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Design of piezoelectric tactile sensors for elastic modulus
detection of biological tissues

Hu Jie, Liu Renxing, Yang Weiping, Duan Wumao, Wen Jianping
(College of Engineering, Jiangxi Agricultural University, Nanchang 330045, China)

Abstract:In the early diagnosis of submucosal tumors, using endoscopy to obtain tactile feedback information can help improve the
accuracy of elastic modulus detection of biological tissues, thereby accurately locating blood vessels, determining the health status and
type of biological tissues, and improving the quality of treatment. In this paper, a novel micro piezoelectric tactile sensor ( PTS,
¢=2.0 mm) suitable for installation on an endoscope to detect the elastic modulus of biological tissue is designed. This device mainly
consists of two components with different stiffness ( internal and packaging components) and a polyvinylidene fluoride ( PVDF)
piezoelectric film. Simultaneously, based on the series spring model and piezoelectric transfer equation, a numerical model for PTS/
biological tissue contact sensing has been established, and the sensing law of biological tissue elastic modulus and its energy conversion
law of PTS have been deeply analyzed via the Comsol Multiphysics. Meanwhile, a PTS prototype was prepared using a MEMS
manufacturing process, and a PTS/biological tissue dynamic load testing platform was conducted to test the soft/hard characteristics of
different artificial tumors in the pig stomach for validating the above model. Moreover, the calculation results show that most of the axial
load is transmitted by the internal components-copper balls, and the deformation of the PDMS encapsulation layer is minimal when PTS
comes into contact with harder biological tissues. On the contrary, the PDMS encapsulation layer undergoes greater deformation when
PTS comes into contact with softer biological tissues. The calculation results also indicate that the response voltage (V) and stress (o)
generated in the contact area of the PVDF layer near the internal component ( copper ball) are significantly higher than those in the
contact area with the packaging layer, which reveals the mechanical-electric field coupling and energy transfer process of PTS.

Furthermore, the experimental and computational results confirm that the PTS device, with a 2.0 mm diameter, was successfully
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installed in the endoscopic biopsy channel. Tt is noteworthy that the ratio of the response voltage (V,/V,) between the internal and the

packaging component is linearly related to the elastic model of biological tissue ( E,). when E, increases, V,/V, increases within

0.2~3.5 MPa, which aligns well with the model calculation results. The above proposed PTS device effectively identifies elastic

parameters of tissue, and this measurement method providing a new way for solving the measurement problem of biomechanical

information of animal tissue.

Keywords : tissue ; tactile sensor; piezoelectric; elastic modulus
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Fig. 1 Sensing mechanism of tactile sensor
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Fig.2 The ideal contact analysis based on the tandem spring model
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Table 2 Physical parameters
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Table 3 Different elastomers for numerical simulation
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Fig. 4 Schematic of fabrication process and installing with PTS
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Fig. 5 Dynamic measurement setup for analyzing

response signal from PTS

I Besh, PTS BB A5 (V) A V,) e F
KAt (B&K NEXUS2690A ) 1% 18 B /% e 4 . AW 58 38 1
LRSI & AR TS R AR A 0 4H 41 ( Sylgard
160, Sylgard 140, Sylgard 170, Sylgard 186, 3120 RTV
Rubber) T (IR {5 (V, 1V, ) BRI 2 2% LR 1
B, DUCEGIE PTS KEA AL i 1R 1

3 HESMRERS

FEF 1.2 797 ER I A Y A BT 45 5L, PTS 1) [, L
PSS B ArAE 4 Sl i e R A 6 Fis

14r

—O—E, ¢ Ey=200 ¢ 1 0/0
127 =p=E, : E,=20 : 1 Q /<
10F
_.P_
s 08¢ —X—F, I E,=20:1
- —0-F, 1 E,=15:1
06
I
04} *—
o—0—0
o-0
02+ /(D
: ; : ;1

E /Pa

Bl 6 PTS R LT 55 H AR ) 2H S A5G A
Fig. 6 The relationship between the response value of PTS

and elastic modulus of the test tissue

ME 6 Al AL BE E, B0, PTS /) V,/V, 8k, Lk
PTS Wi 337 [ 26 7T & B2 P 4% Ze ok i 42 1 &, 43 3k
1.4 MPa LAl 1.4 MPa LA |, iZ {52l PDMS £ 25 2
BB (E,) . FSE b E, = 1.4 MPa 58P R A
Z1(E,< 1 MPa) #1124, T Bk (1) 3P 555 (E, = 120 GPa)
MR E, B, KR E E,20 86 000, i#f—H4)
Br, 24 PTS 2l 19 A= 4 L (E, > 1.4 MPa) Bf, K3

Syl ) 2R AT P R A - BR AL 3, e R R AR AR
/No AR, PTS 2 B AR ) AW 2L (E, < 1.4 MPa)
i, PDMS BRI AR, B, iR PIHs4k
P R 0 3 R T2 PTS ZH AR T H bR AR 40
UK AR SRR ST E, #F 0.2~ 1.4 MPa F1 1.5~
3.5 MPa BB, BT O RRE, B PTS REE L&
B, X UL T A S TS PTS 0] A &% i i o AR
WAL AR, XFE 6 HORTR] E, ¢ E, i 1 #h 2R 43 # i)
AL BB PTS NI (B, E,) 1.5 2 135 i 5]
200:1,V,/V, 0, )Wt PTS REEHR R %M IR
DA s T AL R R B B 1 E, : B, G5, € PVDF
FE LR B 0 V3 — 03 ) B T 40 A 1A 25 SRR R AR 4
K (18) ~(20) v A, W f1 o HHLLLFE D K V A IEH
KRAE I ZR PR T30 PVDF H A 7 £ 1 0 1 i, T 9
Z5 Vv, R AN K E BRI B — AN S E
(il 10 000 000) , R4 L ARFSAEHTLE A, LE PTS 25
FEARAEE R R HR SEE R B e A R
Febp Rl RAIE Al PTS, S2br b, BARAEYH A
E, N SREERAFR) E, B, PTS 19V, V, Bl A %0
T, V,/V, D7 ARG R WA I 2 R AR

MPTS SAEWAL Z M 1 N Bl J1 655, PTS
BRI RS S S R A A A& 7 s

K% © BHESHV |

E |
HIER HHVIV |
Ey 20 10 0 a0+ |
B

En © miji e |

@ \ERE (4o
BV Rin 403 00 N
(N'm?) s <10

—

OFbE iy

K7 PTS BOBUEARAL SR
Fig.7 Numerical results of PTS model

K7 h @A s = 808 AT, 321 16
BATVEI, PTS 55 A R I 14 A Wy A 2 2 fih IX 3 1) 12



24

B BE ST A S A DN 4 R Ak o 1 A 331

S AR, AN 1. 4x107 mm; BE-Y J5 00, S %
TR /N L 42 ik g Xk 4 S 42 ke DX R 1 B e K 7 [
KARXIIE A28 0, A4 PVDF F&HL AR IE &
HLRN , TR EE R BB /R T PVDF 2K o B V 43
i, R 7 Q) @FrR,  H B AT A i ) e ¥ A
AT, (E TR R A B2 5 T PDMS EGJZ (B, > E,)
PVDF ™ A1 o ZAHLIN, o B 7E N IR
FEfh B AV S o B A — 2, BRI RAE R
ARAERT PTS (W - Z 5 & I AL

R T X PTS (A AL iR, K 8 /R T E, =
1.32 MPa E, =110 GPa E, = 1. 40 MPa It} |PTS 1 PVDF 2
o FVLEX J7 [ BYARACRUHE (BRI By, =11. 4645 mm) ,

4500 F E,=132MPa
E=110GPa —
4000 - | E=140MPa  —= KiJie 120
3500 - i O mebrE T
H 7 oF — 1.5
. L& 7 (b) Potential position
g 3000 - 3 ! o o Y
%'/ 2500 - J D] T— 1.0 E
B N
R 2000 05 &
2
1500 - G
‘ 10
1000
so0 L -0.5
0k -1.0

0 0?5 1.‘0

V= 11.464 5 mmAbXJy 1) ) BE B /mm
(a) BBF 4T
(a) Potential

8 PTS 4L R ) R 3 A LA
Fig. 8 The o and V distribution of the PTS component

H& 8 I,V 5 o BITE X J7 A A AL ML — 2k, 7
x=0.32 mm &b, BPERBR B &L PTS A V S o it
K(V,,.2.3 mV;0,, 4500 N/m*), 7EHAMX I PTS =
ARV o BN, I, Z5REW] T PTS o PVDF 2 |E
F14Y EEL 340 A T A B S I N SR AL P R s 22 5 A A 2 2
filiet i A8k, BETFE S thiRoT & AR E A S
KA A AR S (R AR ) 9835 X5 b/ i e ALY
AR S TR, B9 IR T E,=4.8 MPa, MRS
K1 Hz 2V, B, v, Vv, BT, PTS AP
HAES (v, (V) 38 2 F Aaf R 4 02 A 7S T 25 R A7 0 4
IR0, v, RV, B SR 2 1 He, LS (55 R A4
FRATIATUR — L, W T PTS 4 s x5 25 48 Ay 10 o
BRMRRLRE TT;V, L6V, WRAE K, B WA 3R 422 ok DX 3 26 1Y
NEASEER UERH T L 8 Rk PVDF JHEJIE 4 R A8 LA, ] AL
WL PTS ARGV S B2 fi, PTG 2000 AN W) A=
ZHZEVRE 1 o 7 R i L

R T AU S P A DR BT B 4 80, AR S AE S S
REBEER HEA S B b B (Sylgard 160 AR HE, Sylgard
184 fE#Z L , Sylgard 170 AR , Sylgard 186 R K, 3120

PEf: PDMS 160 (£= 4.8 MPa)

t/s
B9 E =4.8 MPa,8iEN 1 Hz 2 V,_, BV, .V, Bk
Fig. 9  Comparison of V| and V, time-domain curves with

E, =4.8 MPa, excitation parameters of 1 Hz and 2 V,_,

RTV ) AR AN TR, il 10 fras . 44 i 3h
BIESMR RS, fEREANTH FIFRT 10 )EE M
5, B R TR EFET 25 A ] 550 A5 i
& Vv, AR, BRI, VY, 5T SRR
i ) AR B I FE 7 E, = 1. 4 MPa 245 S PR &R 2>
LMERFR M ih 2 St L &, Ah, PTS 78
1.01~3.51 MPa B 8ha53E Fl i 4T 7k, X e 1. 01~
1.40 MPa £ 1. 50~3. 51 MPa JG N V,/V, ZE{L R,
HIE R R, X B R E PTS 78 1.01 ~
1.40 MPa N R BT iy, i — PR SE T T
FP I S AR 1 R P A% 8 7 R T R 1) PTS/ AR W 2 41
P fil A BB (R A R DR PR SR 45 SRR ], AR
FFFFE 15 3 A 0 PR AR el ik B e T A 5 b B2 B sh )
R LU W 125 B, BEUE RS R 2 A 8L sk

O [HE R THRIGT T
K10 AR RE o A T A5 B ARG I i 22 i &

Fig. 10  Placement of different elastic materials as artificial

R
Iy .

tumors in the submucosa of pig stomach

P 4 JEAR T ARWIFEIT K 1) PTS 5 AR [R1 S fh i 14 J2%
avryrERe LA, T IS A WA R s e i . AR 4
FTLAE ) ARBFSETT & AL 25 0 R UE R SHE R A
ey, TE M, X T AEH 5 AW FEUE S



332 f# £ ¥

a6t

D EHET 3120 RTV BRI
24T ) M HETSylgard 160 BERRIE

) B HETSylgard 184 FEMGE - SRHAER
P 3B FET Sylgard 170 FERZ R
20 < #BET*Sylgard 186 REMRIR

N — HEITEER Sylgard 160
=
—
L6 <~ Sylgard 184
77777 (¥ =0.773 682 868 4-X +0.442 036 500 9)
R*=0.980 053
12 Sylgard 170 (Y =0289 5185323 X +1.132 749 642)
Sylgard 186 R*=0.999 188
1 i} 1 1 1 1 1
1.0 1.5 2.0 25 3.0 3.5
E /MPa
11 EEEEDARE E, AR v, v, B
Fig. 11 Voltage output ratio for elastomers with varying elastic

moduli embedded in the submucosa of pig stomach

Prif e ity i 1T 5 3 T MEMS B IOt i s,
oK AT LA 2R e M e e ) R U R RE

x4 ATNELEYHRBREEENRE LM
BRI R LR
Table 4 Comparison of the performance of different
types of tactile sensors used to measure

the elastic modulus of biomaterials

e A% RIE .
(RS ) /mm pyt B
e 4 5.0 0.16 9.0~60 kPa
RA 20.0 0.25 9.0~90 kPa
GRS Ei et TN 10.0 0.37 0.2~3.1 MPa
JEBA L [+ 19%19 0.45 0.1~1.0 MPa
JE ek [+ 22x4x0. 8 0.26 0.5~2.5 MPa
PTS (ABIFE#EL) 2.0 0.36 1.0~3.5 MPa
4 &’

ABFFEL RIS FEE AT T LT 5T 13 T A
P 2H S A 0 ) P R b AR RS . AN R I T
— G T2 AE DY B L LIRS DU 3 4y P e 20 R A
0 R e L i i A SRR, TH T A I R AN [y 2
TR (NFRAE L1 F) & PVDF JRHLZ I, 2% 28 1R LA
N 2.0 mm, BT NS RE E R, R T
AR IR SRR RN TR AL T 7 ST 1 PTS/ AW 2 44
i A2 JERSIEARY , R A3 BT PTS 19 A= T 4 8 P A i £
L TR EE R PVDF JZ 58T R AL (A ER) 1Y
P X B A1) VA5 o Bk, FE S B R R i X3l A

V5 o B/ BRT PTS i1 - 236 K Ae 1L
it RE, fJ5, R MEMS il T2, #il 4 T PTS £E4L,
[ 4 2 PTS/ A4 41 20 3h 25 3 Anr Ik 5 X0 8 B P oA
I AT i 2/ B AR P S RS R B0 AIE 5 SR B, P
5 B AL R 22 e (V,/V,) S AR A Ak
iR (E,) RZ&PESRZ,0.2~3.5 MPa N, Bl E, K,
V,/V, Bk, H SRR RA A

£ 3Lk
[1] CHEN CH Y, YANG Y F, WANG P C, et al
Simvastatin  attenuated  tumor growth in different

pancreatic tumor animal models [ J]. Pharmaceuticals,

2022, 15(11) :1408-1412.

(2] ke, REW, EHE, 5 2T 8 & MRR B

FEAE P B RUBITTE [T ] (AR, 2024,
45(7) :210-217.
ZHANG J, SONG ZH G, WANG SH H, et al. Research
on feature classification model based on pathological data
of gastric tumor [ J ]. Chinese Journal of Scientific
Instrument, 2024, 45(7) :210-217.

(3] K8#pE, Hocl, B, 28 BT RA-Unet [ CT 4]

IR 23 LT ). A AR AR, 2022, 43(8) -
65-72.
DI SH H, YANG W H, LIAO M, et al. Liver tumor
segmentation from CT images based on RA-Unet[ ] ].
Chinese Journal of Scientific Instrument, 2022, 43(8) .
65-72.

[4] QIUSH, ZHAO X F, CHEN J Y, et al. Characterizing
viscoelastic properties of breast cancer tissue in a mouse
model using indentation [ J ]. Journal of Biomechanics,
2018, 69:81-89.

[5] FEIG V R, TRAN H, LEE M, et al. Mechanically
tunable conductive interpenetrating network hydrogels that
mimic the elastic moduli of hiological tissue[ J]. Nature
Communications, 2018, 9.2740-2748.

[ 6] EXTONJ, HIGGINS J M G, CHEN J J. Acute brain
slice elastic modulus decreases over time[ J]. Scientific
Reports, 2023, 13( 1) :12826-12829.

[ 7] TAMOSIUNAS M, CIZEVSKIS O, VISKERE D, et al.
Multimodal approach of optical coherence tomography and
raman spectroscopy can improve differentiating benign
and malignant skin tumors in animal patients [ J ].
Cancers, 2022, 14(12) .2820-2825.

[ 8] WANG ZH D, MEI L, YANG X, et al. Near-infrared
fluorophores methylene blue for targeted imaging of the
stomach in intraoperative navigation [ J ]. Frontiers in
Bioengineering and Biotechnology, 2023, 11(11):

72073-72085.



24

B BE ST A S A DN 4 R Ak o 1 A 333

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

LU Y, PEI SH SH, HOU SH X. Development of a novel
rat model of lumbar facet joint osteoarthritis induced by

persistent compressive injury [ J ]. Experimental and

Therapeutic Medicine, 2020, 20(4) :3740-3748.
AR, BT E ARG A T W2 AR AR B AE Y
PR B AR D], K KRR, 2018.
ZHENG J X. Research on elastic testing technology of
heterogeneous biomaterials based on rayleigh wave optical
coherence tomography[ D].
2018.

CHOE Y, CHIULLY, LEE M, et al. Characterization

Tianjin: Tianjin University,

of mechanical and dielectric properties of silicone
rubber[ J]. Polymers, 2021, 13(11) :1831-1838.
ABBASI F, MIRZADEH H, KATBAB A A. Bulk and
surface modification of silicone rubber for biomedical
applications[ J]. Polymer International, 2002, 51(10) ;
882-888.

B, FURT A E P REREAR R B i ) 2 S PR
5T D). dbnt: dEatE TR, 2020.

LUO R X. Preparation and performance study of high
rubber

Beijing: Beijing University of Chemical

performance  silicone implants  for  breast
surgery[ D ].
Technology, 2020.

2y, S, TRER, S A AR EMEEEN
L BB H AR (1], R, 2022,
43(6) :230-238.

LI R, DAI Y, ZHANG J X, et al. Object dimension
measurement using the 5-dof electromagnetic tracked
endoscope[ J . Chinese Journal of Scientific Instrument,
2022, 43(6) :230-238.

WRESTE, XNAZE. 7S GO I L ) 126 1K R e A IR
WP T]. hEBEER AR, 2023,
31(10) :1109-1112,1116.

RAO Y R, LIU ZH J. Research progress of ultrasonic
microbubbles combined with targeted-delivery system for
oncotherapy [ J ]. Chinese Journal of Medical Imaging,
2023, 31(10) :1109-1112,1116.

TONG Y X, JIANG L M, CUI Y K, et al. Clinical
characteristic-assisted surgical benefit stratification for
resection of primary tumor in patients with advanced
primary malignant bone neoplasms: A population-based
propensity score-matched analysis [ J ]. Frontiers in
Oncology, 2023, 13(96) :502-517.
TANY Y, CHU Y, LIU D L, et al.

stromal

Giant gastric

tumor with predominant cystic formation
misdiagnosed as gastric cyst under endoscopic ultrasono-
graphy and fine-needle aspiration[ J]. Endoscopy, 2023,

55(1) :472-473.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

EF, AR, FOR. AR R ()], B
H2AAR, 2023, 72(20) :291-302.
WANG Y, ZHANG H M, QIN H.
microwave-induced thermoacoustic imaging [ J ].
Physica Sinica, 2023, 72(20) :291-302.
WANG F F, SHEN J J, WU Y Y. Passive tactile sensor

for measuring

Biomedical

Acta

elastic modulus of soft material:
Continuum-mechanics model and experiment[ J ]. Sensors
and Actuators A. Physical, 2018, 283.291-297.
BRIRR, 28 40, 288000, 55, B 05 28 DL 3 2 1 i
SERAE R DT I [T]. T S S
2022, 36(8) :13-27.

GU K X, LI H, LI K Y, et al. Research progress of
flexible tactile sensing technology for soft biomimetic
manipulator[ J ]. Journal of Electronic Measurement and
Instrument, 2022, 36(8) :13-27.

LIU Y F, WANG W, CHEN X F. Progress and
prospects in flexible tactile sensors [ J]. Frontiers in
Bioengineering and Biotechnology, 2023, 11 ( 126):
4563-45717.

LIUY L, WO H L, HUANG SH Y, et al. A flexible
capacitive 3D tactile sensor with cross-shaped capacitor
plate pair and composite structure dielectric[ J]. TEEE
Sensors Journal, 2021, 21(2) :1378-1385.

LU X F, YANG W Q, MENG F, et al. Material
recognition using robotic hand with capacitive tactile sensor
array and machine learning [ J]. TEEE Transactions on
Instrumentation and Measurement, 2024, 73.1-9.

LI W K, WANG B, PENG G X, et al. Skin-inspired
piezoelectric tactile sensor array with crosstalk-free row+
column electrodes for spatiotemporally distingui-shing
diverse stimuli [ J]. Advanced Science, 2021, 8(3):
2817-2827.

BONAM S, BHAGAVATHI K A, JOSEPH J, et al. An
ultra-flexible tactile sensor using silk piezoelectric thin
film[ J]. IEEE Sensors Journal, 2023, 23(16) : 18656-
18663.

SRS, TR, DU ST el BOnh 0 ) A iR
M SECE RO [J]. BTl AR, 2022,
45(3) :72-78.

GUO ZH G, JIAO X Q, JIA X ZH. Research on

dynamic mathematical model of force sensor based on

impact excitation[ J ]. Electronic Measurement
Technology, 2022, 45(3) .72-78.
ZHANG J P, WEI S, LIU C CH, et al. Porous

nanocom-posites with enhanced intrinsic piezoresistive
sensitivity for bioinspired multimodal tactile sensors[J].
Microsy-stems & Nanoengineering, 2024, 10( 1) : 630-
641.



334 DO O a6tk

[28] TANO N, HATSUZAWA T. Balloon-integrated Edition) , 2019, 47(10) :1-12.
pneumatic tactile sensor for tissue palpation in minimally [39] MWH, FoRlg, B30, 58 WEME L3 i2IT N
invasive surgery[ J]. Sensors and Actuators A. Physical, BEARN KRR ERN B[ T]. P EEOE, 2023,
2023, 363(11) :4772-4778. 50(9):108-117.

[29] LIMS, HUH T M, YAHNKER C R. et al. Resonant ZHAO M, WANG R F, LU Y W, et al Development
pneumatic tactile sensing for soft grippers [ J]. IEEE and clinical application of endoscopic techniques in
Robotics and Automation Letters, 2022, 7(4) : 10105- photodynamic therapy for luminal tumors [ J]. Chinese
10111 Journal of Lasers, 2023, 50(9) ;108-117.

[30] SOKHANVAR S, PACKIRISAMY M, DARGAHI ]J. .

i ) o ) [40] BAI'J Y, WANG Y Q, GUO H, et al. Endoscopic
MEMS endoscopic tactile sensor; Toward in-situ and in- ) ; I ) - |
vivo tissue softness characterization [ J ]. IEEE Sensors re.sectl-on O. S gastroTntestlna stromal - tumors [ J].
Journal, 2009, 9(12) : 1679~ 1687. Digestive Diseases and Sciences, 2010(55) :1950-1959.

[31] TANAKA Y, DOUMOTO K, SANO A, et al [41] HAMPSON R, WEST G, DOBIEI G. Tactile,
Development of a sensor system with syringe based on orientation, and optical sensor fusion for tactile breast
tactile sensing using balloon expansion[ C]. 2010 IEEE image mosaicking [ J]. IEEE Sensors Journal, 2023,
International Conference on Robotics and Automation, 23(5) :5315-5324.

Alaska, 2010, 4861-4866. [42] HAMPSON R, DOBIE G, WESTI G. Elasticity

[32] SANGPRADIT K, LIU H, DASGUPTA P, et al. Finite- measurement of soft tissues using hybrid tactile and marg
element modeling of soft tissue rolling indentation [ ] ]. based displacement sensor systems [ J]. IEEE Sensors
IEEE Transactions on Biomedical Engineering, 2011, Journal, 2019, 19(22) :10262-10270.
38(12):3319-3327. [43] SHAIKH M O, LIN CH M, LEE D H, et al. Portable

[33] ZHAO SH SH, PARKS D, LIU CH. Design and pen-like device with miniaturized tactile sensor for
modeling of a wide dynamic-range hardness sensor for . .. )

quantitative tissue palpation in oral cancer screemng[] 1.
biological tissue assessment[ J]. IEEE Sensors Journal,

IEEE Sensors Journal, 2020, 20(17) :9610-9617.
2013, 13(12) :4613-4620. 44] ZHAO SH SH, PARKS D, LIU CH. Desi d

[34] JI B, ZHOU Q, HU B, et al. Bio-inspired hybrid [44] ’ ' - esienan
. . o . . . modeling of a wide dynamic-range hardness sensor for

dielectric for capacitive and triboelectric tactile sensors
with high sensitivity and ultrawide linearity range [ J]. biological tissue assessment[ J]. IEEE Sensors Journal,
Advanced Materials, 2021, 33(27) :859- 866. 2013, 13(12) :4613-4620.

[35] WANG N, DOU W, HAO SF, et al. Tactile sensor from [45] SOKHANVAR S, PACKIRISAMY M, DARGAHI J.
self-chargeable piezoelectric supercapacitor [ J ]. Nano MEMS endoscopic tactile sensor: Toward in-situ and in-
Energy, 2019, 56:868-874. vivo tissue softness characterization [ J]. TEEE Sensors

[36] CHANG S M, HUR S, PARK J, et al. Optimization of Journal, 2009, 9(12) :1679-1687.
piezoelectric  polymer composites and 3D  printing {EEZEAN
parameters 4 for flexible tactile sensors [ J]. Additive BB SES) 2012 4E T1 B i 2s
E’[anuficturlng, 2023, 67.103470. “ - Fer AR AR A 2015 4 TR B s Ko

[37] XUEZ BRBA. B T90K ZnO fil 5 14 5 0 BIF 50 3

[38]

FELT]. A rg BE TR 22 4 ( A RB# /), 2021,
49(11) :116-126.

LIU Y R, CHEN M. Research progress of tactile sensors
based on nano-ZnO [ J ]. Journal of South China
University of Technology ( Natural Science Edition ),
2021, 49(11) :116-126.

XU R, HET PVDF B4 A il i 1 165 i BF
FEREL)]. R TR AR (ARBIERR) , 2019,
47(10) :1-12.

LIU Y R, XIANG Y X. Research progress of PVDF-
based piezoelectric tactile sensor[ J]. Journal of South

China University of Technology ( Natural Science

PAF 2207, 2019 42 T RI AL LR K2
PAF I L, BTG RO R YR, 32
BWEFETT 0 R ' PO E AT &, B RERTRL
HERBIT,
E-mail ; hujie9@ jxau. edu. cn

Hu Jie( Corresponding author) received his B. Sc. degree from
Nanchang Hangkong University in 2012, received his M. Sc.
degree from Nanchang Hangkong University in 2015, received his
Ph.D. degree from Nanjing University of Aeronautics and
Astronautics in 2019. Now he is a lecturer at Jiangxi Agricultural
University. His main research interests include the livestock

facility technology and intelligent materials and structures.



