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Abstract : In this work, we propose a planar three
degree-of-freedom paralie]l wechanism as another type of
assembly device which utilized joint compliances. These
joint compliances can be adjusted either by properly
replacing the joint compliances or by actively controlling
stiffness at joints, in order to generate the desired
operational compliance characteristics at RCC point, The
operational compliance matrix for this mechanism is
explicitly obtained by symbolic manipulation and its
operational compliance characteristics are examined, It
is found that the RCC point exists at the center of the
workspace when the mechanism maintains symmetric
configurations, Compliance characteristic and its
sensitivity of this mechanism is analyzed with respect to
the magnitude of the diagonal compliance components and
two different matrix norms measuring  compliance
sensitivity, It is expected that the analysis results
provide the designer with a helpful information to
determine a set of optimal parameters of this RCC
wechanism,
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1. Introduction

Due to the limited precision of the position controlled
robot manipulator system, one can not successfully perform
insertion tasks requiring high precision such as
electronic parts assembly tasks (e.g., peg-in-hole).
Furthermore, imprecise position and/or orientation of the
assembly bed, position sensor errors of the robots,
non-unifomity of assembly parts, and non-rigidity of real
bodies altogether hinders successful assembly operation,
That js, they can increase the task completion time, and
cause jamming or wedging during asscmbly operation quite
often.

To cope with these problems, various control schemes
have been investigated: Force feedback control via
Force/Torque sensor 112 compl iance model based

q . p
control ™™ for robot system and task environment, and
compliance control using compliance devices such as Remote

Center Compliance(RCC) devices'™'?, These approaches can

be categorized as active accomodat ion passive
accomodation, and passive-active accomotionm. Active
accomodation method adjusts the robot position by
utilizing force feedback signals to actively control the
contact force occurring in contact with the task
environment, Force control, damping control, impedance
control, stif{fness control, and vision sensor or proximity
sensor based control belong to this method Passive
accomodation method passively corrects the position error
by wutilizing the deformation of the compliant device

attached to the wrist of the robot, Control methods using
compliance devices, compliant work stations, air or gas
stream, and magnetic force belong to this method. in
general, when the passive compliance devices are used, the
bandwidth and the stability of the system are increased,
compared to the case when the active accomodation method
is used. However, its position accuracy is decreased due
to the use of compliant members as compared to the active
accomodation method.

Active-passive  accomodation method combines the
characteristics of the above two methods, Control methods
using IRCC(Instrumented Remote Center of Compliance) which
has both compliant members and Force/Torque sensor belong

to this method. However, it is not cost-effective . In
general, these RCC devices are made of linkages and
compl iant members such as elastomer shear pads, mechanical
spring, rubber, or flexible members™. And  its

characteristics is represented as having a RCC point at
vhich the operational compliance matrix is completely
decoupled, and therefore when an external force or torque
is applied to that point, the deformation occurs only
along the direction of the applied force/torque, Optimal
location of the RCC point in assembly tasks has not been
theoretically established, However, %hitney showed
experimentally that the position of RCC point should be
located close to the contact point as possible to
succes ful I¥ complete assembly jobs without causing jamming
or wedging 2 ‘Based on this part mating theory, most of
compliance devices and RCC devices are implemented by
attaching to the end of (wrist-type) robot. These RCC
devices or compliance devices are used in tasks invelving
contacts with environment such as shaft insertion into
bearing, rivet insertion into hole, bolt insertion into
nut hole, and press fit and electronic part assembly tasks
requiring high precision,

McCallion'’ proposes a compliance device which uses the
shape of Stewart platform mechanism that has been used as
a flight simulator and a manipulator, He replaces the six
prismatic actuators by the same number of linear springs.
However, the compliancematrix of this device is not
completely diagonal(i.e., decoupled), and the position of
the RCC point is not adjustable since it is fixed in the
upper plate, Also, he proposed an improved RCC device
(passive compliance devices) that uses three rigid
prismatic links with the elastic membranes placed between
the tinks and pla'.forms(7 These elastic membranes
represents 4-degree - of freedom compliance joints,
Cutkosky - implemented an actively adjustable RCC device
that uses the hollow rubber spheres" . The location of
the RCC point of the device is adjusted by controlling the
hydraulic pressure inside the hollow rubber spheres,

Most of Commercial Remote Center Compliance(RCC) devices
have been designed using deformable structures with
constant magnitude of compliance. Therefore, their
functionality as RCC device is very limited in that a
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certain Jjob may require adjustible
characteristic durung the assembly operation,

In this  work, we propose a planar  three
degree-of-freedom parallel mechanism (Fig. 1) as another
type of assembly device which utilized joint compliances,
In order to generate a desired operational compliance
characteristic at RCC point, these joint compliances can
be adjusted either by 'properly replacing the |joint
compl iances or by actively controlling stiffness at
Jjoints,

compl iance

2.Compliance Characteristics of a
planar 3-DOF parallel Mechanism

The proposed mechanism in this paper consists of a
floating ternary link, a base, three serial sub-chains,
and a joint compliance at each base joint, as shown in
Fig. 1. Each of sub-chain possesses three revolute joints
connecting two adjacent links,

A, denotes the joint angle of nth joint in the rth
subchain and ,{, denotes the link length of the nth link
in the rth  subchain, Also, let the output
position/orientation vector representing the center of the
upper platform be u=(x y ¥)’, and let the joint angles
of the rth serial subchain be ,9=( 4, &, #3)7. Then
the differential relation between these two vectors is
represented as

Su = [ (58189, r=123. (1)
Assuming that the Jacobain ( [G§]) of each serial
subchain is non-singular, the inverse relation of eq. (1)
is given as

5.0 = [,G§17'du, r=123. (2)

From this equation, the differential relation between the
input joint variables, which consist of the base joints of

three serial subchains @,=( 191 20 3¢|)T, and the output
variables u=(x y lu)7 can be obtained as
5, = |Gl du (3)
where
LGE!
XeARS eI IR )
[21G§ T
where [1(G4] ;! demotes the ith row of [1G4]
Especially, when the nth link lengths of three serial
subchains are the same (i.e., In= In= ofn= 3l, for n=1,2,3),

Jacobian [(75] can be obtained explicitly as
Cl Sk [ESY
1S} 1S4 hS
(St IS

1l = 1 7sT st Ths )
¢, Sk 183
LSt st ns?
where (1 implies Cos( 0% 92}, and so on. Then the
inverse relation of eq. (3) is given as
Bu = [Gil "800 =[] B0a. (6)

let T=(1) Ty ~ t.)7 and  f=(fi fz ~ fm)' be an
actuator torque vector and an external force vector
applied to the RCC point, respectively. Then from the
virtual work's principle, the following equation holds

délt = du'y. (7)
Inserting eq. (6) into eq. (7) yields

T = (Gal'y. (8)
fhen the joint compliances at the input joints
0.=(10; 01 1) is represented as (s, Con (o

respectively, and a relation between 8¢, and T, is given
as, at each joint

Bwa. = C‘O,‘Ti (9)

a relation bewteen the inputs and the outputs can be
represented, in a matrix form, as

3. = [Coult (10)
where the joint compliance matrix is expressed as
Ce, 0 O
[Cuwl=] 0 Cs. 0 |]. (11)
0 0 Co
From egs. (6),(8),and (10), we have
du = (Galdd,
= (G:][(w]t . (12)
= (Gl CallGal" 1
= 1Cuwlf

where the operational compliance matrix [C..] is defined
as

[Cul = [GAlCullGal (13)
or it can be represented as a stiffr)ess matrix

[Kuwl = (IGiKel '[GE) ! (14)
since the following relations hoid

(Kl Cul ™ (15)

[Kewl=[Cwl". (16)

In order for this operational compliance matrix to be
symmetric, the off-diagonal elements should be zero, And
this conditions can be written by a matrix form as

Cy] |An Az Ap}{Cw«] |0
Cui{=1A2 Az Ax||Cel|=]0 (17)
Cywl Az Az Axn|{Cs| 10

where

Au = BUSH(ChSE- CLsDSTSE-5isTh) (18)
A = LIHSHHSISh-shshchsi-sict) (19)
An = HHUSHHSHSE-SIShASICE- CLsH) (20)
An = HLShHchsh-clsinshsi-sisty @
Az = BL(SHUChSk-ClshiSish-shsh)  (22)
An = sSHASECl- Chshshsi-sishy  (23)
An = HSHHCESh-chsihehsi- chsd)  (20)
Az = BI(SHUCLSh-Chshi chs3-chsh  (25)
Am = HSHCLST- ChLsh(hsi-chsh.  (26)

The condition for eq. (17) to have a non-trivial
solution is that the determinant of the matrix
A should be zero, This condition can be satisfied
especially when the symmetric configuration of the system
is maintained and the joint compliances attached to the
three base joints are the same: that is,

A= 1¢|*%ﬂ. = 1¢1*%'ﬁ. 2= 202= 3bo,
3= 3= 303, Co=Co,=Ce,=Ch,. (27)

In this case, the diagonal components of the output
compliance matrix are given as

9C s i3(S12)"(S)”
2

Co = (28)
. 9Ce 135S (S1)"

Co = o lil3 21 13) (29)
¢ 96.1;(512)‘ . (30)

It can be observed from egs. (28)-(30) that the magnitude
of the diagonal components of the operational compliance
matrix are functions of the. joint compliance, the link
lengths, and the joint angles, and that the following two
conditions hold

Ca = Cy, (31)
Co e
Cow = 2(13513)". (32)
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Note that the magnitude-ratio of the translational
component to the rotational component of the operational
compliance matrix is proportional to the square of [3 and

the angular displacement( ¢1+$3). In other words, it can

be adjusted by varying /3 and ( §;+93) properly.

A\ most desireable property of a RCC device is having a
low compliance sensitivity about its RCC point, In the
folloring section, the sensitivity matrix for the
compliance matrix is derived and sensitivity analysis is
performed,

3. Sensitivity Analysis

To assure excellent RCC characteristics such as large
magnitude of compliance components and low sensitivity of
the compliance matrix, the sensitivity analysis of the
operational compliance matrix is required. The compliance
sensitivity matrix of the mechanism can be derived by
taking partial derivative of |[C.w] with respect to output

variables u, as

31wl 1 ACu) _3(Cu 31 Cu)

du a1y aun dun ](33)

where the output u=(u; u- um)' is a mx1 vector and

the input 9= (01 9y ~ 0.7 is a nxl vector, Noting
) aLC
that  (C.l is a mxm matrix, Gl is
du

mx{mxm) 3-dimensional matrix, where £y
i

mxm matrix and represents the jth plane of the

compliance sensitivity matrix. Also, noting that | C,l

is a function of joint variables( ¢) as shown in eq. (13),

3 Con
the (m,n)element of the {th plane matrix( —('a—cu‘("—]') can
t
be obtained by using a chain rule as follows
a [('U“]”‘Xvﬂ
ao
M Culmn 200 20 20, |-ZlCulon
ERT 3 u; 3 9 1 ‘b
3 [ Cupd i
ab,
(34)

Then, the partial derivative of the compliance matrix with
respect to (1 can be represented, in a simple form, . as

ACul a3 Cul
qui 3 i | EX ) ‘ (35)

where ALY is defined as

3
3 [(‘zml :{ 3 [Cuu] 3L Cul 2 [(‘uul ] (36)
e a0, ao: 30, :

This 3-dimensional sensitivity matrix is arranged so that
9y .

the matrix | —%%i| represents the {th plane. The

i

operator ( o), called as a generalized dot product, is
used as an operator performing dot operation between the

; 3| Culmi
row vector (_6_();)] and the plane vector —-‘—I"I—M
du; ER)
which is formed with (n,n)elements of each plane
A Cu - . AU
{ ———‘a(?o u) |. Thus, the whole 3-dimensional sensitivity
¥

matrix can be written as the following form

See Appendix for the method of obtaining

36 \r, . 91Cul
S ) oe 70 1
. - 3 Cul
3 Cul (29 of
BEr e (37)
( ¢ )T e 3 [ Cuul |
dum X
LT, 91 Cual
= |Gl l——-—~a¢ 1.

Using eq. (13), equation (37) can be rewritten as

3 Cul (. CAREL ) IS ] (¢ 1 i
5 =G o | a;' lcuir(,.1'+l(..||<.m—5—°%—l (38)
3Gy

ae
indirectly via the sencond-order kinematic influence
coefficients {175V,

The desirable properties of RCC device are low and
uniform sensitivity of the compliance matrix at RCC point.
Noting that the compliance sensitivity matrix is
3-dimensional, the Frobenius norm or the 2-norm of each
plane compliance matrix can be employed to find the
optimal paramters of the device. The Frobenius norm of
the matrix A is defined as the square root of the sum of
the absolute-square magnitude ol all the matrix elements,
and is given as

m n N —% .
bAlF = (2;121 bag1™ P vaec™ (39)

vhere aj denotes the ith row and the jth column element

of the matrix A. The 2-norm of the matrix A is defined
as

lAxY

vYAEC™ "(40)
Exl o2

PANe = Sup req xec

and can be also obtained as
TAl2 = o) 41)

where 0(/) represents the maximum singular value of /1.
Since these two norms are equivalent norms from the
following relation

Bl € 1Al s < YnllAl (42)

Although any of the two matrix norms can be employed in
the analysis of operational compliance sensitivity, the
concept of 2-norm is employed in the following sensitivity
analysis.
3 [ Cul
a

largest deviation from the current compliance
characteristic, Therefore, the largest singular value of

. 3 Cuul o
the sensitivity plane matrlces—TI"'u—— for {=1,2,»-,m
I
can be used as the measure of compliance sensitivity.
On the other hand, in order to obtain the characteristic
of uniform compliance sensitivity along any direction, the
average of the largest singular values of each sensitivity

The largest singular value of implies the

Al C .
plane matrice "JT“[“J— for i=1,2,~,m can be used as the
L}
measure of compliance sensitivity, Iin the following

plots, we call the former norm as "largest 2-norm” and the
tatter norm as "mean 2-norm”, for convenience. These two
criteria will be used in the analysis and synthesis of
operational compliance,

4. Analysis and Synthesis of

Operational Compliance

It is shown that when the three degree of freedom
mechanism maintains a symmetric configuration, a RCC point
exists at the center of the mechanism, W¥ithout loss of
generality, its three base joints of the mechanism are
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located at the corners of the equilateral triangle with
its lateral length [, as shown jin Fig. 1. When the
distance from the base joint to the center point of the
mechanism is set to 1, it can be shown from the symmetric
geometry that the lateral length [4 of the equilateral

triangle is equal to V3. Also, the position of RCC point
with respect to the base coordinate system shown in Fig, 1
is obtained as

pedi V3
2 2

= =L
S YRS T (43)

Shape of the symmetric configuration of the RCC
mechanism is decided by four parameters (i.e., [y, I2 I3,
and ¥) with the x,y positions of the floating ternary
link fixed. In simulations we investigated the cases of
five different values of [\ (i.e., 11=03, 06, 09, 1.2, and
1.5, respectively). However, noting that the results from
different values of [{ shows very similar trends as those
of the other cases, in the following, we only discussed
the case that the first link length [; of each serial

subchain equals to 09, For each of three different

output orientation angles(i.e., ¥=-30",030°), we
obtained contour plots for two different norms (i.e., low
sensitivity and uniform sensitivity) of the sensitivity
compliance matrix( [ Cu]) at RCC point by varying the link
lengths, [» and [3. ~ Also, contour plots for the two

compl iance components ( Cw=C,,, and (w) at the RCC
point are obtained,

Fig. 2-5, 6-9, and 10-13 represent the plots of two
different norms and those of ('« and (Cy for the fixed

orientational angles, y=-30", 0° 307, respectively. These
plots are obtained for unit magnitude of the compliance
at each base joint. The maximum threshold value of the
norms is set to be 10 and the minimum threshold value of
the norms is set to be 0005, respectively, for
convenience, Thus, the norm values greater than 10 or
less than Q.005 are not shown in the plots, From these
plots, it can be observed that as the design parameters
get close to the singular configuration(or unreachable
configuration), the magnitudes of two norms rapidly
increase, and that as the magnitude of the orientational
component of the operational compliance matrix increases,
the magnitude of compliance sensitivity tends to
increases, vwhile the trend of the translational
components of the operational compliance matrix is not
coincident to the characteristic of the compliance
sensitivity. In Fig. 5, 9.and 13, we assigned the same
weights on each norm along three different directions to
compute the mean norm, However, it should be noted that
different weights can be applied, depending on task
requirements.

In the design of RCC mechanism, the design objective is
to obtain a completely decoupled compliance matrix and a
large magnitude of diagonal compliance components with
small and uniform sensitivity. When the magnitude of the
desired operational compliance components and the
tolerance level of compliance sensivity are given, these
plots can be used to identify optimal link lengths and
optimal orientational angle of this mechanism,

Note, however, that in this study we only considered the
cases for five different fixed values of [;'s(i.e.,

03,06, 09, 12, 15, and only three different fixed

output orientation angles(i.e., W=-30" 0° 30"). As an
alternative way, a set of optimal parameters can be
obtained in a systematic manner by defining a cost
function which simul taneously represents the
characteristics of compliance and its tolerable
sensitivity, .

In the implementation of the joint compliance, severai
types can be considered. To obtain a passive compliance
effect, a passive coil spring, a rubber, a joint member

with a neck-down section, etc. can be employed. However,
since the compliance of this kinds of passive type is not
adjustable, a compliance effect which can be actively
generated and adjusted is prefered, This effect can be
effectively obtained by using pneumatic type of actuator
in which the inner pressure of the cylinder is
controllable,

5. Conclusion

in this paper, compliance characteristics of a planar
parallel 3-degree-of-freedom mechanism using only minimun
set of joint compliances are investigated, It is found
that a RCC point exists at the center of the mechanism
wvhen it maintains symmetric configurations, and that its
compliance characteristics at the RCC point can be
adjusted by varying link lengths, joint compliances, and
its orientation.

Compliance characteristic and its sensitivity of this
mechanism is analyzed with respect to the magnitude of the
diagonal compliance component and two different matrix
norms measuring compliance sensitivity., it is believed
that the simulation results can provide the designer with
a bhelpful information to determine a set of optimal
parameters of this RCC mechanism,

As future works, we can investigate the compliance
characteristics, when placing the compliances at different
joints of the mechanism besides the base joints, when
placing compliant memher at more joints than the system’'s
degree of freedom, and when imposing antagonistic
preloading bewteen the joint compliances' ',
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Appendix
3 [Ge)

The sensitivity matrices T d
aley’
'—lali'L in Eq. (39) can be obtained via the second
order kinematic influence coefficient [Ilz,]“'“_ That is,
noting the definition of the second-order kinematic
influence coefficience
W g 9 _Bup
on. = Lo pen = Er ( 30, ) (A1)
.31l
and the definition of the sensitivity matrix -—aE—
a1 Gel ) 8 tm
R P Tyl Tt L

the relation between these two 3-dimensional matrices can
be established directly by switching appropriate index, as
below,

3 Gel "
=g | rmn= 1L, (33)
Likevrise,
alGel” .
[ _';J;_' ] onn < l [{w] mmm . (A4)

Figure 1. A Planar 3-Degree-of-Freedom RCC Mechanism

| /
1

02 04 06 08 1 1.2
L2

Figure 2. Compliance Plot Cq=C\y: =09, $=-30"
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Figure 4. Largest 2-Norm of Compliance sensitivity:

11=09, ¥v=-30°

Figure 5. Mean 2-Norm of Compl iance Sensitivity:

=09, y=-30°
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Figure 6. Compliance Plot Co=Cyw: 11=09, y=0°
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Figure 7. Compliance plot Cw: 1=09, ¥=0
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Figure 8.

Largest 2-Norm of Compliance sensitivity:
Lh=09, ¥=0°
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Figure 10. Compliance Plot C«=Cyyt 11=09, ¥=30°
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Figure 11, Compliance plot Cy: [1=09, ¥=30"
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Figure 12. lLargest 2-Norm of Compliance sensitivity:

11=09, ¥=30°

Figure 13. Mean 2-Norm of Compliance Sensitivity:
1h=09, v=30"



