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Figure 1 Structure of sensor and physical image

I mm 300
e .

2 mm

(a) TG 1 5 76447

(b) T2 5 70 k6

\4 mm
) @7 mm

Rt 7 A TC L, T R R A &
BEEFTIN T, R B SR B XRS5, ook 1 5ot
k7 otk 2 5o 6 ootk 3 5otk s B 400
PERZEIE 2 Ui, Joff 1 g5 o f 4 458
fL,4 RGN g il 5o 2 7 H Ak 1 454 B OB
FAEE R 30° fBIRER N E AN 6 mm, JoiF 2~ 7T
4 FXAREAL, JT 5 Jo i 2 1] i R 2 fL
T o R RAS AR Ty £ 23 G A LABS T 32 g i OB AR
It G R B HE L 2 7 2 Al I R R K Ol £F [
SEFETCIE 1 RITEHE 7 b O FLAE 24 i 4 B AR Y 2F il
T 0.5 N BT A7, ISR CEF b T 90 SR 4,
1.3 FESH

R T E AR IR G5 AL 1 T AT R AR il
ANSYS Workbench XJ % &% 45 #4 #1474 BR 9T 404 .
FEQT B P AL RS XY LUK Z J7 4y e S 1 N
MVE R T, B e 1 N AR R ORER ™= A i R A2 | D
HERWME 3 iR, nTLLE YL A X J7
FEINAVEF 1Bt Y6 2F 1 &7 BRI R AR 6 2F 2,
JELF 3 WYL AE RN MTGET 4 X X 7 8] 52 J) AN
XGRS Y O IR s G 2 J6EF 3 4
PR BR NS GET 1 JGEF 4 X5 Y J5 ) 32 J3 AN
B Y X AL R AS Z J7 i AR e ke 4
AR S MOGEF 1 6L 2 J6EF 3 1Y 28 48
JIN 5 2 A SR RN T B G AR G R AR 2 K
FE N ) S B, SN B AN 2 32 B

PFELS R W (AR AE Z J7 0 % 10,
LR Lo pr R RN AR AR 4 I8 T DR i AR
JEERAE Z D5 B oy HEAR, ARIRARTE Z Jr1m Z ) 1 N
IR 7 A () R AR e /N, Z T ) B KAHONE AR Oy 45,8,
11T 2 19 I A8 2 B0 R R B N A% 1. 2 pm, f
14 ' 2 M it I A e /N a3 BES R 1 pm, W Z T 1) 43
HEAR 0. 018 N W 243 B/ T 0. 02 N 2R, 3]
BT A% B A S A0 R Tl 2 1 T i BEoR 4 BRDOLERTE
AT ] 32 Sy A W R AR AN R AR A R S
H AR HEAT 42 ol isF | 0T 38 4 % 4 R %6 25 i B 22 1 O 1E
AT AS 55 40, E 1 58 G IR AR 1) =42 )

\g"m ‘\;ml
)
Q (1 ngm

(0) T3 TS

(d) Jefk4

B2 THEHE

Figure 2 Structure diagram of component
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Figure 3 Three-dimensional force and strain plot from finite element simulation of the sensor
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Figure 5 Change in central wavelength before and after temperature compensation
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Figure 8 Force calibration experiment



PSP PN i 3 - S QRIS )

2025 4F

14
F1 AWM AEREIBFRITLE
Table 1 Comparison of FBG force sensors
J5 i F Vi e I 338 Rl
. 0.083 mN(x,y J5)
CHk[13] 0. 44 wN (= JE1) 20~20 mN
i 0.122 mN(x,y J5IA)

14 -25~25m
k[ 14] 1.808 mN(z /1)) > mN
SCHER[15] 1 29.29 mN 0~25N
k[ 16] 1 10 mN 0~2 N
SCHR[17] 2 4.6 mN(x,y J7lH]) 0~3.5N

K 2.3 mN(x,y J7lf) 01 N

6.5 mN(z /)

R TR HE G AR AR AR R A S
TEEZI X AR ) 0y 5 b ) g R Y M S
WA T i — 25 S AT
4.1 HEm@AHWIE

A 1) S 56 it I 4 3 R A v S 5 A [ it
o # 1N WS, ERE 0.2 Nt 1 RIGLF et h
8 B ) TR Bl 88 A 31 1 8 1) O R B B T
AR A AR B R a1 1, 500 D13 i 2 2% ) ik
FEXT G B S B A AT S IR, X I I S A5 R S
Y J71a) LB 25 R AN 9 10 s, AL 910 7Y S5 5
R 2 1 4 PR RT A 1 2 1 R A s A R B — B0k A

ST R MR AEMUNIRZE . B 9,10 /Y
BT LUE S iR 22 B — @ ke, 5
B 1 25 I 25 2 R | A TR E D kR s A 1) g B, X
D7l ALY 7 a) () d KR 22 43 5 0,049 0. 045 N,
LRPEIR2E 0N 4.9% 4. 5% , 407 AR 25 50 3 N
0.026.0. 025 N, H 525045 5 1Y 3 Fr ol 11, A SCise it
F14) 1% Je e 7 ARG I A 1) oy s EL A R A o R SRR
FEME

4.2 HhE HWIE

1R I&E% Z Tl IR g & 5L 5 6 A R
A g AR ity 55 o G 0 4 Al ) 2 ek, I 0~ 1 N Y
77, B 0.2 N st 1 YO KB @15 200 2
Tr I AR AL 5 1 Z R R K, TR RGO
TIE AR W B8, Z 5 ) S S5 A& 11 iR,

HH T 50 50 R 25 A7 AE 4 U B, 5 R B D) A% IBOR i
T I B IR [ Y6 LF AR — AN &
T SR S 56 it ) T 1w A A A GO D 2 PRI S
WESA WS, NHLE T LLE 5% 25 18R
AW AL IR A SR, LRIRES
RN, Z I RiR2E R 0.049 N, iR 2 H
4.9% BT ARIRZE N 0. 041 N, SEEGSAE KM A
B AR AR AE Z T 1) J A 0 ] A 5L A v Y 1

3 A o J =z
B RIME BE T 0~ 1 N I, 1 5B AR 2 [ A e Sh et
0.06 T — s
1.01 Hyfi
5% 0.04
0.8 ORI e
. z L
0.02
Z ' H Z
R 06f K , 2 .l
£ 04} & - O o0t
0.2 -0.04 F
- : : - \ 0,06 : : : : 0,06 : : : :
0 02 04 06 08 10 02 04 06 08 1.0 1 2 3 4 5
SzBRiE N 3/N SERR N F1/N SR
(a) T IHIE (b) RZE LR A (o) REMKHE
B9 X JFE*EIEEIE
Figure 9 Experimental verification of X direction
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Figure 10 Experimental verification of Y direction
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Design of Three-dimensional Force Sensor Based on FBG for Pulmonary Intervention

LIU Yanhong, MIAO Yazhou, ZHANG Kuan, CHEN Pengchong, HUO Benyan

(School of Electrical and Information Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract.: The tortuous and complex environment of the tracheobronchial tree poses significant challenges for force
sensing at the distal end of flexible robots used in pulmonary interventional surgeries, with conventional force sen-
sors often falling short of the required performance. To address the specific needs of these procedures and to equip
flexible robots with precise and real-time force feedback, a segmented three-dimensional force fiber Bragg grating
(FBG) sensor was designed. The sensor’s structure was meticulously analyzed and optimized through finite element
simulations, and a decoupling algorithm was devised to separate the wavelength shifts of the four internal gratings
with three-dimensional forces, facilitating independent detection of lateral and axial forces. In order to mitigate the
effects of temperature variations on sensing accuracy, temperature-compensating gratings were incorporated into the
design, accompanied by a carefully tailored compensation strategy. Following this, the designed FBG force sensor
underwent calibration and experimental validation. The outcomes revealed that the sensor exhibited lateral force
sensitivities of 431.3 pm/N and 517.6 pm/N, an axial force sensitivity of 153.5 pm/N, and root mean square
errors of 0.026 N, 0.025 N, and 0. 041 N for the respective force dimensions.

Keywords: flexible robot; FBG; pulmonary interventional surgery; temperature compensation; three-dimensional force





