FBG i BE 1 8% 2 o i LA A 225 it K 55 S ek o 75 1) o
TNz R

S E 3k

[1] Chan TH T, Yu L, Tam H Y. et al. Fiber Bragg grating
sensors for structural health monitoring of Tsing Ma bridge:
Background and experimental observation[J]. Eng. Struct. .
2006, 28(5): 648-659.

[2] LiHN, Li DS, Song G B. Recent applications of fiber optic
sensors to health monitoring in civil engineering[J]. Eng.
Struct. , Elsevier, 2004, 26(11): 1647-1657.

[3] Zheng Y, Zhu Z W, Xiao W, et al. Review of fiber optic
sensors in geotechnical health monitoring [J]. Opt. Fiber
Technol. , 2020, 54. 102127.

[4] Wnuk VP, Mendez A, Ferguson S, et al. Process for
mounting and packaging of fiber Bragg grating strain sensors
for use in harsh environment applications[ J]. Proc. of SPIE,
2005, 5758: 46-53.

[5] xIWisg, skflifl, K . (RIRIFEE T FBG iR B 4 Bk vk OF
FE[1]. k. 2022, 43(2) . 327-331.

Liu Mingyao., Zhang Weiwei, Song Han. Study on temperature
sensing characteristics of FBG in low temperature environment
[J]. Semiconductor Optoelectronics, 2022, 43(2): 327-331.

[6] Zhang Y. Zhu L, Luo F, et al. Comparison of metal-packaged



CRHOE L2024 4 10 158 45 55 5

A F. BB HHE FBG B EAA BT R

and adhesive-packaged fiber Bragg grating sensors[]]. IEEE
Sensors J. , 2016, 16(15): 5958-5963.

[7] Fusiek G, Rubert T, Niewczas P, et al. Preliminary
characterization of metal-packaged fiber Bragg gratings under
fatigue loading[ C]// 2017 IEEE International Instrumentation
and Measurement Technol. Conf. (IZMTC), 2017 1-4.

[8] TIHAR, EER, Eriowk, . &ML u e e &t
MR AR T )], WOk 5404k, 2017, 47(6) . 773-777.

Ding Xudong, Zhang Yumin, Xia Jiabin, et al. Study on
ultralow temperature characteristics of metallic packaging FBG
sensor[ J]. Laster & Infrared, 2017, 47(6): 773-777.
Lol Thmel, R, XZA, . R R E L LR %
IS BEELT]. e F - Ok, 2013, 24(7) . 1245-1250.
Ma Xiaochuan, Zhou Zhen’an, Liu Aichun, et al. A high-
sensitivity and stable fiber Bragg grating temperature sensor
[J]. J. of Optoelectronics * Laser, 2013, 24(7): 1245-1250.
(1ol XU #. BRfBIe. 2 0. 5. @JmfLHiE)Z %t FBG N 2E &
TRYEREM LT, JLrRT < WO, 2013, 24(4): 642-648.
Liu Hao, Chen Weimin, Zhang Peng, et al. Influence of metal
bonding layer on strain sensing performance of FBG[]]. J. of
Optoelectronics * Laser, 2013, 24(4) . 642-648.
(110 A, sk58. £ OB, % SLAOUMHR E £ IR 85 5 E %
W PR FELI]. JeRF - Ok, 2018, 29(4) . 363-369.
Xie Renwei, Zhang Xuezhi, Wang Shuang, et al. Research on
influencing factors of FBG temperature sensors stability[]J]. J.
of Optoelectronics « Laser, 2018, 29(4) . 363-369.
[12] # W, 1. B ¥, % oWl 55 i E L
W T3 A AR LT ], S AR B, 2018, 33(1): 71-
76.
Yang Yang, Zheng Yibo, Yang Yang, et al. Influence of
connection of grating and substrate on fiber grating pressure

sensor[ ] ]. Elector-Optic Technol. Application, 2018, 33(1):

71-76.
[13] Erdogan T. Fiber grating spectra [ J ]. J. Lightwave
Technol. , 1997, 15(8): 1277-1294.
(147 e, B HE. S0, S T K B0 85 00 A A O

ﬂﬁf?!ﬁi%ﬁiﬁiﬁ'ﬁﬁrﬁﬁﬁﬁ[ﬂ. AL A
2019, 27(10); 289-293.

Han Fang, Liao Tao, Su Xinming, et al. Study on sensitivity
and accuracy of Bragg grating temperature sensor for spacecraft
environment[ J]. Computer Measurement & Control, 2019, 27
(10): 289-293.
[15] Mk, 8K S0, BRAHT, 5. A EROU L L MHE R a8
WHUREATSET]. DL T4, 2004, (8): 952-955.
Zhan Yage, Cai Haiwen, Geng Jianxin, et al. Study on
aluminum  groove encapsulating technique and sensing
characteristeristics of FBG sensor[ J]. Acta Photonica Sinica,
2004, (8): 952-955.
[16] M7 f5, #RAEAR, 2MEAE. BAEWHRM & R HUE LA M
JEE A% R s S AR AR (1], D224 4, 2004, (10): 1316~
1319.
He Wei, Xu Xiandong, Jiang Desheng. High-sensitivity fiber
Bragg grating temperature sensor with polymer jacket and Its
low-temperature characteristic[ J]. Acta Optica Sinica, 2004,
(10): 1316-1319.
[17] o6 22, Fesot, BEPR%E, . SO O 24F A ho A% L iR i
RSB S [ ], D2 241, 2004, (11): 1491
1493.
Sun An, Qiao Xueguang, Jia Zhen’an, et al. The experimental
study of large range enhanced temperature sensitivity
concerning fiber Bragg grating temperature sensor [ J]. Acta
Optica Sinica, 2004, (11): 1491-1493.
(18] Ak, fLIE(, tRBEX. &RERN FBG LSBT L i
AT )], )R AR CH AR B0 2023, 50(4)
9-20.
Du Cuicui, Kong Deren, Xu Chundong. Design of metallic
packaged fiber Bragg grating sensor and its strain transfer
experiment[ ] J. of Hunan University: Natural Sciences,

2023, 50(4): 9-20.
EEE AN

MR (1998 —) . F .=k 4/ M WAL B AF
KA, L%fﬁmfhﬁfa*ﬂ%mw}awa% S

WEER (1982—) ., B, b ® WAL+, &l &k,
l%fﬁmwﬁiy}cfﬂ%ﬁiﬁ;}: R E .

. 731 -



