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Development of a Six-Axis Force/Moment Sensor with Rectangular

Taper Beams for an Intelligent Robot

Gab-Soon Kim

Abstract: This paper describes the development of a six-axis force/moment sensor with
rectangular taper beams for an intelligent robot’s wrist and ankle. In order to accurately push and
pull an object with an intelligent robot’s hand, and in order to safely walk with an intelligent
robot’s foot, the robot’s wrist and ankle should measure three forces Fx, Fy, and Fz, and three
moments Mx, My, and Mz simultaneously from the mounted six-axis force/moment sensor to the
intelligent robot’s wrist and ankle. Unfortunately, the developed six-axis force/moment sensor
utilized in other industrial fields is not proper for an intelligent robot’s wrist and ankle in the size
and the rated output of the six-axis force/moment sensor. In this paper, the structure of a six-axis
force/moment sensor with rectangular taper beams was newly modeled for an intelligent robot’s
wrist and ankle, and the sensing elements were designed by using the derived equations,
following which the six-axis force/moment sensor was fabricated by attaching strain-gages on
the sensing elements. Moreover, the characteristic test of the developed sensor was carried out by
using the six-component force/moment sensor testing machine. The rated outputs from the
derived equations agree well with those from the experiments. The interference error of the
sensor is less than 2.87%.

Keywords: Humanoid robot, intelligent robot, intelligent robot’s foot, intelligent robot’s ankle,

interference error, rated output, six-axis force/moment sensor.

1. INTRODUCTION

Scientists have been researching the development
of an intelligent robot because it is desired to obtain a
mechanism that can work for a human being. An
intelligent robot’s hand (wrist) [1-4] should measure
three forces Fx, Fy, and Fz and three moments Mx,
My, and Mz simultaneously from the attached six-axis
force/moment sensor to between its hand and arm for
pushing and pulling an object. Also, an intelligent
robot’s foot (ankle) [5-8] should measure three forces
Fx, Fy, and Fz and three moments Mx, My, and Mz
simultaneously from the attached six-axis force/
moment sensor to between its foot and leg for walking
on uneven terrains. Unfortunately, the developed six-
axis force/moment sensor utilized for other industrial
fields is not proper for an intelligent robot’s wrist and
ankle primarily due to the size and the rated output of
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the sensor.

Kim [9-11] developed some kind of a six-axis
force/moment sensor with interference error of less
than 3%, but it cannot be mounted to an intelligent
robot because of its inappropriate size. The sensing
elements of the developed sensors have the
disadvantage that it is difficult to design the sensor
with various rated outputs and loads. The United
States and Japan [12] have already developed and
handled many kinds of six-axis force/torque sensors,
but they are expensive and are not suitable to be
mounted to a special intelligent robot’s wrist and
ankle. Therefore, it is necessary to develop the six-
axis force/moment sensor with new structure for an
intelligent robot’s wrist and ankle.

The six-axis force/moment sensor that is composed
of Fx sensor, Fy sensor, Fz sensor, Mx sensor, My
sensor and Mz sensor should be designed and
fabricated in a body to reduce interference error. And,
it should have the proper rated load and size, as well
as an interference error of below 3% for better
accuracy of the intelligent robot. The accuracy of the
six-axis  force/moment  sensor signifies the
interference error, because the interference error is
much higher than the nonlinearity error, repeatability
error, and hysteresis error [9-11].

A six-axis force/moment sensor with complex
structure and many design variables is generally
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designed by processing. First, the strain equations are
derived. Second, the analysis program is made using
the derived equations. Finally, the program is used to
design a six-axis force/moment sensor [9-11].

In this paper, first, the structure of a six-axis
force/moment sensor with rectangular taper beams
was newly modeled for an intelligent robot’s wrist and
ankle. Second, the equations to predict the strains on
the sensing elements were derived and the analysis
program was made using the derived equations. Third,
the size of the sensing elements was designed by
using the equations. Forth, the six-axis force/moment
sensor was fabricated by attaching strain-gages on the
sensing elements, and finally, the characteristic test of
the developed sensor was carried out by using the six-
axis force/moment sensor calibration machine.

2. DESIGN OF A SIX-AXIS ANKLE
FORCE/MOMENT SENSOR

2.1. Structure of sensing elements

Fig. 1 shows the structure of sensing elements of
the six-axis force/moment sensor for the wrist and the
ankle of an intelligent robot. The sensor is composed
of a fixture ring, a force/moment transmitting block,
fixture blocks FB1~4, moving blocks MBI1~4,
parallel-plate beams (PPBs) PPB1~8, and rectangular
taper beams 1~4. The sizes of the rectangular taper

beams with width & and bl', thickness # and tl',
and length /;, and the sizes of the parallel-plate
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Fig. 1. Structure of sensing element for six-axis ankle

force/moment sensor with rectangular taper
beams.
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Fig. 2. Schematic diagram of sensing element
(rectangular taper beam).

beams with width b,, thickness #, and length /,

are used as design variables for designing the sensor.
In this paper, the rectangular taper beams 1~4 are used
because of more advantage in the design of the sensor
than the rectangular beam.

In order to determine the sizes of the rectangular
taper beams and the parallel-plate beams, that is, to
design the sensor, it is necessary for the beams to be
analyzed by strain equations.

2.2. Theoretical analysis of sensing element

Fig. 2 shows the schematic diagram of the sensing
element (rectangular taper beam). The equations are
derived for analyzing the strain distribution of the
rectangular beams (sensing elements) in size of
thickness # and width 5. Then, the equations for

analyzing the strain distribution of the rectangular
taper beams (sensing elements) in size of thickness
A, tl‘ and width &, b1 are used as those equations
for the rectangular beams by substituting thickness
f, t and width &, b for thickness # and width
by. The equations for thickness f#, and width b,

at arbitrary point x in length /; can be derived as

X
hy =4 +l—(f1 -14), (1)
1

b1x=b1+f<bi—b1). )

2.2.1 A case in which force Fy (or Fx) is applied to the
sensor

Fig. 3 presents the free body diagram of the

rectangular beams and PPBs under force Fy (or Fx).

When the force Fx or Fy applies to the force/moment

transmitting block respectively, the sensing elements

for Fx sensor are the rectangular beam F and G, and
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Fig. 3. Free body diagram of the rectangular taper
beams and PPBs under force Fy (or Fx).

those for Fy sensor are the rectangular beam E and E'.
As shown in Fig. 2, the rectangular beams and the
PPBs are symmetrical on the basis of x-axis and y-
axis. Thus, the equations for analyzing the strains on
the left and the right surfaces of the rectangular beam
E and E' are derived. When the force-Fy applies to
force/moment transmitting block, the displacement of
the force/moment transmitting block, the moving
blocks MB2 and MB4 are &,, &, and &
respectively. In addition, the rotational angle, the
vertical displacement, and the horizontal displacement
of the moving block MBI are ¢, v, and A
respectively.

By using the equilibrium-condition equations of
moment and force at force/moment transmitting block
and the moving block MBI, that is, ZszO,

ZFy =0 and ZM =0, the equations lead to

2Fpypy +2Fp g, = Fy, 3)
Eryae + Fryrx = Fryme = Fryie = 05 4)
Fryy + Fryky = Fryry = Frygy = Frugy =0, (5)

Mpp —Mpy —Mpy —Mpyx — Mgy +dyFryp,
_2d4FFy1y - 2d4FFyHy —_ 2d3FFy[x — 2d3FFny = O.

(6)
The equations of the force applied to the beam A
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and B of PPB 1 along the y-axis Fpyy, and Fgyp,,

the force applied to the rectangular beam F along the
y-axis Fp,p,, the moment applied to the beam A and

BofPPB1 Mp,, and Mp,p, the force and moment

applied to the rectangular beam E along the y-axis
Fryp, and Mp,p, the force applied to the PPB

beam I along the y-axis and the x-axis Fpyp and
Fpyp, the moment applied to the PPB beam I
Mp,;, the force applied to the PPB beam K along
the y-axis and the x-axis Fp, and Fp ., and the

moment applied to the PPB beam K My, can be

derived, and substituting these force equations and
moment equations into (3), (4), (5), and (6), the
equations can be obtained as

ki116; +kiov + ki3 = Fy, @)
k140, +kysv + kg =0, (8
k705 + kg + kot =0, )]

where kj;~k¢ are the constants, respectively. They

are
2 24EI 24ET
ki = 3" 32, 2= 31’
R I 11
AE " 48EL
241, I 24E1,
by == gy e Ay g = :
13 113 2 ) 14 113
g = HE L 121511 @+l
h I I
24EI, 12ElLd, 6EI, 12ELd,
kp=—+—3=, kg=—5 ——7—,
b 4 h 4
12EL, d [ 48El, d, I 12E6Ld
_2l(_2+_1)+_72(_3_+l)+%
. 2 2 3 I, 2 3 L
19 =~
48E] l
><(d2+l—l)+4AE12d4+ 8 2d4(d3+l)
2 X 2

where [, is the length of the rectangular beam, /, is
the length of the beam of PPBs,
of the rectangular beam, A4, is the area of the PPB

by’
12

Ay = byt is the area

beam, /| = is the moment of inertia of the area

byt .
ofy

of the rectangular beam under force Fy, I, =

the moment of inertia of the area of the PPB beam
under force Fy, E is the modulus of longitudinal
elasticity, 0, is vertical displacement of force/

H
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moment transmitting block under force Fy, 4 is the
horizontal displacement of MB1 under force Fy, v

is the vertical displacement of MB 1 under force Fy,
¢, is the rotational angle of MB1 under force Fy, d,
is a half of the width of MB1, d; is a half of the height
of MBI, and dj is the distance from the center point of
MBI to the centerline of the PPB beam L.

The equations for analyzing the strains on the left
and right surfaces of the rectangular beam E and E'
are derived by using the bending moment, which can
be written as

127,x
‘9FyE7upper :3_1( h —V — (d2 —)¢l)
ll Zpl
(10)
1211 52 Vl d2 l]
222D |
ll Zpl 2 2
127 x /
8FyE_lower == 3 ] (6 - _(dZ +51)¢1j
12;)l o d, 1 n
%
L5 )
]1 2 2 2 3
b L
where z,, = is the polar moment of inertia of

the rectangular beams.

2.2.2 A case in which force Fz is applied to the sensor

Fig. 4 shows the free body diagram of the
rectangular beam under force Fz/4. By using the
moment equilibrium-condition at the moving block

MBI, that is, ZM =0, the equation leads to
d2FFzEy + MFzE - MF22 =0. (12)

The equations of the force and the moment applied
to the rectangular beam E along the y-axis Fp,p,
and Mp,,, and the twist moment of PPB5 and 6
Mg, can be derived, and substituting these force

equations and moment equations into (12),
equations can be written as

MB1
b2
E
, M Fz/4
M“-’?@g D7 (}legan 1
vva Frzey 1y, o1, t1 | gy 5

Fig. 4. Free body diagram of the rectangular beam
under force Fz/4.

12Elydyvy  6EIL, v
ko183 +hpy = ——H2E - —22, (13)
h h
Fz 12El,v
k3 0y + gy = —+ ——22, (14)
4 ]1
where the wvertical displacement of MB1 is
Fzly
v =i?, and ky; ~ky, are the constants
16E1,b,
respectively. They are
12El,d, 6EI
ky = 51 2, 221 ’
4 h
12E15,d. /
kyy = ——=21"2(g, + 1)
22 113 7
12ELy, ,d, |, 2G
BT U A A
ll —3+L
Ipg  Ipy
12E] 12E1 /
ky3 = 1321,k24= 2l(d, + 1)

1 1

where O3 is the vertical displacement of MB1 under
force Fz/4, v, is the vertical displacement of MB1

under force Fz/4, ¢, is the rotational angle of MB1

3
4
under force Fz/4, and 1, =—%1s the moment of

inertia of the area of the rectangular beam, G is the
dyby’ . 2bydy’
3
is the moment of inertia of the area of MBI, and
3
bt b (2dy)’ —(dy 21 |
+

12 12
of inertia of the area of PPB 5 and 6 under force Fz/4.

modulus of torsion elasticity, /pp =

Ipy = is the moment

The equations for analyzing the rated strains on the
upper and lower surfaces of the rectangular beam E
and E' are derived by using the bending moment,
which can be written as

_ 12[21x ll
EFVE _upper _@{53 -V —(d; +5)¢2]
(15)
_ 12121 é_v_z d2 )¢2
1122 2 2
p21
1271,,x /
ERVE _lower = _13221 (53 W —(d2 +51)¢2j
1 “p21
(16)
12121 (é_V—Z d2 ll)¢2j
11 Zpi\ 2 2
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2
nh” . —
where z,,, = L61— is the polar moment of inertia of

the rectangular beam under force Fz/4.

2.2.3 A case in which moment My (or Mx) is applied
to the sensor

Fig. 5 indicates the free body diagram of the

rectangular beams under moment My/2 (or Mx/2). By

using the moment equilibrium-condition at

force/moment transmitting block and the moving

block MBI, that is, Z M =0, the equations lead to

My M
(h+d)Fap, = Mg +— =—21, (17)
4Et,b v,  12EI l

1232 *= 1(("’1 1)93 V3~ (dz‘—)¢3)
2

(19)
The equations of the force applied to the
rectangular beam E along the y-axis Fyp, and the

moment applied to the rectangular beam E M,

the twist moment of PPB5 and 6 can be derived, and
substituting these force equations and moment
equations into (17), (18), and (19), the equations can
be expressed as

M
k3165 + k3pvs + ks = —21, (20)
k3403 + k3sv3 + ks =0, (21)
k3705 + k3gvy + ko =0, (22)

where k3, ~k;o are the constants, respectively. They

are
12E1 L. 12Ely, d L. 2GI
k3 = 132'(d1+11)<d1 R e A A
1 1 I
12E1 6FE1
k3p = lzl(dl hy+—2,
1 2
12E1 / 12E1,; dy 1
k33 =~ 1321 (611"‘11)(51'2_51 +1_22](—1—§1),
1 1
12E15d / 12E1 /
k34 21 2(d 1) 21( 31
P )2
MB1
> Muye E Muys &
M Y " (JEam 1]
v'3 Fuey ™ 1y, bot, t1 | g, My /2

Fig. 5. Free body diagram of the rectangular beams
under moment My/2 (or Mx/2).

PPB 5 le, loz, te
H
_LV
Mz

Mwmz1
FMsz FMzIx
Fnzﬂy@ft{'nzxy

X
ey d4 \“!¢4 ‘—" 7Y
N lhe M"IEC DY £ i
caid) | foeam 1|

MBt1 [T Fueey ™', o, t1 | _di M2/
Muzs MMzK BlOCk 2
Fuzax F Mzkx

Fnzuy F mzky
Ty
K
PPB 6

Fig. 6. Free body diagram of the rectangular beam
and PPBs under moment Mz.

12EL,,dy 12El,
bs=——35— 5
I 11
12E1,.d 12ET [ 2G
g = 2y -2 G2y
1 1 342
Ipp  Ipy
12E1 /
ky; =——2L(d, + 1),
37 /7 (d 2
12 4Etyby> 12EI
g = E3121_ 1232 , ko = 2E321(d1——,
4 h h 2

where d; is a half of the width of MB1, 8; is the

rotational angle of MB1 under moment My/2, v; is
the vertical displacement of MB1 under moment My/2,
and ¢; is the rotational angle of MBI under moment
My/2.

The equations for analyzing the strains on the upper
and lower surfaces of the rectangular beam E and E’
are derived by using the bending moment, which can
be written as

1275,x I
EFyE _upper :A[(dl + 2)93 -v3 —(d, _é)@)
1 p21
(g by
12 2 37°% 2
1 Zp21

(23)
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121 X 12E1, A 44,E 12EI
ERVE _lower = 2! ((dl )03 (d2 )¢3J k44 = 13 i +5)’ k45 - l B l3 >
1 szl 1 2 1
12ET /
12[21 9 ll g, -3 _ _2_ kag =~ l(dz 1)
(+2)6 )¢3 -
11 201 2 3 2 1
12E1 dy I, 12ElLd )
@ hp = G+,
2.2.4 A case in which moment Mz is applied to the ! !
Fig. 6 shows the free body diagram of the rectangular 112 113
beam and PPBs under moment Mz/4. By using the 12EI, d, I 48El, d, |
equilibrium-condition equations of moment and force kgg =—— LE2-1 ——32(—2+l
at force/moment transmitting block and the moving h 2 3 h 2 3
block MBI, that is, » Fx=0, > Fy=0, and 1215114112 2Ehd; i 48E12a’3 ABEDds 12) 44)Ed,?
L+ Bl it
ZM =0, the equations lead to 1 2 2 b
Fapery (h +d)) = Mg :%, (25) where 6, is the rotational angle of MBI under
oF 2F.  —0 26) moment Mz/4, v, is the vertical displacement of
MzHx Mk = MBI under moment Mz/4, ¢, is the rotational angle

Mypgp = Mypp =My — Mg +dy Fypp,

~&3Fyere — B3Fupn — B EF v — d3Fypie (28)

~d4Fypry — daFypy — daFyp g, — dyFrpg, = 0.

The equations of the force applied to the
rectangular beam E along the y-axis Fy,z, and the

moment applied to the rectangular beam E M, ,
the force applied to the rectangular beam I, H, J and K
along the y-axis F Mely> FMzHy, Fy Jyo F, MKy
the force applied to the rectangular beam I, H, J and K
along the x-axis Fys;., Fyrne, Fiprr Fupre and
the moment applied to the rectangular beam I, H, J
and K, My,;,, Mypy, My, My, rtespectively

can be derived, and substituting these force equations
and moment equations into (25), (26), (27), and (28),
the equations can be written as

Mz

k4104 +kagvy + k384 = 2 (29)
k4404 + kysvy + gy =0, (30)
k704 + kygvy + kaoy =0, €1y

where k4 ~ky9 are the constants, respectively. They

are
12EI A IZEI d |
k4 = +h)Xd s 1( Lyl
A 2 '3
12E1 6EI
by = =54 (d + ) +—1,
y 2
12E] / 12EL, d, |
kyy = Ld +h Y d, - L) - == (220,
CRAE (d) +4)(d, XY -3

of MBI under moment Mz/4, and 4, is the

horizontal displacement of MB1 under moment Mz/4.

The equations for analyzing the strains on the upper
and lower surfaces of the rectangular beam E and E’
are derived by using the bending moment, which can
be written as

121x /
ENEEupper = —5—— ((dl 1)5’4 V4—(d2——)¢4)
11 pl
12]] dl l] V4 d2 11
e [ T U R S e ,
zlzzl((z D6 -2 =Dy,
p
(32)
12[x ]
gMzE_lower =7 ! [(dl )84 V4~ (d2 - _l)¢4]
1 Zpl 2 2
1211 ( d] l] V4 dz ll
+ (5 +)6 = (=) |-
WPry\2 30 2 T2 2t
(33)

2.3. Design of sensor

The design variables of the modeled six-axis
force/moment sensor are the size of body, the rated
load and output of each sensor, the sizes of

rectangular taper beams with width 5, and 5,', the
thickness #; and #', and the length [, the sizes of
PPBs with width b, , the thickness 7, and the length
l,, and the gap a between two parallel plates of

PPBs.

Thus, in this paper, in the first place, the rated
output of each sensor is determined by 0.5
mV/V (calculated by (34) and (35)), the rated loads
of Fx sensor, Fy sensor and Fz sensor are all 200N,
those of Mx sensor and My sensor are 2.5Nm, and

E
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that of Mz sensor is 5.0Nm. The diameter of a fixture
ring is 100mm, the size of rectangular-shaped
consisted of PPBs is 74mm, the height of the sensor is
31 mm, the diameter of a force/moment transmitting
block is 30 mm, the attachment position of strain-gage
is 3mm or Smm, and the rated strain is 250pum/m.

Moreover, the length /; of a rectangular taper beam
and the length /; of a PPB are determined by 14mm in
consideration of the size of the sensing elements and
strain-gages to attach, and the sizes of width b; and
b{, thickness # and tll, width b,, thickness ¢,,
gap a are determined from theoretical analysis. Each
sensor of the six-axis ankle force/moment sensor is
fabricated by attaching strain-gages on the sensing
element of each sensor, and composed by Wheastone
bridge using the attached strain-gages.

The rated output in the rated load is determined
from the strain values of the attached strain-gages.
Total strain of Wheastone bridge can be calculated
using the following equation

E=¢ér ~&c| +é&ry —&c; (34)

where ¢ is total strain from Wheastone bridge, &
is strain of a tension strain-gage Tj, &c; is strain of a
compression strain-gage C;, &p, is strain of a
tension strain-gage 1,, and &q, is strain of a
compression strain-gage C,.

Also, the rated output can be calculated as the
equation below

[4)

1

where FE; is the input voltage of Wheastone bridge,
E_ is the output voltage of Wheastone bridge, K is

o
the factor of strain-gage (about 2.0), ¢ is total strain
derived from (34). The sizes of the sensing elements
were calculated by substituting the determined
variables into (10), (11), (15), (16), (23), (24), (32),
and (33). The sizes of the sensing elements of the

rectangular taper beam are the width 4 of 4.4mm

and bl of 49mm, # of 4.1mm and ti of 3.4mm,
thickness #, of 1.3mm, b, of 15mm, and the gap
aof 5.4mm. The sizes of the sensing elements of the
rectangular beam are the width =b,‘ of 3.8mm,
thickness ¢ =ti' of 4.6mm, b, of 15mm, thickness
t, of 1.3mm and the gap aof 5.4mm.

3. ATTACHMENT POSITION OF STRAIN-
GAGES AND RESULTS OF THEORETICAL
ANALYSIS

Fig. 7 indicates the attachment location of strain-
gages for each sensor. The attachment location of
strain-gages for Fx sensor is S1~S4, that for Fy sensor
1s S5~88, that for Fz sensor is S9~S12, that for Mx
sensor is S13~S16, that for My sensor is S17~S20 and
that for Mz sensor is S21~824. The attachment
location of strain-gages is 3mm and 5Smm along the
length-direction from the force/moment transmitting
block, and the centerline at width-direction. It is
determined to get the maximum rated strain and
interference error of 0% in consideration of the size of
the used strain-gage.

The theoretical analysis program was made using
the derived equations ((10), (11), (15), (16), (23), (25),
(32) and (33)) by Excel Software (Microsoft), and the
six-axis force/moment sensor was designed by using
the program. Table 1 shows the strains of the sensing
elements with rectangular taper beams from
theoretical analysis and the calculated strains due to
(34) at the attachment location of each strain-gage.
The rated strain of Fx sensor or Fy sensor is all
1000 um/m, that of Fz sensor is 1002 um/m, that
of Mx sensor or My sensor is all 1004pum/m and
that of Mz sensor is 1010 um/m. Table 2 reveals the
strains of the sensing elements with the rectangular
beams from theoretical analysis and the calculated
strains due to (34) at the attachment location of each
strain-gage. The rated strain of Fx sensor or Fy sensor
is all 1004 um/m, that of Fz sensor is 1002 ym/m,

TT 'r] 3T TF
1 | mo

| X

Fig. 7. Attachment location of strain-gages for each
sensor.
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Tabie 1. Strains in the attachment location of strain-
gages for each sensor.

Strain (um/m)

7 G . G, £

Fx 194 -306 194 -306 | 1000
Fy 194 -306 194 -306 | 1000
Fz 185 -316 185 -316 | 1002
Mx 320 -320 186 -186 | 1012
My 320 -320 186 -186 | 1012
Mz 317 -317 188 -188 | 1010

Sensor

Table 2. Strains in the attachment location of strain-
gages for each sensor.

Sensor Strain (um/m)

T G T, ) £
Fx 182 -320 182 -320 | 1004
Fy 182 -320 182 -320 | 1004
Fz 198 -303 198 -303 | 1002
Mx 341 -341 215 =215 | 1112
My 341 -341 215 2215 | 1112

Mz 345 -345 205 -205 1105

that of Mx sensor or My sensor is all 1112um/m and
that of Mz sensor is 1105um/m. The rated strain

error of the modeled six-axis force/moment sensor
with the rectangular taper beam was less than 1.2%,
and that of the rectangular beam was less than 11.2%.
It shows that the modeled six-axis force/moment
sensor with the rectangular taper beam has more
results, because the rectangular taper beam could be
changed from # to #' in thickness, and from 5

to b ' in width as shown in Fig. 2.

Thus, the six-axis force/moment sensor with
rectangular taper beams can be designed more
precisely than rectangular beams in the rated output of
each sensor. And, the theoretical analysis program
made of the derived equations can be used to design
the modeled six-axis force/moment sensor.

4. FABRICATION OF SENSOR, RESULTS
AND CONSIDERATION OF
CHARACTERISTIC TEST

The six-axis force/moment sensor was fabricated by
attaching strain-gages at their locations and
constructing the Wheastone bridge of each sensor. The
used strain-gage (N2A-13-S1452-350) is manufactured
in the Micro-Measurement Company, its gage factor is
2.06 and size is 3x7.2mm. The used bond (M-bond
200) is also manufactured in the Micro-Measurement

Company. The photograph of the fabricated six-axis
force/moment sensor is shown in Fig. 8. The
manufactured six-axis force/moment sensor must be
carried out by the characteristic test using the six-
component force/moment sensor testing machine [13]
to evaluate its rated output under each rated load,
which are forces Fx=Fy=Fz=200N and moments
Mx=My=2.5Nm, Mz=5.0Nm. Each sensor was tested
three times by using the testing machine, and the
output values from each sensor were averaged.

Table 3 shows the rated outputs from the results of
theoretical analysis and characteristic test. The rated
output from theoretical analysis is the values
calculated from (35). That for Fx sensor, Fy sensor, Fz
sensor, Mx sensor, My sensor and Mz sensor is
0.515 mV/V, 0515 mV/V, 0516 mV/V, 0.521
mV/V, 0.52ImV/V and 0.520mV/V respectively.
The rated outputs from characteristic test of Fx sensor,
Fy sensor, Fz sensor, Mx sensor, My sensor and Mz
sensor are 0.503mV/V, 0.510mV/V, 0.499mV/V,
0.537mV/V, 0.540mV/V and 0.538mV/V respectively.
When the result from the characteristic test was
compared with that from theory analysis, the error of
the rated output of Fx sensor was 2.33%, that of Fy
sensor was 0.97%, that of Fz sensor was 3.29%, that
of Mx sensor was 3.07%, that of My sensor was

Fig. 8. Photograph of developed six-axis ankle force/
moment sensor with rectangular taper beams.

Table 3. Rated output from theory analysis and
characteristic test of each sensor.

Rated output (mV/V)
Sensor
Theory Exp. Etror(%)
Fx 0.515 0.503 2.33
Fy 0.515 0.510 0.97
Fz 0.516 0.499 3.29
Mx 0.521 0.537 3.07
My 0.521 0.540 3.65
Mz 0.520 0.538 3.46
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Table 4. Interference error of each sensor.,

Sensor Interference error (%)

fﬁl)qm) Fx Fy Fz Mx | My | Mz

Fx=200 - 0.75 | 0.24 | 0.28 | -2.81 | 2.31
Fy=200 | 0.91 - 0.19 | 2.65 | 0.46 {-0.26
Fz=200 | 2.35 | 0.27 - -1.15 | 1.81 | 0.71

Mx=2.51 023 [-2.21] 1.02 - -0.19 | -0.62
My=2.5] 1.74 |-0.83 | 0.46 | 0.36 - 1.38
Mz=5.0 | 2.87 | 1.43 | 0.87 | 0.67 | 0.43 -

3.65% and that of Mz sensor was 3.46%. These errors
are because of the attaching error of strain-gages
(attachment location of strain-gages is 3mm and 5mm
in  length-direction from the force/moment
transmitting block, and the centerline in width-
direction), the machining error of the sensing element
size (4 to #' in thickness, and from b, to &' in
width), and so on. To get the rated output of above
0.500 mV/V from the theoretical analysis in each
sensor, it is designed with four rectangular taper
beams in the same size.

Table 4 shows the interference error of each sensor.
The maximum interference error of the developed six-
axis ankle force/moment sensor was less than 2.87%.
Thus, it is thought that the sensor can be used for an
intelligent robot’s wrist and ankle.

5. CONCLUSIONS

In this paper, the six-axis ankle force/moment
sensor with the rectangular taper beams was newly
developed for an intelligent robot’s foot. It was
confirmed that the derived equations ((10), (11), (15),
(16), (23), (24), (32), and (33)) could be used for
designing the modeled six-axis ankle force/moment
sensor with the rectangular taper beams, and the
theoretical analysis program made of the derived
equations can be used to design the sensor. The six-
axis force/moment sensor with rectangular taper
beams can be designed more precisely than
rectangular beams in the rated output of each sensor.
The interference error of the developed sensor from
the characteristic test is less than 2.87%. It is
estimated that the interference error of the sensor is
similar to that of the existing sensor produced from
the developed country. The size of the body of the six-
axis force/moment sensor has the diameter of 100mm
and the height of 32mm. Thus, it is thought that the
developed six-axis force/moment sensor can be used
for the intelligent wrist and ankle of an intelligent
robot.
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