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Abstract

The growing interest in the use of parddlebmatic machines (PKM) in machining applicatioeguires clear
determination of the workspace, dexterity andrsti$s. This paper deals with the issues regardingsenof PKM as
micro machine tools. Comparison criteria are sdtaguantitative analysis is made to compare theckeristics of
serial and parallel kinematics with respect to rthmitential suitability in building micro machineBifferent
configurations of PKM are discussed with the mdjilivorkspace and stiffness characteristics as plasnAn
example is modelled to discuss the issues in detalla program has been made to analyse the dgxdad
workspace issues of the PKM manipulators.
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1. Introduction best properties, a comparison of the serial anallpar
kinematics is required. It needs to be provedmtial
Serial machines are different from parallel have equal potential and should not be considesed a
machine tools in many ways. Few attempts have beenweaker option right from the start of the design
made to compare the properties of the two systems process. For higher flexibility in machining, a

[1,2]. But the common performance criterion iskbg dexterous and stiff workspace is required for PKM
to converge to a final decision as results maybed systems. The dexterous volume should be free of
completely different in different machining condits. singularities. It appeared that this is not an gask.

Tlusty et al. [2] have compared commercial sem@l a  An approach is attempted in this paper. The cldste
PKM machines mainly for stiffness and acceleration Advanced Production Machines (APM) at IPROMS is
capabilities. It was revealed that the performasice  investigating related research in micro machinieg a
constant strut leg PKM is better mainly due to high well as the future roadmap for micro engineering.
stiffness than the more flexible variable strut ae.

But the constant strut machine will have limitagan 2. Comparison between serial & parallel
the workspace. kinematics

Micro machines are made to manufacture meso-
scale artefacts as large size machines cannotéandl Serial stacking of axis is the conventional way to

such a small size work piece. Micro machines are design the serial kinematics machine tools. Uspidiéy
generally build by employing serial kinematics as outermost axis is the biggest in size becauseriesa
reviewed in [3]. To build a micro PKM with all the all the other carriages and is responsible forrigathe



largest inertia as well. These machines are also th
biggest energy consumers due to heavy weightseof th

components. Serial stacking of axis makes these The serial

machines much more oversized, expansive and slow.

Working volume & Stiffness

machine’s working volume can be
parallelepiped, i.e., due to three Cartesian axes.

In contrary, Parallel kinematic machines use many Whereas the parallel machines give variety of shape

different type of joints in their structure. Thérjts and
links work in combination to form a closed loop
kinematic chain. The combination of a number of
closed loop chains form a PKM system. There are
spherical, prismatic, universal, and revolute ®int
which play the role in the final shape of the wa&se

of the manipulator. Each type of joint causes gjui
effect on the system’s overall mobility (Figure 1).

2.1. Comparison criteria

Some comparison criteria are chosen to compare the commercial PKM like the ‘Variax’

SKMs and PKMs. A quantitative analysis has been
made for the suitability of each design in the mmicr
milling system. The ultimate objective of this raseh

is to select a kinematic system which gives a micro
machine tool system with a very high accuracy,darg
working volume without singularities, high accetera
and stiffness.

Figure 1 Serial and parallel kinematics

Some of the properties are compared quantitatively
the two mechanisms as follows. These properties hav
been given three categories in terms of their biliity

in the design of milling machine. The quantitatilzta

in Table 1 can be explained using a few examples.

Table 1 Inherent properties of machine tool kinécsat

1. least suitable 2. average 3. most suitable

Property SM | PM
Working volume/Total size of machine 2 1
Vulnerable to errors 1 3
Accuracy 3 2
Static Stiffness 3 3
Axis acceleration 1 3
Cutting forces 1 3
Machining of 5 faces in single setup il 2
Range of angular motion (reaching to 90f) 3 2
Dexterity

the working volume. It depends basically on thetyp
joints in their structure. The shape of the working
volume can be spherical, cylindrical or elliptical.
Commercial parallel machines have a large footprint
and give a small workspace as compared to thedr siz
However, the ratio of machine working volume to the
overall machine size is better in serial systems.

Serial machines exhibit a homogenous stiffness
throughout its workspace, as minor change in the
stiffness can harm the volumetric accuracy. In PKM,
stiffness was an issue in the earlier versionsnbut,
has a
theoretical stiffness value of 175 K" compared with
35 N m* for a typical conventional serial machine
tool [4]. However, such a high stiffness can be a
potential benefit in cutting very hard materiakelthe
one presented in [5] with a 62 HRC. Moreover, the
stiffness of the proposed micro PKM should be equal
to the stiffness range of the average serial madbioi.
Machine tool and
compensation

errors, Accuracy error

Serial machines accumulate errors for every axédau

its inherent design of being a serial chain of eets.

All the geometrical errors of each axis get muiktipito
become a final volumetric error for the tool actual
location. In contrary, parallel structures consists
simple elements. There is no bending moments
involved as all closed loop kinematic chains stibee
load of the moving platform. In serial, the outersh
axes bears the entire load, thus become vulnetable
more structural bending errors.

Although PKM have less sources to produce erratrs bu
today serial machines are taking the lead for mgptti
higher accuracies. A couple of examples on the
accuracies attained from both micro and standaed si
machines are reviewed in [3]. The proposed micro
PKM is aimed to achieve sub-micron level accuracy.
Moreover, errors can be compensated in serial and
parallel machines using offline and online stat¢hef

art error compensation techniques. In PKM, movement
and compensation in single axis requires a movement
in all the actuators while in serial, only one abtu per



axis is needed.
3. Configuration characteristics analysis

PKM'’s can be classified in different configurations
according to various criteria e.g. type of joimismber

of closed loop kinematic chains and DOF of the
system.

3.1. Configuration

Over all, PKM can be classified in to two groupgtos
basis of DOF. The mechanisms which give only two
DOF are often planar systems. Spatial mechanisens ar
the complex form of planar mechanisms with three to
six DOF. DOF is dependent on the type of joints and
number of limbs. The limbs may be of constant or
variable length. Stewart Gough platform was designe

few decades ago and is now being used in many

applications like machine tools, bio-medical equépin
and flight simulators [6,7]. Figure 2 shows some
frequently used spatial manipulators.

Some of the spatial mechanisms can be found with
one axis extended to give a large workspace. This
extended axis is like a serial outermost or thejdsg
axis. Manipulator can have the translational slioles
the static platform. Most of these manipulatorsuses
in the hanging configuration with vertical and
horizontal guide ways. Figure 2(c) is a Hexa slidth
translation of the upper platform joints in the dgii
ways to increase the manipulator work space.

(c)
Figure 2 Examples of spatial mechanisms: (a) Stewar
Gough (b) 3-RPS (c) Hexa slide

3.2. Characteristics

An overview of the PKM characteristics can be
given using different type of joints and varyingmer

of limbs. In Figure 3, three properties are disedss
using different joints and number of limbs. In ffist
row, all the kinematic limbs are SPS (Spherical-
Prismatic-Spherical) and the DOF are calculatethdn
lower rows, universal joints are being used and the
DOF of the manipulator have reduced considerably.
Moreover, the number of legs varied from 3 to 5 in

each row from left to right and the corresponding
stiffness of the system will increase with the &ddiof
each leg. In contrary, workspace will shrink by iadd
more legs as each limb will put the constraint loa t
mobility of the mechanism. For the micro PKM midjin
machine application, a trade-off will be required
between the high stiffness and large dexterous
workspace requirement. Three number of legs are
suitable for the purpose to get a large workspate b
the stiffness needs to be checked as the commercial
milling machine ‘Variax’ has a very high stiffndsst it

is actually using six legs in cross combination.
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Figure 3 PKM characteristics

In this paper, a mechanism is presented for the
calculation of dexterity and workspace which wiibsv
that the manipulator's movement in constraint
directions are also accounted.

4. Modelling of general PKM manipulator

Before start modelling a specific PKM system, a
general method needs to be devised using a general
manipulator. The number of limbs can be ranged from
three to six depending upon the stiffness requintiofe
the system. In this study, three limbs are proposed
Rotation representation of the moving platformesdxn
on the Euler method of angular transformationsit i
given
i. byanangle aboutthe z axis followed by
ii. the rotation by an angle about the x-axis
iii. followed by the rotation by an angl@bout the y-
axis.
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Eq. (2) gives the transformation rotation matrixtoe
upper platform with respect to the global refere@ce
If translations are added to this Euler transfoiomat
[T]E :[Tran][ROtzxv] 3

By applying the Euler transformation for the upper
platform, new locations can be found for the moving

manipulator in global co-ordinate system of theebas
platform as shown below. (See Figure 4)

(4)

{U p}GCS = [T]%_J {U p}ucg

x3 limbs

Bi
Ges(cs) X b

Figure 4 Forward (OPA) & inverse kinematics (OBA)):
Transformation from lower (global) to upper co-oratie
system

The vector position of the joimt with respect to GCS
is comprised of the lower platform radibsand the
limb lengthl;. It can be written like a closed loop
kinematic chain as

® ®
Ifi

=§|+|I (5)

Manipulator’'s jacobian provides the relationship

between the input joint rates and the end-effector

output velocity and can be found by deriving eq. (5
(6)

J X =349

The overall Jacobian matrix J can be written as
JX =q WhereJ =J;1J,

The jacobian has a very important role to play.

Inversion of jacobian also depends upon the fimape
of the matrix. To deal with these issues, a casgyst
will be considered next.

5. Current configuration

Using the general formulation of modelling abova; a
PRS (See Figure 5) manipulator is considered to
observe the previously discussed characteristics.
Detailed modelling of the manipulator is availabie
[8,9].

The inverse kinematic solution in terms of actuator
values could be determined by dot multiplying &g. (
with itself and is given in eq. (7-9). The overall
jacobian for the 3-PRS system is presented inl€q. (

by =, cosg) +r,sin(g) J_r\/(r1x cosg) +1,sin(@))? - (fﬁ +r12y +r2- If) (7)

b, =1,, cOSH)COSA) +1,, COSP)SINE) + 15, SINE) (8)
i\/(r2X COSf)COSA) + 1y, COSP)sin@) + rzzsin(g))2 - (513 g - 13)
b, =15, cosg) cosp) + ry, cosp)sin(b) + 1, sin(g) (9)

+ \/(rgx COSE) COSP) + I3, COSE)SIN(D) +13, sin(t]))z - (i3 +13 +1Z - 12)




Where|:1 =SSt snlySly * 51,8121

Fz =SS« +Sozy$2y +Sozz§2z'
F; =S Sac + SaySay T SharSa

Wheres,; ands; are unit vectors along the actuator and
the constant length leh s; can be defined in the
following way.

Siix Mix = Soix)/
Siy = \ly - Sy /li (11)
Siiz Iz = Soiz)/li

The jacobian based on the screw theory for the 3-PR
manipulator is formulated in [9] and will be usatielr

in this study. The inversion analysis of the jaaobi
given in eq. (10) is discussed in the next section.

6. Inversion Analysis

Methods of Inversion

Conventional method as shown previously will uguall
give a rectangular (over or under determined) matri
The screw method gives square jacobians. Matrix
decomposition can be used to convert the rectangula
jacobians into its square components. There agwva f
methods available to decompose m by n matrices.
Pseudo-inverse based on the singular value
decomposition is a convenient way to factor thaxat
J where m < n and where the rank of J matrix is not

equal to the number of columns. The Moore-Penrose

generalized matrix inverse is a unique n x m pseudo
inverse of a given m x n matrix. Pseudo-inversion
provides a partial solution for the inverse of the
rectangular matrices.

Dexterity and effect of condition number

The dexterity is defined numerically by the
maximum permissible Jacobian condition number [10].
Workspace, with the accessible orientations of the
moving platform is considered as dexterity of the
manipulator.

’ ’

:ma>ﬂ/l L1, 14}
2 minl/ )[4, %/}

k=cond3)=|3], {27

Or (12)

k=cond(d) = |/may”
min

Where [|.|| is 2-norm of the matrix and is defiasdhe
square root of the ratio of the largest to the teaal
eigenvalues of Jacobian matrix. The locations where
the condition number reaches unity, the end-effecto
velocity becomes equal to the actuator velocityeseh
locations are found whereny = min. For different
poses, the value of condition number increasesthear
workspace boundaries where the dexterity becomes
very low. Dexterous workspace is the subset atittad
reachable workspace.

A matrix is said to be well conditioned whieis small

and ill conditioned whehis large. A well conditioned
Jacobian matrix gives a more uniform set of possibl
velocities [10]. Carretero et al. [9] have calcaththe
manipulator’s dexterity using the condition numder.

find out the reachable and dexterous workspace, the
condition given in eq. (13) is required to be
implemented in the searching program. The maximum
condition number is given as the input and the anug
start search from the defined reference point in a
certain direction. When it reaches to a maximurneal

in that direction, the program stops. It then ndsta
searching from the reference point in another tiorc
cond(J) £ cond(J) (13)

max

(a) (b)

(€)
Figure 6 Dexterity using (a) conventional Jacolerond(J)
1.5 (b) screw Jacobian at cond(J (c) pseudo-inverse of
conventional Jacobian at cond(J1.5 at = 0°.



The dexterity is calculated with= 1m andr, = 1m.

be given some inclination as shown in this papbeiT

With conventional Jacobian, the dexterity is found corresponding workspaces for the final selectiothef
larger (See Figure 6-a) than the one available from design in micro milling application can be helpiil
screw Jacobian (See Figure 6-b). Also note that the optimizing the design. Experimental testing will be

dexterity available with screw Jacobian is at tec:
(J) 3.Inscrew method, if cond (J) is very small, e.g.
1.5, the obtained dexterity will be negligible. Denity

is also calculated by taking the pseudo-inversighe
conventional jacobian (See Figure 6-c) which isfibu
similar to the one without inversion.

7. Workspace results

The dexterous work space and the total workspace of

the 3-PRS manipulator is found and showRigure 7
It is evident that the dexterous workspace is tisat
of the total workspace.

(@) (b)

Figure 7 (a) Dexterous workspace (b) Total workspa

8. Conclusion

The paper aimed at computing the workspace of a
tripod platform PRS type and then extracting the
corresponding dexterity. Pseudo-inversion of the
conventional rectangular Jacobian gives almost the

carried out to verify the simulation results.
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