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Abstract: A pre-stressed six-axis force/torque measurement method based on a Stewart platform was
established to extend its measuring range. Compared to the traditional Stewart six-axis force/torque
sensor, the principle of the pre-stressed Stewart six-axis force/torque measurement was analyzed.
Then, structure design of the sensor was finished. By using the ANSYS software, a finite element
model for the pre-stressed Stewart six-axis force/torque sensor was established. According to this
model, the vibration modal was analyzed, and the natural frequencies and vibration modes were ob-
tained. Finally, principle of the sensor calibration was analyzed, and the sensor coupling matrix was
calculated according to the data of a static calibration experiment. Experimental results indicate that

this pre-stressed Stewart six-axis force/torque sensor has the measuring ranges of 0~3 000 N for the
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force and 0~300 N » m for the torque, and its measuring accuracy is better than 7. 5% of the actual
data. It shows its advantages in wide measuring range, easy to decoupling and convenient for assem-

bly.

Key words: Stewart parallel structure; six-axis force/torque sensor; decoupling matrix
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Fig. 3 Principle diagram of pre-stressed Stewart six-

axis force torque sensor

(D
F'=Gif .

F'=[F./ ,F/ ., F.'”.M,/ .M, ,M.']",
f:[fl sfosfsofiofs vfa]T~

G}
[7]

- Sl S2 Sg S4 S5 SG
G =[

‘ Sol SOZ SOB 504 SOS SOG

_ b.—B,
Si B ‘ bl _Bi ‘ ’

- _ B xXb:
So;=B; X8, = b —B
b.(i=1,+,6) 6

(2)

(6)
oJ Stewart s
J=LG;] ",
F/
F'=K(A, A, A0,.0,.007". @)
,F/ _ (Fz ” ) Fy”9 Fz// ) M»l ” ) My”9 M://) K
[9] ,
K
an° 2h* !
3nErt 0 0 0 nEr! 0
an’ 2K
0 3nEr! 0 xEr! 0 0
h
0 0 o 0 0 0
2K 4h
0 A 0 o 0 0
2K 4h
TEr! 0 0 0 xEr! 0
2h
0 0 0 0 0 @
(8)
JE G
yh r



12

y e Stewart /

(5).(6) (7

— L K.TGET . : T
Iﬂ “’E?“:‘;i’ K [(;f ] ( jﬂ 7.’2 7uf3 7jﬁlv jé>v jrﬁ) ’

(€D
F F',F’ F=F+
F, 6 f=0ff 1

Jiofsofs )t F

= (g Ko LG5 6] - gL 0

[10]

e da

Schematic diagram of connecting pole

5

Fig. 5

Stewart /

SN Y2~

L, q »

g, Stewart
B 7 =160 mm,r, =100
mm,/=210 mm,q =50°,¢,=30°, ANSYS
s 6 o
solid45 .6
link8 ,

1
ELEMENTS
U
cp

4 Stewart /
Fig. 4  Schematic diagram of pre-stressed Stewart

six-axis force torque sensor

Stewarlall Modal Analysis

6 Stewart /
Fig. 6  Finite element model of pre-stressed Stewart

six-axis force torque sensor

o

s Block Lanzcos Stewart



2958 19

7 ,
306.17,353.4,363.69,1 550. 6,1 557. 4 Hz,

1) ’

o

2/3 ,
(a) (b

(a) The first order mode (b) The second order mode 0~204 Hz,

o

5.1 /

Stewart /

(o) (d
(c) The third order mode (d) The forth order mode °

N o

Stewart /

. /

(e
(e) The fifth order mode (ForFyo Foo Moo M, MO,
7 Stewart / N ’ 6
. Stewart /
Fig. 7 Natural vibration modes of pre-stressed Stew- C
art six-axis force torque sensor
U, U, U, U, U; Uy F. 0 0 0 0 0-
Uy U, Uy U, Uy Uy o F, 0 0 0 0
U, U, U, U, U, U, o 0o F. 0 0 0
U, Us Us Ui Us Ul Slo 0 o M o ol ab
U, U, U, U, U, U, 0O 0 0 0 M, O
Uy Uy, Us Uy Us Ug| |0 0 0 0 0 M|
C 66 .
C, C, G, C, Ci G U, U, U, U, U; Use F, 0 0 0 0 05"
Co Co Cy Gy Gy Cul| |Un Un Uy Uy Us U, o F, 0 0 0 0
|G G G Gu Cs Cu|_|Us Uz Us Us Us Ug| |0 0 F. 0 0 0
|Gy C, Cy Gy Co Col U, U, Uy U, U, U, 0 0 0 M 0 0
Cho Cy Cy G, Cy Cyl| |Uy U, Uy, U, U, Usg 0 0 0 0 M, O
Ci Co Gi Gy Gs Gol Uy Uy Uy Uy Us Ug| L0 0 0 0 0 M|




12 , s Stewart / 2959

y ,  Stewart 5.3 Stewart /
/ / . 6 (3
. . Stewart
C, , 6 / . . N
Stewart / . . 9~11
5.2
/ N . .
8 s

3.317X10°V/N.,3.09X10°V/
N.3.315X107°*V/N,3. 038 X10 *V/N,3. 028 X
107°V/N.3.325X10 °V/N,

10 —m
/

9 X

2 %6 Fig. 9 Actual picture of X-axis force calibration ex-
2 2
gy =4 periment
N 2
0 0
0 1000 2000 3000 0 1000 2000 3000
FP"'le VN Fpole 2N
(a) 1 (b 2
(a)Curve of pole 1 (b) Curve of pole 2
10
8
el
£
%
10 Z
(e 3 4 Fig. 10 Actual picture of Z-axis force calibration ex-
(c)Curve of pole 3 (d) Curve of pole 4 periment
10 10
-
s mati | 3
=
Z5 6
2 2
% 1000 2000 o0 o 1000 2000 3000
Fpole s'N Fpole /N
(e) 5 (H 6
(e)Curve of pole 5 (f) Curve of pole 6
8 11 Z
Fig. 8 Calibration curves of connecting poles Fig. 11 Actual picture of Z-axis torque calibration

experiment



2960 19

X Z Z .
R s 6 2.0F —e— 2FF
1.5+ —a— 3FT
6 10 kN o [ —v— 4f
[14] L P
, = 05f —+— off
=
. 5 0.0
:3& 0.5}
3 ’ -1.0f
y “ ”» _15
s 12~17 . =2.01 ) ) ) ) ) )
0 50 100 150 200 250 300
8r —=— 1T J
71 24 M, /N-m
g’ —&— 3§F
4l —v— 4fF
Hi g 15 X
Z\_? % r —— off Fig. 15 Data of X-axis torque calibration experiment
g o0}
= gt %
-2
—i - 157 —=— U
-Ir —e— 2}F
= Lo} *A,_./*"M . =
St A : . : . ' 0.5} M —— 4fF
0 500 1000 1500 2000 2500 3000 0.0} —<— SiF
N z O o
F 305}
12 X 3 19
-1.5}
Fig. 12 Data of X-axis force calibration experiment o0l
-2.5}
6f L -3.0 .
[ 2T 0 50 100 150 200 250 300
: 3t M,/N-m
sl afi
z SFF
Fo0f off
2 16 Y
2 sl
~ R Fig. 16 Data of Y-axis torque calibration experiment
4}
6k
-8 00 1000 1500 2000 2500 30 L4p Bl
0 500 1000 1500 2000 2500 3000 ok —— 2}f
F,/N 1.0 L = I S
0.8F v R
13 Y 06F g
z 04} ‘
Fig. 13 Data of Y-axis force calibration experiment I 02f
2 0.0F
- = -02f
557 —— 1 —04F
5.0¢ — -0.6F
45l —a— 3 —08F
: —v— 4T -1.0
z 4.0F ——— s.H: _12 . . \ ) . . . )
S 3.5t 6 0 100 200 300 400 500 600 700 800 900
$ 3.0} M,/N-m
= 25t
2.0F 17 Z
}3 I Fig. 17 Data of Z-axis torque calibration experiment
0.5 L i n L n n L n L " n J
2 4 6 8 10 12 14 1618 20 22 Stewart /
F:/N , an -,
1 7 Stewart /

C:

Fig. 14 Data of Z-axis force calibration experiment



sensor with three-dimensional cross-shape structure
[C]. Proc. of IEEE Conf. on Robotics and Auto-
mation , 1989(1):249-255.

[4] FERRARESI C. Static and dynamic behavior of a

12 , Stewart / 2961
r—0.002 0 0.0015 0.0001 —0.0007 —0.009 4 0. 001 47
0.0024 —0.0011 0.0002 0. 006 4 0.004 7 —0.0013
o= —0.0006 —0.0024 0.0003 0.006 4 0.001 3 0.001 6
—0.000 5 0.0025 0.0001 —0.0071 0.0022 —0.0014]
0.002 2 0.001 2 0.0001 —0.0068 0.004 4 0.001 5
_—O. 0022 —0.0013 0.0002 —0.0011 —0.0096 —0.001 3_
c'.
r 56.7054 211.934 3 —242.302 9 —247.963 4 215.639 7 60. 029 8
268.289 1 129.356 6  —77.7107 155.202 4 —104.6967 —223.0455
L 731.424 8 1158.7120 1 340.3003 1 366.129 4 726.945 9 674.958 7
64.918 5 62.924 3 8.230 2 —1.689 7 —74.039 1 —66.143 4
—56.922 5 —36.048 6 70.638 4 73.934 9 —30.626 9 —53.779 5
i 99.2113 —126.589 2 115.830 5 —125.568 6 130. 349 0 *112.48277
. art / )
(F,”.F,/.F.”.M," .M,/ M."]=C'U , (12) Stewart /
U 6 . ANSYS Stewart
(12), 6 / ,
b / o b
Stewart /
7.5% . ’
o , Stewart
6 /
7.5%, 0~3 000 N,
/ 0~300 N+ m, N
, Stewart / . ’
, Stew- / o
high stiffness stewart platform-based force/torque
sensor [ J]. Journal of Robotic Systems,1995, 12
[1] WATSON P C.DRAKE S H. Pedestal wrist force (12):883-893.
sensors for industrial assembly[ C]. Proc. of the 5th (5] ’ ’ ’
Int. Symp. on Industrial Robots, Chicago, 1975 [J1. »2009,17(7)
501-511. 1594-1601.
[2] KEGON. Robot Technology [M]. London: page HOU Y L, ZENG D X, ZHAO Y SH, etal.. Dy-
Ltd, 1983. 56-61. namics of hyperstatic parallel six-component force
[3] YOSHIKAWA T,MIYAZAKI T. A six-axis force sensor[J]. Opt. Precision Eng. ,2009,17(7) ;1594

1601. (in Chinese)

(6] -

Ll . 2001, 3(10):22-27.
SHEN J H. The new development of heavy force



2962

19

[7]

(8]

[9]

[10]

[11]

measurement technique-adhesion and super-minia-
ture type of heavy force sensor[J]. Engineering
Science, 2001,3(10): 22-27. (in Chinese)
; , [M].
: , 2005:295-300.
HUANG ZH. ZHAO Y SH, ZHAO T SH. Ad-
vanced Spatial Mechanism [ M]. Beijing: Higher
Education Press, 2005:295-300. (in Chinese)
CHUL-GOO K. Closed-form force sensing of a 6-
axis-force transducer based on the Stewart platform
[J]. Sensors and Actuators A ,2001,90:31-37.
KOSEKI Y, TANIKAWA T,KOYACHI N, eral..
Kinematic analysis of translational 3-DOF micro
parallel mechanism using matrix method[CJ. Pro-
ceedings of the 2000 IEEE/RSJ] International
Con ference on Intelligent Robots and System , Oct.
31 -Now. 5, Takamatsu,EEE, 2000:786-792.
.200810229235. 2[ P].
JIAZH Y. LIU W, LIN SH, et al.. A force ad-
justable mechanisms wusing multi points pre-
stressed method: China, 200810229235. 2[ P]. (in
Chinese)
, . Gough-Stewart
Il ,2008,16

(1982—>, s

’ ’

N o

E-mail: zhaol@sklao. ac. cn

1979—>, ,

s ’ N

. E-mail; 1lw2007@dlut. edu. cn

[12]

(13]

[14]

(2):257-264.
XU G, YANG SH M. Universal workspace char-
acteristics of Gough-Stewart platform and its ana—-
lytic solution [J]. Opt. Precision Eng. ,2008,16
(2):257-264. (in Chinese)
(7. .2008,16

(7):1181-1189.
XU G, YANG SH M, GONG Y B. Optimal de-
sign of pose and position fine tuning apparatus for
secondary mirror in large optical telescope [J].
Opt. Precision Eng. ,2008,16(7):1181-1189. (in
Chinese)

. Stewart [D].
: , 2009.
ZHAO L. Research of the six-axis heavy force
sensor based on the Stewart platform structure
[D]. Dalian: Dalian University of Technology,
2009. (in Chinese)

. s 2003(6) :45-47.

DAI H ZH, SUNBY, LIW Q, etal.. A multi-
functional loading and calibrating device for force
transducers [J]. Modern Machinery , 2003(6) ;45—
47. (in Chinese)

(1968—), ,
N . E

mail: gongy@sklao. ac. cn



