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Abstract: A six-axis force sensor with parallel 8/4-4 structure is introduced and its measurement principle is ana-

lyzed. Based on condition numbers of Jacobian matrix spectral norm of the sensor, the relationship between the

force and moment isotropy and some structural parameters is deduced. Orthogonal test methods are used to deter-

mine the degree of primary and secondary factors that have significant effect on sensor characteristics. Further-

more, the relationship between each performance index and the structural parameters of the sensor is analyzed by

the method of the atlas, which lays a foundation for structural optimization design of the force sensor.
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0 Introduction

Six-axis force sensors can measure three-axis
force and three-axis moment information in space
at the same time and have widespread applications
in various fields such as national defense science

and technology™’, automotive electronics, robot-

]

icst*1, automation'! and machining™*.

From the elastomer material, six-axis force

sensors can be divided into piezoelectric quartz

[7.8]

crystal type®, strain gauge type and so on.

From the overall structure of view, six-axis force

sensors can be divided into Stewart-type parallel

structure®',

[12-15]

cross beam structure , spoke

[8, 16]

type structure and so on. The isotropy of

force and moment is the vital performance evalua-

tion of six-axis force sensors''’.

The six-axis
force transducer with a high isotropy of force and
moment has the advantages of the same perform-
ance index and the same measurement accuracy in
each direction. Masaru et al. ' defined the iso-

tropic evaluation index of a six-axis force sensor
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as the condition number of the Jacobian matrix
spectral norm. Jin et al. ™ defined the transla-
tional stiffness and torsional stiffness of the sen-
sor and analyzed the isotropy of the sensor in its
solution space through the indices atlases. Yao et
al. "™ put forward a kind of overall preloading
six-axis force sensor, which can improve the dy-
namic stiffness of the sensor. Yao et al. ™ ana-
lyzed the forward and reverse isotropy of the six-
branch Stewart six-axis force sensor by mathe-
matical analysis method, and concluded that this
sensor can’t satisfy the requirement that both the
reversed force and the reversed moment are iso-
tropic at the same time. Tong et al. %! de-
scribed the Gough-Stewart parallel force sensor
with single-leaf hyperboloid and composite single-
leaf hyperboloid, and gave closed and analytic
quasi-isotropic mathematical expressions on the
premise of orthogonal characteristics. Jia, Li et

al. (o2

I analyzed the isotropy of six-axis heavy
force sensor, and combined the atlases analysis

and genetic algorithm to optimize the structural
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parameters of the sensor. However the structural
parameters of the spectrum analysis are less than
those of all structural parameters, which makes
structure optimization insufficient.

In this paper, an 8/4-4 structure parallel six-
axis force sensor is introduced, and it has the ad-
vantage of achieving force and moment isotropy
simultaneously by parameter optimization. Based
on the principle of minimum number of condition
numbers of the Jacobian matrix spectral norm,
the isotropy of force and moment of the sensor is
expressed. Through the numerical optimization
method, the optimization of structural parame-
ters of the force sensor under optimal isotropic
performance is solved. Orthogonal experiments
are used to determine the degree of primary and
secondary factors that achieve a significant influ-
ence on the performance index of the sensor, and
then the influence of structural parameters chan-
ges on the performance index of sensor is ana-
lyzed clearly by the method of spectrum optimiza-

tion.

1 Measurement Principle of 8/4-4
Parallel Six-Axis Force Sensor

1.1 Mathematical model

The schematic diagram of the 8/4-4 six-axis
force sensor is shown in Fig. 1. The upper and
lower platforms are parallel to each other, and
the eight branches are divided into two groups.
The reference coordinate system OXYZ is located
on the geometric center of the upper platform,
the Y-axis is vertically upward, the X-axis bisects
/b,0b,, and the Z-axis is determined based on
the right hand rule. The coordinate system O'X’
Y'Z" is established at the geometric center of the
lower platform, and its triaxial directions X'Y'Z’
are the same as those of the reference coordinate
system. b; stands for the center point of the flexi-
ble ball joints evenly distributed on the circumfer-
ence of the upper platform, and B; stands for the
center point of the flexible ball joints on both con-
centric circles inner and outer the lower platform.

Ignoring the mass of the branches and the friction

between the flexible ball joints, the branches can
be equivalent to two-force rod. In the structural
parameters of the sensor, R, represents the dis-
tribution radius of the center points of the flexible
ball joints on the upper platform; Ry and Rg, re-
spectively represent the distribution radius of the
center points of the flexible ball joints outer and
inner of the lower platform; h represents the dis-
tance between the upper and lower platforms;a;
and a, respectively represent the angle between
Ob, and X-axis, and the angle between Ob, and X-
axis; B and f3, respectively represent the angle be-
tween O’ B, and X'-axis, and the angle between
O'B, and X'-axis; 0, represents the angle between
Ob, and O'B; in coordinate system O'X'Y'Z’. 0,
represents the angle between Ob, and O'B, in the
coordinate system O'X'Y'Z’.

Fig.1 Schematic diagram of 8/4-4 six-axis force sensor

Specifying the force and moment applied to
the upper platform as F and M, the static balance
equations for the upper platform can be expressed
as

8
b — B
F=2,f =g (D

i

b, X (b, — B B, X b,
" 16 —B Zf 1o, — B,/ |

(2
Eqgs. (1) and (2) can be rewritten in the form of
a matrix, which is
Fy=J-f 3
where
Fy=[F M]"
f=10n fo fs fo fs fo Jq

Jacobian matrix J is shown as
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b, — B, b, — B, by — By

| ler =B b= B | bs — Bs |

| B, xXb B, X b, Bg X by
by —Bi| |6, —B:| | bs — By |

4

1.2 Isotropic indicators of force and moment

Isotropy of force and moment is an important
performance evaluation index of six-axis force
sensors. The Jacobian matrix J can be expressed
Ju " because of different di-

mensions of the first three lines and the last three

in the form of [Jr

lines. From Eq. (3), we know that the smaller
the condition number of Jacobian matrix J is, the
better the numerical stability could be. The smal-
ler the influence of the small change of f on the
Fy is, the less influence of various errors in all
directions on the measurement result can get.
The better the force transmission performance of
the sensor is, that is, physical properties of the
sensor tend to be consistent in all directions, the
better the isotropic degree of force and moment
will be.

According to the minimum principle of con-
ditional number of Jacobian matrix spectral
norm, the isotropic degrees of force and moment
prand gy are expressed respectively as the recip-
rocal of the conditional number of Jacobian matrix
of force and moment, 1. e.

o 1 _ 1
#F_cond(.]p)’ #u cond(Jy)

In order to make the sensor isotropic, the

(5

sensor should be structural symmetric, the iso-
tropic degree of force and moment is 1, and the
condition number of Jacobian matrix is also 1 at
this moment. That is, cond(Jr) =cond(Jy)=1.
JJ" must be a generally diagonal matrix, which
can be expressed as
|:JFJ}: JFJE]
JJ' =
Jud b Jad

where JpJF and JuJ & should be diagonal matri-

(6)

ces, and JpJ & and JuJ & should be zero matrices

of 3X3. They can be expressed as

JFJ;:diag(yFlvaz v)’Fs)/L2 N
{JVIJ]\; =diag (Y s Vmz » Va3 ) /L*
JPJE/[ :JMJE =0 (&

When 7 =7 = Yrs s Yan = Ym2 = Yuz » the sensor
satisfies the force and moment isotropy. At this
moment, both condition numbers of Jr and Jy
are equal to 1.

Simplifying JJ" as

JJ' =
[7m 0 0 X, X, 0
0 Yo 0 - X, X, 0
0 0 Vrs 0 0 —2X,| ;
X, —X, 0 Yan 0 o | L’
X, X, 0 0 Ve 0
| 0 0o —2X, 0 0 Vs |
9
where

L= (R% + R:— 2Ry R, cost, + h*)¥* = (R}, +
R:—2RyR,cosl,+ h*)V*,0,=a,—fp (G = 1,3,
5.0 —a— B (o= 204,680 Ve = Yis —
2(R%, + R%,+ 2R?) —4R,(Ry cost, + Ry, cosd,) s
Y2 =8R" Vi =Yy =4AR.L" Ve = 4R’ (R sind; +
R%,sind), X, = — 2R, h (Ry sinf, + Ry, sind, ) »
X, =2R.h (Ry cosb, + Ry, cosh, —2R?).

From X, =X,=0,Ry, and Ry, can be respectively

expressed as

_ 2R,sin0,
RBl B sin((?l _62)
R id 10)
o « SN0,
RB2 B Sin(01 - 02)

Substltutlng R[;l and RBZ lnto Y — Yme =0 s+ WE can
obtain

SR’sin’6, sin’0,

sin® (0, — 0,)
Thus, h can be expressed as
_ 24/2R,sinb, sind,
sin(4, — 6,)

Substituting Rg » Ry, and 2 into ¥p

—h*=0 an

h (12)

— Y =0, we
can obtain

7c0s20, cos20, — 6cos20, — 6¢c0s20, — sin2d, cos20, + 5 _

cos(20, —20,) — 1 0

(13)

In Eq. (13), cos(20, —20,) — 1 % 0,that is, 0, &
0.

It can be seen that, given the range of R, and

0, » Eq. (13) can be solved by the numerical meth-

od, and 6, , R, and 8, can be brought into the ex-

pression of Ry » Rgand h. Thus all structural pa-
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rameters of the sensor meeting the force and mo- Table 1 Orthogonal factor level table

ment isotropic can be gained. Level R, Ry Ry h 0 0,
Yy ®m © D (B (P

2 Determination of Main Relation of 1 0.09 0.12 003 0.02 —3 20 1

Each Parameter Based on Orthog- 20 0100 080,000,052 2

3 0.11 0.14 0.05 0.04 —7 28 3

onal Experiment 4 0.12 0.15 0.06 0.05 —9 32 4

From Eqgs. (5-9), it can be seen that the
force and moment isotropy of the sensor are relat-
ed to multiple factors of the sensor, including R, »
Ry s Ry s ho0) and 6,. In order to study the de-
gree of primary and secondary factors that have a
significant influence on the sensor characteristics,

5,26]

the method of orthogonal experiment™? is used

in combination with the experiment.
2.1 Orthogonal design

The orthogonal experiment includes six fac-
tors, which are R,s Rp s Rpos hy 6, and 0., re-
spectively. The last blank column is left as the
error column. Four levels are selected in each fac-

tort?’

According to the limited physical size of
the sensor, the level parameter settings of the or-
thogonal test are shown in Table 1.

Table of Lj, (47) is selected for orthogonal
experiment design. Tables 2 and 3 give only the
first six experimental data. The combination of
structural parameters for each test case is ex-
pressed in terms of levels. There are four levels

for each factor, and each level appears eight times

in 32 trials.

2.2 Analysis of orthogonal experiment results

Intuitive analysis is used to compare the
range R of average values of the four levels for
each factor, then the order of primary and sec-
ondary of importance for six factors is deter-
mined.

In this example, within the given range of
each factor level, R, (factor A), Rp (factor B),
Ry, (factor C), h ({factor D), 6, (factor E) and 0,
(factor F), the order of the six factors that influ-
ence the force isotropic pr can be arranged(prima-
ry—>secondary): D,A,E,B,F,C. Using the same
method to make orthogonal experiment on gy,
the main and secondary order of factors that influ-
ence the moment isotropic uy can be arranged
(primary—secondary): D,E,B,C,F,A.

Since the factor A is limited strictly in prac-
tice and cannot be changed within a wide range, it
has a weak influence even though it ranked in
front on pr. From the above analysis, it is found
that the influence of factors B, D and E (the cor-
responding structural parameters of Ry, h and

0,) on pr, pm is the most significant.

Table 2 Orthogonal experiment designs table of uy

Test A B C D E F
number 1 2 3 4 5 6 7 Data of ur
1 2 2 2 4 1 3 2 0. 650 687
2 1 3 4 2 1 4 3 0.842 184
3 4 2 1 3 2 4 1 0. 687 600
4 4 1 3 3 3 3 3 0. 649 931
5 3 4 2 3 4 4 3 0.978 875
6 2 4 4 1 2 2 1 0.551 972
I 0.748 0.72 0.778 0.675 0.79 0.757
I 0.761 0.75 0.739 0. 857 0.714 0.725
i 0.713 0.772 0.758 0.813 0.721 0.775  Primary — Secondary:
v 0.797 0.776 0. 742 0.673 0.793 0.761 D, ALE.B.F,C
Range R 0.084 0.056 0. 039 0. 184 0.079 0.050
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Table 3 Orthogonal experiment design table of

Test A B C D E F
Data of pum

number 1 2 3 4 5 6 7

1 2 2 2 4 1 3 2 0.342 693

2 1 3 4 2 1 4 3 0.919 836

3 4 2 1 3 2 4 1 0.427 649

4 4 1 3 3 3 3 3 0.588 236

5 3 4 2 3 4 4 3 0. 805 207

6 2 4 4 1 2 2 1 0.723 176

1 0. 664 0. 566 0. 580 0.731 0.529 0.599

II 0. 655 0.589 0.631 0.770 0.578 0.611

It 0. 656 0.752 0.651 0.593 0. 700 0. 647 Primary — Secondary:

v 0.590 0.658 0.702 0.471 0.759 0.707 D,E,B,C,F,A
Range i{ 0.074 0.186 0.122 0.299 0.230 0.108

Performance atlases from the overall point of
view more vividly show the distribution of the va-
rious structural parameters of the sensor on the
performance index. Therefore, with the help of
space model theory™®, some atlases of the varia-
tion of the sensor’ s performance index with
structural parameters (Rp , h and ;) are plotted

on the plane in Section 3.

3 Performance Atlases

Let Ry,
specified to be 0. 38 as an example), the parame-
ter ranges are limited to 0. Im<<Rp <<0. 2 m,0<T
h<<0.15 m, — 45° < 0, < 45°,

Eq. (5), plots of sensor performance indices pr ,

= P, * Ry (P4 is a constant, and

According to

sy with three main structural parameters Ry, 5 &,
0, are plotted when 6, —0, =20°, 0, —0, =40° and
0, —0,=50°(0,—0, is the difference of positioning
angle), as shown in Figs. 2-—10. It is found that

the trend presented by the atlas does not change

%)
9

Fig. 2 Force isotropic atlas pp

(0, — 6, =20")

Fig. 3 Moment isotropic atlas pum

(0, —6, =20

with the change of 0, —,. Figs. 4,7 and 10 are
comprehensive atlases of pr and py respectively.
The areas marked by bright color represent the
excellent isotropy of force and moment.

Based on the analysis of the performance at-
lases, we can get the following results:

(1) When the sensor height needs to be as
small as possible, a smaller 8, —8, can be taken.

(2) Sensor structure parameters should be
designed by selecting areas where the contour
changes are relatively flat.

(3) For force isotropic design, < 20°and Rj;
<C0. 16 m should be selected and 8, —8, should be
increased moderately. The bright color region
broadens, making the optional parameter range of
the sensor larger. For moment isotropic design,
0, can be chosen between —9° and —45°, and Ry,
can be chosen between 0. 12 m and 0. 14 m. If Ry,
needs to be smaller, #, —@, can be increased ap-

propriately.

a

L

Fig. 4 Comprehensive atlas of yr and

1 (0, — 0, =20%)
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Fig.5 Force isotropic atlas pr

(6, — 6, =40%)

Fig. 9

Fig.8 Force isotropic atlas pp
((92 *(91 = 500)

(4) Aiming at the higher design require-
ments of force and moment isotropy, the struc-
ture parameter selection should be in the region
“a” shown in Figs. 4, 7 and 10. The isotropy of
the force and moment in region “a” is greater
than 0. 8, and that in region “b” is not greater

than 0. 8.

4 Simulation Verification

According to the optimization method men-
tioned in Section 3, by combining the orthogonal
experiment analysis and the performance atlases
as shown in Fig. 11, a set of sensor structural pa-

rameters with excellent force and moment isotro-

Fig. 11 Comprehensive atlas of yr and py (6, — 60, =31°)

Fig. 6 Moment isotropic atlas py
(0, —0, =40

Moment isotropic atlas pu

((92*(91 :500)

Fig.7 Comprehensive atlas of yr and

pae (B, — 0, =10%)

0.8
0.6
0.4
0.2

0.0

Fig. 10 Comprehensive atlas of yur and
M (62 *(91 - 500)

py is selected as follows.

R, =0.1m;Rp =0.15m;Rpz =0.057m;
h=0.04m;0, =—11°;0, =20° 14)
Bringing these structural parameters into the
theoretical model of Section 1, the force and mo-

ment isotropy of the sensor are calculated as
pr = 0. 998 Tupeny =0. 990 2 15
The load range of the sensor is F, =F, =
F.=1kN and M, =M, =M, =100 Nm. Repla-
cing each branch of the sensor with a spring, a
virtual prototype of the 8/4-4 parallel six-axis
force sensor is built in automatic dynamic analysis
of mechanical systems(ADAMS). Now the lower
platform of the sensor is fixed, and the general-
ized six-axis force in each direction is applied to
the center point of the upper platform. Each force
component is loaded successively from small to
large. After reaching the maximum value, it is
unloaded from large to small, and the eight
branching forces of the sensor in the ADAMS
simulation are recorded. According to the method
in Ref. [ 28], the calibration matrix G, can be cal-

culated as
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[ —0.476  0.7381 —0.6624 0.3458  0.4756 —0.7387 0.6619 —0.3461]"
0.5808  0.5790  0.5783  0.5769  0.578 6  0.5777  0.5783  0.5797
0.6629 —0.3451 —0.4751 0.7390 —0.6615 0.3467  0.476 5 —0.737 8
C.= 0.0236 —0.0050 —0.0529 —0.0576 —0.0235 0.0051 0.053 0 0.057 7
—0.0410 0.0409 —0.0410 0.0409 —0.0410 0.0409 —0.0410 0.0409
| 0.0530  0.0577  0.0236 —0.0050 —0.0529 —0.0576 —0.0235 0.0051 |
(16)
According to Eq. (5), the force and moment lows:

isotropy of the six-axis force sensor obtained by
ADAMS simulation can be calculated as

ptre =0. 996 2,0, =0. 999 7 an

It can be seen from the comparison between

Eq. (15) and Eq. (17) that the isotropic degrees

of force and moment calculated according to the

simulation and the theoretical model are very ap-

proximate. The mathematical model and the

force and torque isotropic optimization algorithm

of the 8/4-4 parallel six-axis force sensor are

proved to be correct and accurate.

5 Conclusions

In this paper, the isotropic properties of
force and moment are analyzed based on 8/4-4
parallel six-axis force sensor. A mathematical
model of 8/4-4 parallel six-axis force sensor is es-
tablished. Based on the definition of each per-
formance index of sensor, the numerical optimi-
zation method is used to select the combination of
six-axis force sensor structure parameters that
meet the requirements of performance index.
Through orthogonal experiment, the primary and
secondary influences of each structural parameter
on the six performance indexes are analyzed, and
then the performance model is drawn and ana-
lyzed by using the spatial model theory. From the
performance atlases of sensor, the regularity be-
tween the isotropy of the force and moment and
the structural parameters of the sensor is ana-
lyzed, which lays a good foundation for the rea-
sonable selection of the sensor parameters with
the expected performance. The accuracy of math-
ematical model and optimization algorithm of the
8/4-4 parallel six-axis force sensor are confirmed

by ADAMS simulation. The conclusions based on

the performance atlas can be summarized as fol-

(1) The general trend of the isotropic curve
is that the smaller 8, —0, is, the smaller the dis-
tance between two platforms can get when the
force and the moment reach isotropy.

(2) When 0, —0, is large, h is between 0. 03
m and 0. 05 m, and the contour is relatively flat,
which shows that the slight change of structural
parameters in this area has little effect on the per-
formance index. Designing in this area allows a
slightly larger tolerance to structural parameters
and helps to reduce processing and assembly
costs.

(3) When the force reaches isotropy, the dis-
tance between two platforms increases generally,
which is in favor of sensor processing. When the
moment reaches isotropy, Ry generally shows a
decreasing trend, which is beneficial to make the

sensor compact.
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