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This paper presents the design and analysis of a six-component Force/Torque (F/T) sensor whose design is based on the
mechanism of the Compliant Parallel Mechanism (CPM). The force sensor is used to measure forces along the x-, y-, and z-axis
(Fy, Fy, and F;) and moments about the x-, y-, and z-axis (M,, M, and M) simultaneously and to provide passive compliance during
parts handling and assembly. Particularly, the structural design, the details of the measuring principle and the kinematics are
presented. Afterwards, based on the Design of Experiments (DOE) approach provided by the software ANSYS®, a Finite Element
Analysis (FEA) is performed. This analysis is performed with the objective of achieving both high sensitivity and isotropy of the
sensor. The results of FEA show that the proposed sensor possesses high performance and robustness.
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1. INTRODUCTION

INCE the Oak Ridge and Argonne National Laboratories

applied force feedback on the load the slave manipulator

encountered to their master-slave manipulator during the
late 1940s, F/T sensing with appropriate control techniques
has played an important role in the dexterous and reliable
robotic manipulation. After F/T control has been recognized
as a key scheme for using robots in advanced applications
[1], various types of F/T sensors have been designed and
developed [2-6]. Several six-axis force sensors are
commercially available at present, such as force sensors of
ATI [7] and JR3.

A major problem in developing force sensors is the design
of the force-sensing element, which has been done
heuristically, dependent on the experience of designers [1].
To detect three orthogonal forces and three orthogonal
torques simultaneously, the force-sensing elements of multi-
component force sensors are always featured by complicated
geometrical structures, which make accurate calculation of
strains and deflection difficult or even impossible with
current techniques. Another critical drawback of the
traditional multi-component F/T sensor is the existence of
significant measurement couplings among components,
especially between component M, and component F),
component M, and component F,. Additionally, as there are
six components to be measured and processed
simultaneously,  approximately = equal  measurement
sensitivity for each component is expected [8], [9].
Furthermore, the stiffness and the sensitivity of the F/T
sensor is always a trade-off, which means users have to
make a sacrifice of stiffness to get a high-sensitivity
performance and vice versa.

Taking into account the above-mentioned drawbacks,
researchers found that parallel mechanisms are preferred to
be considered as a candidate for a force-sensing element of a
multi-component F/T sensor due to their following
advantages [6].
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1. Relative maturity of the theory system: all the related
theory, such as position analysis, statics, stiffness analysis,
dynamics, have been investigated for a long time and gotten
well known;

2. Possibility to provide decoupling F/T information: unlike
traditional force-sensing elements that sense all F/T
components with a single monolithic structure, force-
sensing elements based on parallel mechanisms employ their
limbs to sense the components and show a limited cross talk;
3. Isotropy: based on the statics analysis of parallel
mechanisms, a global stiffness matrix denoting the
relationship between the undergoing load and the
infinitesimal movement of the mobile platform can be
obtained, which could be used to pursue measurement
isotropy among components;

4. High stiffness and high sensitivity: as the stiffness of the
robotic manipulator depends on the component with
minimum stiffness, which is always the F/T sensor, the
stiffness of a F/T sensor is a critical performance factor.
However, it is impossible for a traditional force-sensing
element of high stiffness to detect F/T with high sensitivity.
On the contrary, for the force-sensing element based on
parallel mechanisms, the limb stiffness can be much lower
compared to the overall required stiffness of the F/T sensor
due to their parallel arrangement. Therefore, the trade-off
between stiffness and sensitivity can be solved.

Recently, some researchers developed force/torque sensors
based on parallel mechanisms to meet the requirement and
escape the mentioned shortcoming [6]. Gailet and Reboulet
developed a force sensor of SP (Stewart Platform) based on
octahedral structure [10]. Dwarakanath and Bhaumick
designed and implemented a force/torque sensor based on
the SP structure in 1999, and the analysis deals with
kinematic design, leg design and optimization of the form
of the leg and the aspects of integration were presented [11].



MEASUREMENT SCIENCE REVIEW, Volume 13, No. 5, 2013

Table 1. Comparisons on the multi-dimensional F/T sensor.
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Parallel 170x10 Fx=Fy=20kgf,
2004 & Liu, support 5%6.5 Fz=100kgf, and Strain
Inoue et al. mechanism & 6 ' Mx=My=Mz=10 gage
machining 0 Nm
Three
elastomers in a 0.3% & 100 kgf
1990 & flexed spoke and 300kgfcm
. shape & D76x4 for parallel and .
Hirose and - . Optical
milling and 0&6 rotating
Yoneda . L
electric directions,
discharge respectively
machining
linear error and
the repeatability
Stewart small error of 1%,
. platform & interference .
2010 & Jia, than Piezo-
Lin, and Liu standard D160 x rror of 4.5% electric
? mechanical 210 & 40kN and
machining SkNm for force
and moment
components

Ranganath, Mruthyunjaya and Ghosal analyzed and
designed a SP-based force/torque sensor in a near-singular
configuration with high sensitivity [12]. Nguyen, Antrazi
and Zhou presented the kinematic analysis of a 6 DOF
force/torque sensor based on the mechanism of the Stewart
Platform and composed of two platforms coupled together
by 6 spring-loaded pistons [13]. Dasgupta, Reddy and
Mruthyunjaya presented a design methodology for the
Stewart Platform sensor structure based on the optimal
conditioning of the force transformation matrix [14]. Hou,
Zeng, Yao et al. presented a six-component F/T sensor

based on a hyperstatic Stewart Platform. Parameter
optimization of the sensor structure was performed with
genetic algorithms, and the sensor shows good isotropy and
sensitivity performances [15]. Recently, Jia, Lin, and Liu
introduced another type of Stewart Platform dedicated to
heavy six-axis load sharing measurement [16], [17]. With
single-component force piezoelectric sensor fixed in each
limb, the sensor could measure six-component F/T with
linear and repeatability error of 1%. The comparisons of
main features and characterization methods using a selection
of multi-dimensional F/T sensors up to the date of the
publication are shown in Table 1.

Unfortunately, in force-sensing applications, the presence
of clearance, friction and backlash at the rigid mechanical
joints of parallel mechanisms will modify the axial forces
that the limbs are subjected to, therefore, disturb the
performance of the sensor in unpredictable ways. To avoid
these problems, force-sensing candidate based on parallel
mechanism is preferred to be designed with flexural joints,
which eliminate the friction, backlash and wear and possess
sub-micron accuracy with high resolution, continuous and
smooth displacement.

In this paper, modeling and performance evaluation of a
novel six-component force/torque sensor based on
compliant parallel mechanism is presented, which consists
of three identical sensing limbs of type SPS (Spherical-
Prismatic-Spherical) and one central leg with three degrees
of freedom. The compliant joints of the four limbs are
employed as active force-sensing portions. By the electric
measurement technique of strain gauge, the developed
sensor can provide high-performance force/torque
information, and the calibration experiment shows that the
presented sensor possesses positive characteristics such as
high stiffness and sensitivity, weak couplings, and good
isotropy.

2. ARCHITECTURE DESCRIPTION OF THE SENSOR

The proposed force-sensing element is based on spatial
parallel compliant mechanism with three identical sensing
limbs of type SPS and one central limb with three DOFs
connecting the mobile platform and the base. Each sensing
limb consists of two three-axis flexural joints as spherical
joints at its both ends and a one-axis flexural joint as a
prismatic joint in the middle. After neglecting the redundant
degrees of freedom about the lines passing through the two
spherical joints, the total degree of freedom of each limb is
equal to six. Therefore, these limbs impose no constraint on
the moving platform. The central limb consists of a large-
displacement compliant universal joint and a large-
displacement compliant revolute joint, and it has
connectivity of three and imposes three constraints on the
moving platform. Fig.1. shows a 3D model of the proposed
Sensor.

Fig.1. Six-component force/torque sensor based on compliant
parallel mechanism.
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Fig.2. shows the link-pair relationship diagram for the 3-
DOF mechanism. The blue boxes represent passive joints
while the red boxes represent sensing joints, which are used
as the elastic element of the sensor. The number of degrees
of freedom, F, is given by the Chebyshev-Grubler-
Kutzbach criterion:

Fdzl(n—j—l)+if,—f, (1)
—6x(9-11-1)124-3=3

Where A denotes the dimension of the space, n and j
denote the number of links and the number of joints,
respectively, f; and f; represent the degree of freedom
associated with joint i and the number of redundant degrees
of freedom in the mechanism.
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Fig.2. Schematic diagram of the compliant parallel mechanism.

The notch hinges and the leaf type flexure are probably the
most popular element in applications of compliant
mechanisms. All compliant joints used in this design are
shown in Fig.3.

@

Fig.3. Compliant joints used in the design: (a) compliant spherical
joint; (b) compliant prismatic joint; (c) compliant spherical joint for
central limb.

Toroidal notch hinge, as shown in Fig.3(a)., is commonly
utilized in spatial compliant mechanisms to provide 3-axis
motions [25], [26]. The equation for the stiffness in the
freedom axes can be approximated from [27], [28].

ﬂ _ MX 5 Et7/2 (2)
6, 6, 20R”

Fx F‘y Et7/2 3

- -5 7 20R3/2 ( )
y X

F Et3/2
5 2R" @

z

Where F, and J, are the force and translation displacement
in n-axis, respectively; # and R are the inter-hole space and
common radius of notches, respectively; and M, and 6, are
the moment and rotational displacement around n-axis,
respectively; the E is modulus of longitudinal elasticity of
the material.

The majority of the existing compliant translational joints
are based on a parallel four-bar building block [29]. Though
they can deliver a pure translational motion with acceptable
off-axis stiffness, the range of motion is very limited and the
construction is complicated. A novel compliant translational
joint based on a simple cantilever is proposed and shown in
Fig.3(b).

Due to its geometry character (as shown in Fig.4.), the
applied force F), is transmitted to the beam through a drive
bar with an additional bending moment M,. The bending
equation for this particular leaf spring is given by

d’s, L L
El= 5= F, 2= F,(L=)=F,(x~2) &)

Integrating twice with boundary conditions and assuming
small displacements, then,

EIO=F, A Ly (6)
2T 2

1 L
E]é‘y :F:v(gxs—zxz) (7)

The slope and deflection at the free end of the beam can be
obtained

L
i -=x)=0 (®)
Oees EI(2 2)
3
. }(— —£ x*)=-F, L €)
et "B 6 Y12EI

The compliant spherical joint for central limb used in this
study, which was designed by Trease [25], [26], is shown in
Fig.3(c).
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Fig.4. The configuration of the cantilever.

255



MEASUREMENT SCIENCE REVIEW, Volume 13, No. 5, 2013

3. KINEMATICS

The pseudo-rigid-body model provides a simple method of
analyzing compliant systems that undergo large, nonlinear
deflections and is used to model the deflection of flexible
members using rigid-body components that have equivalent
force-deflection  characteristics.  Therefore, rigid-link
mechanism theory may be used to analyze the compliant
mechanism [31], [32].

A. Inverse and forward kinematics

Fig.5. shows a kinematically equivalent diagram of the
proposed micro-manipulator, in which squares and cylinders
represent prismatic and revolute joints, respectively. The
lower ends of the actuated limbs, points A;, A4, A3 are
connected to fixed base through universal joints, and the
upper end of the actuated limbs, points P;, P, P; are
connected to the mobile platform through spherical joints.

Mobile
P; platform

S-joint

Sensing
P-joint limb
R-joint

Central

U-joint

Fig.5. Kinematically equivalent diagram of the sensor.

As shown in Fig.6., the fixed base reference frame Oy ,, -
and the mobile coordinate frame Gy, ,, ,; are attached to the
fixed base and the mobile platform, respectively. The
original of the Oy, ,, .; is located at the centroid O of the
triangle A4;4,A4;, which is the original placement without
displacement, and the x- and y-axis lying on the triangle
plane with y-axis parallel to 434, and x-axis pointing to A4;.
The original of the Gy, ,, ,, is located at the centroid G of the
triangle P;P,P; with the u and v-axis lying on the triangle
plane and u-axis pointing to P; and v-axis parallel to P;P,.
Triangles P;P,P; and A;A,A; are set equilateral with the
lengths g and e, respectively.

(@ ()

Fig.6. Top views of the mobile platform (a) and the base (b).

The angle a;, §; represent the angle between x-axis and the
line OA; and the angle between u-axis and the line PP,
respectively. So, the position vector 4; with respect to frame
O and P; with respect to frame G can be written as

4 =[e-ca, e-sa, 0],fori=1,2,3 (10)

P=[q-cB q-sB 0], fori=1,2,3 (11)
As the platform of the mechanism has three degrees of
freedom, only three of the six Cartesian coordinates of the
platform are independent, which have been chosen for
convenience as (i, 6, ®).
The position of the moving platform is defined by the
vector, G,

G=06=[G, G, G] (12)

And the orientation of the moving platform is defined by
the rotation matrix,

R, =R.($)R,(O)R.(v) (13)

Where w, 6, @ (roll, pitch and yaw angles) represent three
successive rotations of the moving frame about the fixed x, y
and z-axis [33]. As the passive limb is a 3-DOF serial chain,
its posture can be described by the three joint variables, 6;,
6, 65 Referring to Fig.7., the coordinate frames are
established and the corresponding Denavit-Hartenberg
parameters are given in Table 2.

Ps W P2

Az

Al

X

Fig.7. Coordinate frames of the central limb.

Hence, the D-H transformation matrices from the moving
platform to the fixed base can be obtained [33].
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Table 2. The D-H parameters of the passive constraining limb.

i a; di o; 0,‘
1 0 /; 0 0,
2 0 0 | -n/2 )
3 0 0 | -n/2 0;
G 0 Iy 0 0

°R, °G
°T,=TLTT,=| *
j’ 17273%° P 0 1
c6,c0,c0, cb,c0,506, 1,(-c6,s6
+slc915293  ciso, -scl9lcé3 ’ :0910292;93) (14)
| 56,c0,c0, <0.50 50,c0,50, 1,(cOch,
| -cOs6, 1772 50O,  +cb,50,56,)
50,c0, -cO, 50,50, I +1,50,s0,
0 0 0 1
Comparing (13) to (14), one can yield
0, = cos™' (cOsy) (15)
6, = Atang(sa_c‘/”lg) (16)
s, co,
6, - Amnz(s¢sc9s1// +cpey , s¢co9) (17)

56, 50,

The inverse kinematics problem can be simply stated as:
given the independent parameters, y, 6, @, to find the
corresponding lengths of the actuated limbs:

d,=\[G-4,+°R,"BY[G~4+°R,"R] ~ (18)

For the forward kinematics, the limb lengths /;, /,, and /;
are given and the problem is to find the orientation of the
mobile platform. (18) is written in the following form [33]:

H16,c0,c0, + 11,,56,c0,0; + 11;50,50;
+ 14,,c0,56, + 11..50,50, + 11,056, for i=1,2,3  (19)

+ 0,805 + 1150, + f1, =0

Where £4; are constant coefficients that are determined by

the manipulator geometry and input leg lengths [33].

B. Jacobian matrix

Since the mechanism possesses only three rotational
degrees of freedom, the input vector can be written as the

. . . . T
extension rate of the sensing limbsd = [dl,dz,dsj , and the
output vector can be presented as the angular velocity of the
moving platform, X = [wx, ,,0, ]T By using the velocity

vector-loop method, we can obtain the Jacobian matrix of
the mechanism 4 without the passive leg,

AX =d (20)
Where
s/ (P, xsl)T
A=|s, (szsz)T (21)
s

3T (P3 x ss)T

And s; is the unit vector pointing along the ith limb.
The Jacobian matrix of the passive constraining leg of the
mechanism B can be expressed as

B é & &
& Xl e xXn eXn .
1, (—c6,co 1,(c6,cO,c0.
jc@sésé) L4656, 15191;93)2 ’
1,(~-s6,c0, 1,(c0,c0,50 22)
—40(9lct9lzsé3) L56:56156; —4091s293 )3 ]
= 0 1,c6,s0, 1,c6,s0,
0 s6, cb,s6,
0 —c6, c6,s6,
i 1 0 -0, |
Hence,
6,=c0% 0 +50 % 0,10 (23)
50, 50,
0, = 56,0, — cO,m, (24)
6, =<0 4 3%, (25)
50, 56,

J, a 3x3 Jacobian matrix, relating the independent velocity
variables of mobile platform, X, to the vector of sensing

limb rates, d.

J,
I

3x3

d:A[ }X:AJ,X:JX (26)
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Where, J; a 6x3 Jacobian matrix, relating the velocity state

. . . T
of the moving platform, v, =[Gx G, Gz:l , to the
vector of sensing limb extension rates. And J,, a 3x3
Jacobian matrix, relating the three independent velocities X

to the three dependent velocities V, , which could be
obtained through (22) to (25).

4. MEASURING PRINCIPLE

Several measurement techniques have been used to

transduce the interaction between a contacting load and a
F/T sensor into multi-dimensional force and torque. The
transduction method which has received most attention in
F/T sensor design is concerned with the conductive and
resistive approach. Strain gauges commonly act as sensing
elements on devices for measuring force in conductive and
resistive approach. The measurement chain consists of
several elements from true load to measured F/T, as shown
in Fig.8. The succession of conversions for a single strain
gauge is the following.
1) Load to elastic strain: mechanical stress occurs when
load F acts on the elastic element of the sensor, and specific
deformation and elastic strain will occur accordingly,
following the Hook’s law of elasticity. The quality of the
occurred stain € only relates to the applied force/torque F
after the dimensions of the force-sensing element are
decided.

&= y(F) (27)
2) Elastic strain to variation of resistance: occurred strain
will result in variation of relative resistance of strain gauges
bonded on the force-sensing element. The gauge factor,
denoted by Gy, is defined mathematically as follows [34].

o _AR/R

’ (28)

&

where R is the original resistance of the strain gauge.
Therefore, the resistance change AR of the resistance of the
strain gauge is:

AR=G,-R- y(F) (29)
3) Resistance change to output voltage variation: Full-

bridge circuits, as a ratiometric device, increase further the
sensitivity of the circuit. And its measurement sensitivity is:

AU

7:_Gf'g:_Gf'l(F) (30)

Where AU and U are output of the circuit and voltage
excitation source, respectively.

4) Voltage output to F/T output: besides common signal
conditioning and signal processing, nonlinear decoupling
and calibration are necessary due to the nonlinear coupling
error, which seriously decreases the sensor measurement
precision..

o —— —
! . N /7 signal ™\ Signal Processing
: Sensing : : conditioning : Decoupling

Inout | g | | Amplif ! M

(True Load)] I dltage (
! Il Voltage |
:Straln Rﬁﬁ'sg?‘nce output ({nV) Output
| V|Brlla i | (Measured
| St - Me. |
I i f | Force/torque)
\ /7 N\ /

Fig.8. Structure of measurement chain.

When resistive moments are exerted on the mobile
platform, the compliant prismatic joints in each sensing limb
are compressed or extended. Therefore, the moving platform
possesses three degrees of freedom in micro-scale spherical
motion. Hence the force sensor can provide passive
compliance to the mobile platform during parts assembly.
By the virtual work principle, we can obtain

w AX = f'Ad (31)
where w=[M,, M,, MZ]T is the vector of the moment applied
to the platform, and f=[f;,/>.f3]" represents the force that the

sensing limb is subjected to. Where AX, Ad represent the

vector of virtual displacements associated with the mobile
platform and sensing limbs, respectively. (31) can be
rewritten as

w'X=f"d (32)
Substituting (26) into (32) yields
w=J'f (33)

Hence the moments applied on the moving platform can
be calculated from the actuated limb forces, and vice versa.

A. Attachment of position of stain gauges

The central limb restricts the sensor’s freedom of
displacements along x-, y-, and z-axis. Therefore, the force
F,, F,, and F, applied on the mobile platform will be
transmitted through the central limb. Finite Element
Analysis (FEA) via software ANSYS®™ was performed and
the distributions of the normal elastic strains occurring on
the CPM under sign-dimensional force/torque are shown in
the Fig.9.
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Fig.9. The strain produced in the CPM by the force F) (a),
the force F, (b), the moment M, (c) and M, (d).

Spots that have the maximum strain are selected to bond

(b)

strain gauges to detect the corresponding loads, as shown in
Fig.10.

Fig.10. Strain gauges arrangement: (a) arrangement on the sensing

limbs; (b) arrangement on the central limb.

B. Connection mode of strain gauges

According to the arrangement scheme of strain gauges, the
Wheatstone bridges connection mode of the sensor is
determined, as shown in Fig.11. All of the gauges used in
the present study are Y series linear strain gauges (1-LY11-

3/120) made by HBM Inc.
Ru Riz R R22 Rs Rz Ray Raz Rs Rs2 Rs Re2
R24 Rz R34 Rss Ras Ra3 Rea Res

AU,,,.,,,H Aumz“ AUM3“ AU, H AUgy H AUry

Fig.11. Wheatstone bridges connection mode.

When the sensor is applied to single force/torque F, F, F.

respectively, corresponding output of each bridge is:
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Where K is the sensitivity coefficient of the strain gauges,
¢; is the elastic strain at the spot where the R; is bonded on
the diaphragms, U is the excitation voltage, and AR/R;
means change rate of the resistance of the strain gauge R;
due to strain variation.

The corresponding output of each sensing limb can be
calculated as

AU]imb] :U[ARM AR]Z L+ 2N AR]S ARM]
4 R, R, R13 R,
37
Yoo _z(mz 7
4 R, - R,
UK
:7(511 +‘glz‘)
Al]limbz (ARZI ARZZ ARZS ARzztj
R21 Rzz R23 R24
(38)

] )

UK
= 7 (‘921 +|‘922|)

AU _U(ARBI _ARzz +AR33 _AR34)

imb3
e 4 R31 R32 R33 R34
39
:g 2 AR}I) _2[AR32] ( )
4 R, . R, .
+[ea)

5. COMPLIANCE/STIFFNESS ANALYSIS

The compliance of the CPM can be established via a
proper investigation by taking into account the flexibilities
of every compliant joint [27], [28], [29], [30]. In what
follows, the compliance of the developed CPM based on the
stiffness matrix method is presented.

With the definition of local z-axis in Fig.3., the
infinitesimal translational and rotational displacements X of
mobile platform are formulated when the load F is exerted
on a certain point, given the linear relation between the
applied load and deformation.

X =[6x,5y,62,0x,0y,0z]
= CF = C[Fx, Fy, Fz, Mx, My, Mz]"

(40)

where C is the compliance matrix of the CPM.

Each limb of a parallel mechanism can be considered as a
serial chain that comprises m joints, which are assumed to
be flexure members with the local compliance matrix c; -
established in the local frame. Given the deformations only
relate to the compliant joints, we can obtain the lumped
deformation at the tip of the ith limb

Xizixw=i],jxij 41)
j=1 i=1

where x; and xz are the elastic deformations of the flexure
member of the chain with respect to the local and the
reference frame, respectively. And J; can be derived as
follows:

J {" o } 42)

i
y

which requires knowledge of the position r;; of the origin of
reference frame with respect to local frame as well as the
orientation R;; of reference frame with respect to local frame.
And S(*) is the skew-symmetric operator.

Similarly, the wrench F; applied on the tip of the ith limb
described in the reference frame can be distributed to
wrenches f;; on the jth flexure member of the ith limb:

Iy =k (43)
Where Jp; = Jl-,-T. From (26) and (29)
X, =CF =3 Jyx, =3 Jye f, = Z Jye, i G
=] =
Therefore, the compliance of the ith limb is given by
(45)

n

_ T

C =2 7567,
=

From the kinematic analysis, the mobile platform and tips
of limbs have the same angular displacements but different
linear displacements. Particularly, the displacement vector
of the CPM in X and the displacement vector of the tip of
the ith limb X; can be transformed reciprocally,
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X=JX, (46)
where J; is the transformation matrix from the reference of
ith limb, whose reference point is set at the tips of limbs, to
the reference of the CPM. Similarly, the wrench F applied
on the platform described in the reference frame of CPM
can be obtained via distributed wrench F; described in the
reference frame of the limbs

F=KX = iJFiF,. (47)

i=1

where Jj; is the transformation matrix of the applied wrench
from the local frame to the reference frame:

_q,r_| R 0 4
Tr =, ’[S(p.)R RJ (*5)

Let K and k; be the stiffness matrix of the CPM and the
stiffness of the ith limb, respectively. Form (42) and (43),
one can obtain

F=KX=YJ.,F=YJ,KX,=>JKJ'X (49)
i=1 i=1 i=1
Then, the stiffness of the CPM becomes

K= JKJ" (50)

i=1

6. FINITE ELEMENT ANALYSIS

Finite Element Analysis (FEA) via software ANSYS® was
performed to certify that the sensor possesses appropriate
sensitivity and compliance. The normal strains in the
locations of strain gauges are listed in Table 3. when the
sensor undergoes single component load.

The measurement sensitivity defined as the ratios of the
output voltages to the input voltages can be obtained by
using the strain results listed in Table 3. [4]. Sufficient
measuring isotropy among components ensures that the
electrical circuit of a multi-component sensor possesses
amplification symmetry, high degree of integration and
simple decoupling methods. The Anisotropy index of the
sensor is calculated by using the obtained measurement
sensitivities. These are listed in Table 4.

When resistive or gravitational forces/torques are exerted
on the mobile platform, the compliant spherical joint in the
central leg and the compliant prismatic joints in each
sensing limb are compressed or extended. As a
consequence, the CPM is also able to provide passive
compliance to the mobile platform during parts handling and
assembly. The displacements of the sensor are indicated in
Fig.12. when it is subjected to the single rated component
force/torque. By calculating, the maximum
displacements/rotations it can provide are 0.071 mm along
x-axis, 0.008 mm along z-axis, and 0.085° about x-axis, and
0.018° about z-axis.
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Table 3. Normal strains in the locations of strain gauges.

F~=IN | F,=IN F=IN |M~=I0N- M=10N- | M =10

mm mm Nmm

g | -2.57 2.259 -4.80 2.856 -2.821 -1.967
e-5 e-5 e-5 e-4 e-4 e-4

€, | 2.497 -2.22 4.801 -2.781 2.827 1.9736
e-5 e-5 e-5 e-4 e-4 e-4

g3 | -2.61 2.301 -4.80 2.861 -2.812 -2.105
e-5 e-5 e-5 e-4 e-4 e-4

€14 | 2.526 -2.29 4.798 -2.859 2.819 2.0982
e-5 e-5 e-5 e-4 e-4 e-4

€ | -1.09 -1.10 -4.80 -2.732 2.601 -2.132
e-5 e-5 e-5 e-4 e-7 e-4

€, | 1.102 1.101 4.879 2.728 -2.594 1.9861
e-5 e-5 e-5 e-4 e-7 e-4

€3 | -1.12 -1.11 -4.80 -2.709 2.610 -2.110
e-5 e-5 e-5 e-4 e-7 e-4

gy | 1.241 1.239 4.799 2.173 -2.598 2.1092
e-5 e-5 e-5 e-4 e-7 e-4

g3 | 2.261 -2.56 -4.80 2.571 2.863 -1.985
e-5 e-5 e-5 e-7 e-4 e-4

€3 | -2.21 2.486 4.802 -2.497 -2.871 1.9842
e-5 e-5 e-5 e-7 e-4 e-4

€33 | 2.312 -2.61 -4.80 2.586 2.874 -2.098
e-5 e-5 e-5 e-7 e-4 e-4

€34 | -2.29 2.524 4.797 -2.579 -2.869 2.1025
e-5 e-5 e-5 e-7 e-4 e-4

€41 | -5.43 4.481 3.157 -5.892 2.502 3.586
e-5 e-5 e-4 e-8 e-7 e-6
ey | -4.74 4931 -2.95 5.886 -2.509 -3.58
e-5 e-5 c-4 e-8 e-7 e-6

€43 | -5.63 4.627 3.207 7.028 -2.839 -3.22
e-5 e-5 c-4 e-8 e-7 e-6
€44 | -5.70 4.692 -3.14 -7.019 2.849 3.211
e-5 e-5 e-4 e-8 e-7 e-6

€51 | -3.25 1.590 1.134 | 2.497 1.598 -1.56
e-4 e-5 e-4 e-7 e-6 e-5
€5 | 2.999 1.621 1.136 -2.499 -1.611 1.556
e-4 e-5 c-4 e-7 e-6 e-5

€53 | -2.97 -2.19 1.141 -2.847 1.798 -1.07
e-4 e-5 e-4 e-7 e-6 e-5
€54 | 2.982 -2.70 1.142 2.851 -1.792 1.110
e-4 e-5 e-4 e-7 e-6 e-5

g1 | 1.611 -3.23 1.129 1.644 -5.901 -1.07
e-5 e-4 c-4 e-6 e-8 e-5
ge | 1.601 3.109 1.139 -1.651 5.890 1.112
e-5 e-4 e-4 e-6 e-8 e-5

€3 | -2.17 -3.09 1.140 1.838 7.031 -1.57
e-5 e-4 e-4 e-6 e-8 e-5
€es | -2.06 3.072 1.139 -1.829 -7.021 1.561
e-5 e-4 c-4 e-6 e-8 e-5

Table 4. Measurement sensitivity and anisotropy index of the
sensor (Gauge Factor K=2.1).

Measurement . . .
sensitivities (S;) Fx £y F i f: f
AU/U (mV/V) 1.281 | 1.318 | 1.267 | 1.192 | 1.184 | 1.207
Isotropy index
MaxiS,} — MiniS,} 0.107846
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0.07116 Max
0.083253
0.055347
0.04744
0.039533
0.0318627
0.02372
0.015813
0.0079066

0 Min

(@

Unit; mm
Time: 1

= 0.0085113 Max
0.0075656
0.0066199
0.0056742
0.0047285
0.0037828
0.0028371
0.00158914
0,0009457
B 0 Min

(b)

Max: 0.012756
Min: 0

0.012756
0.011339
0.0099215
0.0085041
0.0070868
0.0056694
0.0042521
0.0026347
0.0014174
0

©

Time: 1

0.014077 Max

0.012513

0.010949

0.0093847
0.0078206
0.0062565
0.0046924
0.0031282
0.0015641
0 Min

(d

Fig.12. The flexible deformation of the CPM under applied force
F=1N (a), the force F.=IN (b), the moment M, =0.05N-m(c) and
M, =0.05 N-m (d).

7. CALIBRATION METHOD AND DECOUPLING MATRIX

Calibration is used to adjust the output voltages of the
electrical circuit to agree with the value of the applied
standard within a specified accuracy [35]. Besides, the
majority of the existing multi-component force/torque
sensors are confronted by high coupled interference errors
among their six components, especially between component
F, and component M,, component F, and component M,
respectively, which need a complicated calibration and
decoupling test to get the decoupling matrix. With the
analysis mentioned in Section 4 and the method proposed in
[35], [36], [37], the decoupling matrix C of the proposed
sensor can be obtained.

il,, C
F=CS= S
c, AJ

Where the S is the output of the bridge circuits, 4 is the
linear coefficient between output of the bridge circuits to
standard load, and C; and C, represent the influence between
the three moment components and the three force
components.

D

8. CONCLUSIONS AND FUTURE WORK

This study has endeavored to design and analyze a novel
six-component force/torque sensor based on the mechanism
of CPM. The sensor is used to measure six-component
force/torque simultaneously and to provide passive
compliance during in parts handling and assembly. The
sensing element of the sensor is newly modeled using a
monolithic CPM. The kinematic transformations for the
force sensor, the measuring principle and compliance
analysis are introduced. The FEA is performed and its
results show that the proposed sensor possesses high
sensitivity, good isotropy, simple decoupling method and
moderate compliance.

Further activities will be devoted to the dynamic analysis
and automatic manipulation based on real-time computation
of forces and torques. Moreover, fabrication and extensive
experimentation of the six-component F/T sensor based on
the proposed CPM is planned. Finally, an experimental
platform integrated with driver, the developed sensor, and
control algorithm will be developed.
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