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Design of piezoresistive high-torque dynamic six-axis force sensor

ZHAO You, ZHAO Yulong
(Xi'an Jiaotong University, State Key Laboratory for Manufacturing Systems Engineering, Xi'an 710049, China)

Abstract: Six-axis force sensor has important application value in intelligent manufacturing, precision assembly, sports medi-
cine and other fields. Aiming at the technical problems of decoupling measurement and cross interference suppression of six-axis
force sensor, this study puts forward a design method of piezoresistive high-torque dynamic six-axis force sensor. In sensor structure
design, four straight beam three-dimensional force sensors are combined to share the load, so as to meet the requirements of high
load. In three-dimensional force sensor design, the symmetry of elastomer stress distribution and the principle of Wheatstone bridge
balance were used, and the sensitive resistors were organized into measuring circuit for three-dimensional force decoupling measure-
ment. According to the stress variation law of the combined sensor under six-axis forces and torques, the six-axis forces and torques
are measured by matrix decoupling.
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Table 3 Key technical parameters of semiconductor sensitive resistor
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Fig.7 Elastic model of three-dimensional force sensor and its surface normal stress variation law

BB, H & Ry IR, iX 2 /™ 502 i BH 21 & Jr 76 A
VT S Y PRS2 S A B RR ) SRR L B
BIAYEE S, h=3 mm, H=20 mm, L=2mm., fZ/Ri%
J7 ZEAT B R BT 2 5 B o rRL B, R
HAL % AE 32 B U7 0] JIE R, PRSI o)
o7 Py e rL BEL A rL BEL(EL 2 ) 50 s T 1) AR A,
W 7 AR 22 s s PEARBUROY m IR, R

AR v X 7 %) e ek BEL Yy e BEL 5 ] 05 ) A2 4K
D L B R, R i AR . R4 T =
il 17 A SR O P % v A IS BB L LR =l O AR
R B R B AR A i, B3 T A s i B ) 0
HAR,, TEF,. F,. F.=H8J3/EM T4 i HBHAE
AL HE N AR, . AR, AR,

RJ R4 Rl&
Y .
R y y X y X
YA ‘/<>‘X R7 i s
bk T 0
A A
Biyl 4B A-ATRIHT R B-BH i
A TH
R RH

RIS T HEAR (115

Z1 F1 G A
B8 =4 AR EHAE

Fig.8 Design of sensitive resistance distribution and measuring circuit of three-dimensional force sensor

X187 A Y1a] S AR
FEL o~ Ap L5 0] & o2, 0%



2023 45 H E N OE E - 83 -
Fik X5 R
_ R7'R8_R5'R6 _ .
R, R, U.= R,+R+R,+R; l=AR 1y (7)
R IR} R, 'R} R R R, IR R,-R,—R,-R
2 H 4 3 H 5 6 8 7 — 3 4 1 2 — .
RS N N N Um Ros R+ R+ R, AR ®)
t L ' L ' L t L
1 o 1L ‘ 1 L‘ U - 2R0(R9+R10)—4R021_ 2R,AR, 1 o
FO A5 Bk & RO [y 12 E "" 6R,+R,+R, ' 4R,+AR, "

Bl
Fig.9 Position parameters of semiconductor

sensitive resistance on the surface of sensor elastomer

A J7 1wy i) e v e S ), AR SR A2 3 F AR
I, A% A BEL (72 P o 0 P A 23501
Ry=R,—AR,, R;=R,~AR,, R,=R,+AR,,

R{=R,+AR, 3)
_ R,-Ry—R,R,
> R+R,+R,+R, "’
2 2
R,+AR.) — (R,—AR
_ ( 0 x) ( 0 x) [O:ARX'IO (4)

4R,
mEtZ 8 F. F,. FAERRE, #4BBH{EAEfk
AT HLATR A 2
R,=R,—AR.+AR,— AR,

V
R;=R,+AR.+AR —AR, )
R,=R,—AR_+AR +AR,

y

Ry=R,+AR_+AR,+AR,

_ R,-R—R.R, , 4R,+AR)AR,
» R+R+R,+R; " 4R,+AR)) °
=AR. -1, (6)

XA @A ()T LAFE i, F
RERSBAMIN B F . F A F N2 Wi F 0 v B ) i
WEEA ., W3, FRN R DN G A O B Ry
Az J5 W) 3 A2 HoAh Ty o] TR RE 7. AR R 00
SRR TR LI (R o K (e SR T

B i T RABUEE S — B e R A SR 13
W USERFWME, mALA0FR, If
H, AR AR BN B, AR SC o S A
R F, L 174 R, L7 7258 1 i AR 559 B R BELAE R, 1 HUARL
A FR7RH AR R GF 532 2 T o AR S b

Bz R EEENIRR, AKX ADIIR,
U
S= 7 (10)
AR GF-o
3 =% (11)

WAL AKX (D~(11), BLS,.. S F S 735 S,
U. URUSSME U, F.. FHMFS35REF,
15 2] = b 7 A5 A =D E E 0 RS
RGN -

GF -0y Ry,
=T (12)
GF-0.-R,-1,
=T (13)
2R;-GF -0, -1
0 F Lo (14)

5= (4E-R,+R,-GF -0, )-F,

HRAE R 7 O B R E3RNAEHT,

F,.. F,F0F 05 e % b s B 32 21 00 7 34 1 75 45

W4 24.4 MPa, 2.1 MPa fl124.4 MPa, HUZ A

BN 1.5 mA, ITHEABRF. F M F I EH

% 1 e i i R RS 43 5 R 9.1<107 mV/N, 3.9%
10 mV/NF19.1x10”° mV/N,

k4 Z4AER THRA AT E
Table 4 Change of sensitive resistance value under three-dimensional force
LB A2
=4
RI R2 R3 R4 RS fo R7 RS R’) RIO
F, +AR, -AR, +AR, -AR, -AR, -AR, +AR,  +AR, 0 0
F, +AR, +AR, +AR, +AR, +AR, +AR,  +AR +AR  +AR,  +AR
F. -AR, -AR, +AR, +AR, -AR. +AR, -AR.  +AR, -AR, +AR,
2.3 RNHAFRENE U AR AR B XS AR AR, AR e A AR

NG 3 AL AR B 1 2 AT o s D

IO F) i i o AT e afE L o v BELAR B AR LS Y



- 84 - B &F, ERXKAENSMDERRFKI

5 44 B4 3 )

T A E RS 2 Y T RN i T = AR R
AL R R, o 0 S SR Nl ) Ze M AL Y
R, MAKAS)PIR.
U=a,F.+a,F,+aF.+a,M +a;M, +
asM,(i=1,2,...,12) (15)
b, U A A B T
ay~a HENER R, b EE R I, XFARAR
PIAS =3l 9 A5 %25 0 7S A 1 JEAT AR PR IE 5,
AR E T, A A6)FR .

F, a, ap 4 dy dis dig Y

Fy Ay Ay Gy Uy dys o U,

F. _ |4 Ay Ay Ay Qs Ay U;

M, Ay Ay Ay Qg Ays dy U,

M, as; dsy ds; dsy dss dsg Us
(M. | Lda de dg da  de el | Us |

(16)

PAIEL 10 JT 735 19 7 il 3 42 TR 28 R 408 1 190 AR 38
RSB 25 30 ], AR R U AR 32 | A% %
BV Z XA Y 7 18] ) = O Blie Sk U~U,
M4 23 20 (7)~9) AT 1 U~U, 19 i 1 3258 i 24 =X
AR o HRHEE 3 v 7Sl ) 1 8 L 2 3 1 1
I EEER, WEAEF,. F,. F.ULKXM,. MFfM.
SAAERTE, U~U Dt H g v 2 S A sk e BHLAR
W2 BN T, AR A8)i R . H—4TH
6 ALBHE 43 IR U ~U, I L i rpr 2 S A R

)Lr<:7?

Z

A 10

NI RBERREREFE BT T ER
Fig.10 Schematic diagram for selection and

numbering of elastic beam of six axis force sensor

U ,=AR.-1,
U,=AR, -1,
2R,AR,
Uf:4RO+ARy'“
U,=AR_ -1, an
Us=AR, -1,
2R,AR,
():7'10
4R, + AR,
[ 047 205 0.28 4.81 19.59 4.9]
494 386 4.56 408 465 482
o 20.75 429 8.94 20.5 0.1 943
58.71 42.19 51.68 21.15 0.11 41.95
0.32 1014 023 101.42 0.68 35.09
L 036 1944 0.11 4532 5553 559/
(13)

B A (1), (17) F1(18), I LA 30 kN Al
15 KNm AE MR, THEA RS0 ) 1L B 1y R
HAKERE(19), $i2% R BORRE i R B 5
KFIFACARL K (16) RIFS 20755 01 AL A5 1 HLis i

WL BHAR Y2 2R84
[0.017 45
0.761 14
0.005 20
0.178 59
0.72735
10.090 88

[ 5.73050
0.13138
19.23910
0.559 95
0.13749

L 1.100 32

0.183 42
0.143 32
0.084 58
0.151 48
0.172 65
0.089 40

0.54521
0.697 76
1.18229
0.660 13
0.579 21
1.118 57

SIS TN I

3 &FRiE

0.770 42
0.159 28
0.165 69
0.761 14
0.003 71
0.17476

0.129 80
0.627 82
0.603 54
0.13138
26.933 37
0.57223

7 S 58 75 Bl ik R 00 2 158 S04 o )
HOARAMERL, DA AR N i ) A2 & 2 D9 W58 H A

A, WAKXQo)TR,
435965 0.02376 0.02673]
3.13292 7.52969 1.443 56
1.900 58 0.008 54 0.004 08
1.57054 7.53118 3.36534
0.00817 0.05049 4.123 51
1.54551 1.29441 2.05418

0.02294  4.208 34
0.03192  0.01328
0.05262 11.710 64
0.06367  0.01328
12.24244 198039 0.024 25
0.06470 0.07726  0.048 68

PEH T P e BH 2 KL B0 25 75 Bl ) A% IR 11K
T ARAE 0~30 KN ¥ J7 1 0~15 kN - m 14 3 i il
TR SR A G M08 2 kHz B AR TE AR, XL IERAEAY
ARG . R =R G IEER AT TR

x 107 (19)

3.740 75 ]

0.069 27
24.485 35

0.029 71

S

S

x 107 x (20)

SSE&SES



2023 45 F =

E R -85 -

AR 7 il g B g R I e R, X A i e L R R
TET I g 7R AR | I e LA A R 2
D5 AT T T RS, BT R TR R AR Y S
TR . OPRESIRIE

O ) A RS 445 AR 6T T A0 0 5 FpL A A it
B, AT LS A B AR

Q@ X ToNE AR i, MELL B ) A
Ha) TR B 2 1 7 XS BRI e, 0 B A IR
T AN PR T e B R A

R BT 7N Al ) A RS AT I L
BB FPEREMNABT I

S 30k

[1] NOH Y, SAREH S, WURDEMANN H, et al. Three-axis
fiber-optic body force sensor for flexible manipulators[J].
IEEE Sensors Journal, 2016, 16(6): 1641-1651.

[2] XIONG L, JIANG G, GUOYY, et al. A multi-dimensional
fiber Bragg grating force sensor for robot[J]. IEEE Sen-
sors Journal, 2018, 18(9): 3632-3639.

[3] LIT, PAN A, REN H. A high-resolution triaxial catheter
tip force sensor with miniature flexure and suspended op-
tical fibers[J]. IEEE Transactions on Industrial Electron-
ics, 2020, 67(6): 5101-5111.

[4] NOHY, HAN S, GAWENDA P, et al. A contact force sen-
sor based on S-shaped beams and optoelectronic sensors
for flexible manipulators for minimally invasive surgery
(MIS)[J]. IEEE Sensors Journal, 2020, 20(7): 3487-3495.

[5] WANG L, JONES D, CHAPMAN G J, et al. Design of a
digital triaxial force sensor for plantar load measurements
[C]// Proceedings of 2019 IEEE Sensors, Montreal, QC,
Canada, October 27-30, 2019: 8956606.

[6] STEPHANIE E, OSAMA A M, MOJTABA A. A 6 DoF,
wearable, compliant shoe sensor for total ground reaction
measurement[J]. IEEE Transactions on Instrumentation &
Measurement, 2018, 67(11): 2714-2722.

[71 XU H C, WANG S, MIAO X G. Research of multi-
dimensional force sensor based on multiplexed fiber Br-
agg grating strain sensors[J]. Optical Engineering, 2017,
56(4): 047103.

[8] HE X, RAN Z, XIAO Y, et al. Multi-dimensional force

sensors based on all-fiber Fabry-Perot strain sensors[J].
Optics Communications, 2021, 490: 126694.

[9] KISTLER. ll Jj 7§t - 2 43 & J3 3+-9139AA[EB/OL].
(2021-12-19) [2021-07-01]. https://www. kistler. com/zh/
product/type-9139aa/.

[10] Z=538, WRAGER, W, 45 . Y TR RIS 4k 01/ 00 Ji AT I
BRI A A (0] BLBR TR 2741, 2020, 56(12): 1-8.
ZUO M, CHEN W Q, YANG M, et al. Strain analysis of
six-axis force/torque sensors with Y-shaped crossbeam
[J]. Journal of Mechanical Engineering, 2020, 56(12):
1-8.

[11] LI'Y J, WANG G C, HAN B B, et al. Research on non-
linear decoupling method of piezoelectric six-dimensi-
onal force sensor based on BP neural network[C]// 3rd
International Conference on Automation, Control and
Robotics Engineering (CACRE 2018), 19-22 July 2018,
Chengdu, China.

[12] LIY J, WANG G C, YANG X, et al. Research on static
decoupling algorithm for piezoelectric six axis force/
torque sensor based on LSSVR fusion algorithm[J]. Me-
chanical Systems & Signal Processing, 2018, 110:
509-520.

[13] ZHOU S L, SUN J, CHEN W X, et al. Method of de-
signing a six-axis force sensor for stiftness decoupling
based on Stewart platform[J]. Measurement, 2019, 148:
106966.

[14] LIXY,YINY Z, SUN Q, et al. Design and calibration
experiment of six-dimensional force sensor for heavy-
duty manipulator[C]// International Conference on Me-
chanical Engineering, Measurement Control, and Instru-

mentation, 2021.

[1EH 4]

AR A 1990F 4, WA, ST, Mt
A 50, EBHR G @ A MEMS 38 )% /#k ) 1E
BB, MR AEREEFRTA,

MER 19684, Hit, HEAFIF, £
B R 77 6] 1 MEMS B R | 4 2 35 3R B A% 44 )
AR R A TAZ N

(ALsm#t: 15 &)



