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Abstract— This paper presents the design and the optimiza-
tion of a parallel machine-tool composed of (i) an actuated
parallel 3-dof mechanism (a linear Delta) and (ii) a measurg
6-dof mechanism (a Gough platform)). The interest to use a
measuring device independent of the actuation device is siva
and the modeling of both devices used for the optimization is
explained. Then, the optimization is presented; it is perfaned
to obtain the best resolution for the measuring system evahted

a non-productive phase of machine life-cycle that affetsts i
availability for machining.

Moreover, some errors due to elasticity of machine elements
hysteresis or backlashes are very difficult to model and to
identify [12] [13].

Indeed, the basic problem in machining is to impose accurate
tool positioning regarding the part to be machined. The

at the tool level. calibration tries to identify model parameters that reduce

. INTRODUCTION the positioning error of the tool. Once these parameters are
identified, the model runs "open loop”, ie machine behavior

Machine-tool (MT) build I looking for better. . o
pe rfc?fmg]r?cezo ir(1 te)rmil o?rsagéir:g/ayspggdngndorsti?fnzrég expected to be the one that has been modeled and identified

Naturally, machine-tool designers took their inspiratioom \l/:vhatgveir the st:ess_m lmach;]r_we ctomlportf nt_zls.t_f_ "

recent advances in robot kinematic architectures, in @arti or Lartesian classical machine 00's, the iaentiticatan c
ular Parallel Kinematics Machines (PKMs) [1] [2] [3] [4]. be done axis per axis. Parqmeter identification can be very
PKMs have nowadays shown their efficiency in some robotigccurate as the problem 1S dgcquplgd. Identn‘yl_ng PKM
domains and commercial robots are widely available tod rameters according to this principle is not possible bs al
[5] xes are coupled in the model. A full calibration of the model

Among the transfers from well known robotic PKMs to theust be done, but it always ends in a compromise between
machine tool industry, one can cite: the number of parameters and the numerical stability.

The h d h . ble lenath struts link The best way to deal with accuracy is to be always able

« 'he extapo I'S’ w le;e f'x vina eTre]zn%_ tSbru'I? P”I1<M?O know the tool position accurately, ie with a quality as
moving fraveling plate to a base. The first bul close as possible to a metrological one, assuming that the
belonging to this family was proposed by Gough [6],

d the first hine tool inspired by this ki . structure of the machine has not a metrological quality
an € nirst machine ool Inspired by This KINEMalcs, ;e subject to deformations under high stress in its

wa_s.the Variax [7]. Until today, a lot of prototypes arecomponents. One way to proceed is to use non-contact full
built: pose measurement system, like vision system for example
— The Hexapode 300 of the company CMW, [14] [15]. But there is still ongoing research on this topic
— The Ingersoll HOHE00 machine-tool, and, even if algorithms are available, they are not ableytoda
— The Mikromat 6X Hexapod, to guarantee the requested resolution on the whole workspac
— The Toyoda HexaM [8]. .. of the machine. Moreover, the refreshment rate is not high
The Delta kinematics invented by prof Clavel [9] isenough for the control loop, but it is still a promising way
lower mobility PKM (displacements of the traveling of research for the future.
plate are restricted to three translations). It is a lighnother possibility is to build a mechanical structure, hwit
weight structure having intrinsically high dynamic per-metrological considerations that is able to give informiati
formances. Robots based on this kinematics are widety compute the real tool pose.
available (see, for example ABB flexpicker). Machine-This solution is the purpose of this paper and will be
tools prototypes were also designed: UraneSX [10] thafiscussed in the following sections.
can reach up to 4g in its workspace or Krause Quickstep prove the feasibility and the efficiency of this concept,
[11]. a PKM MT architecture (Delta) must be firstly selected and
Whatever the kinematics is, calibration is required to et t then a measuring architecture (Gough platform) is defined.
best of the performances of a given mechanical architecturdustification, description and modeling are given in seéctio
To guarantee optimal performances of the machine duridg As it is well known that behavior of PKMs depends
its life-cycle, a machine needs to be re-calibrated. This istrongly on their design parameters, an optimization for



both mechanisms is done in section Ill. The results of this
optimization and the corresponding design are shown in
section IV while conclusion and future works are introduced

in section V. Actuation

Il. MACHINE DESCRIPTION device
A. Selection of the architectures

Measuring

1) Actuation architecture: Basic machining operations
require three translational degrees of freedom (dof). We
must select an architecture that provides these dof while
constraining the three rotational dof to a constant value.
Several hybrid mechanisms or PKMs are able to provide
these dof [16]. Among them, one can cite:

« the Tsai mechanism [17], Fig. 1. Measuring device location
« the Star mechanism [18],
o Speed-R-Man mechanism [19]...

The architecture that guarantees intrinsically the highearchitectures are rejected because of their dynamics which
dynamic performances is the Delta. For MTs, lineaare not good enough to follow the Delta displacement. On the
actuation is preferred to make is as mechanically stifhther hand, a PKM measuring system can have the following
as possible. So the traveling plate will be actuated by advantages:

linear delta, as in the UraneSX MT. The Delta architecture
theoretically imposes a constant orientation of the tiagel
plate and allows controlling three translations. But due to
manufacturing and assembly errors, elastic deformatiéns o
machine elements it is not possible to guarantee that no
parasitic rotation of the platform occurs. These rotation§he kinematics of the parallel measuring system must be
impairs machine accuracy because of the varying lever aramosen. First of all, only distance measurements are consi-
(depends on tool length and position of tool cutting edgejered because it is easier to measure accurately a distance
between the tool extremity and the moving platform. The¢han an angle and the problem of lever arms is reduced.
consequence is that the measuring device to be integratedlioe simplest architecture, which can be used considering
the machine must be able to measure the X, Y, Z positiothis, is the Gough platform. Moreover, this mechanism is
but also the parasitic rotation to provide the ability foe th very compact and can be placed behind the Delta mechanism
control to compensate for all errors. away from the working area (see Fig. 1).

« Lightweight, so compatible with high accelerations

« Measure the orientation and the position of its end-
effector

« Good resolution to detect small displacements. ..

2) Measurement architecture: As mentioned before, a full ) )
pose measurement system is required. Non contact syst&imModeling of the Delta mechanism

based on vision are, today, not accurate enough and CaNNOk; ot of all, some hypothesis are made to have the simplest

guarantee a fast refresh rate compatible with control Ioopﬁ1 del as possible. The motor axis are placetbat to each
Concerning the existing non contact measuring system basg(zer. The motors are linear. The only useful parameters of

. . i
on laser (like laser tracker), they are too expensive andatan the delta mechanism are the difference between the radius
measure the orientation of the measured object. We PrOPOSEhe base and the radius of the traveling plat® —
here to rely on a mechanical measuring system. A strorﬁ Ryp and the length of the armé

B — Ivrp .

constraint on this measuring system is that it will be atéach F'pure 2 shows the geometrical parameters of the Delta

. ) . i
olr(ljone St'ge to the flxted b?se Ofl t?e r;]re]lchlneb?nd on :Eetcim%echanism. The coordinates of the traveling plate cefiter
side on the moving traveling plate. The problem is tha €T Deitas YDeltas ZDeita @Nd the joint positions are ,,_,,. ,

traveling plate is expected to move in machine workspace 0
H H H HR H Delta? Delta "

e e ety Bt mechanim i ptized rom e condion

is that it must be light weight. But, this meé:hanical measurt-)er of the _Ja_coblan MarI peiza which links operational

. . iy ' . apeeohb to joints velocitiesq:

ing device must not transmit any efforts to insure a goo

accuracy. The kinematics of the system must take account

of it. Moreover collision considerations with the actuatio T = Jpeitaq @)
architecture must be taken into consideration for avoiding _ o
any restriction of machine workspace. The matrixJpeitq is given by:

Several architectures are available to measured orientati
and positions: serial ones or parallel ones. Serial mechhni JIpeita = J;qu (2)



jacobian matrix which can be calculated as follows:

w1 —uiy ANBg1Cq

JHeza = : (5)
ug —ug A BpresCh
with
w; = AniBni (6)
Qifeza

(b) Top view

Fig. 2. Delta geometrical parameters

Base z Traveling plate
h (b) Top view
where
Fig. 3. Geometrical parameters of the Gough platform
TDetta = 5 YDelta + Apéﬁ #Delta ™ lpeita [1l. OPTIMISATION OF THE ROBOTIC DEVICES
Jm = T Delta YDelta — AR ZDelta — 92peita ’ )
TDelta + % YDelta + ARQ\/g ZDelta — 93 peita A. Presentation
) The optimization consists in finding the best dimensions
. _yq 0 0 of the two robotic devices. The criterion of the optimizatio
J - Delta 0 Ipetra . —yq 0 is very important and depends on the features we want to
1 Delta ™ Dpeira improve on the robots. The following paragraphs explain the
0 0 ZDelta — 93 peita

@) chosen criteria.

B. Optimization of the Delta Mechanism

The condition number of the jacobian matrix described by
(2) is used as the Delta mechanism optimization criterion.

Figure 3 presents the parameters of the Gough p|atforr-|ﬁhe goal of this optimization is just to insure that the Delta
Points Ay; which represents the centers of the sphericdPbot have an homogeneous behavior in the whole workspace
joints on the base are placed on a circle of radiusPoints in term of small displacements.

By, which represents the centers of the spherical joints dnigure 4 shows the maximum condition number of the
the traveling plate are placed on a circle of radius. Then, jacobian matrix for a given workspace 0f3 x 0.3 x 0.3
three lines passing by the base certerand the traveling m* according to the length of the arnisand the difference
plate centelC’; and separated by an angilg are defined. between the base radiugs and the traveling plate radius

Points Ay, (resp. By;) are then located symmetrically to Rrp. The dashed line represents the minimum of the worst
these lines, two by two, with an angle of, (resp.arp). condition number of the jacobian matrix. For a given length

The joint position are noted;,... (i € [1,6]) and the of the Delta mechanism arm, AR can be calculated by
coordinates of the traveling plate cent€fy are zp..., the equation of this line:

YHezar ZHeza- L =1.15AR+0.25 )
For the optimization of the Gough platform, we need the

C. Modeling of the Gough platform
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Fig. 5. Tool point and the bounding box
C. Optimization of the Gough platform

1) Introduction: The Gough platform needs to have agyer the workspace and for a range of usable tools. Indeed
good repeatability, a good resolution and a good accuragymachine-tool or a robot is supposed to carry various tools
since it is the measuring system. This three positioninghose length and diameter are not fixed. THus L, L.
capabilities are not obtained in the same way. can vary within given ranges.

To have a good repeatability, a particular care must beathrti - 5pos,,... anddRoty... can be expressed such as:

to the realization of the joints. Indeed, backlashes otifnic

in a joint is the main cause of a bad repeatability.

Concerning the robot accuracy, calibration is required to i
eliminated the positioning errors due to the difference be- 5pps, ——
tween the nominal geometrical parameters and the real ones.
Concerning the Gough platform, the calibration is very

simple because the measuring legs can be calibrated with

an artefact one by one and the position of the spherical joint

6
JHewar; 0ipera
=1

JHEI(ZQ»; 6qu6(Ea = JHGIaPos 6Q (9)

-

N
Il
-

JHewas; 0ipera

-

N
Il
-

6
centers on the traveling plate and the base can be measured Z Jhezas: isrena
with a coordinate measuring machine. e
Finally, the last capability is the resolution of the robot. dRotpewe = | Y. JHeras; 0Giyen, | = JHewao.; 0Q (10)
1=1

Resolution can be optimized during the design phase because
it depends on the kinematical structure of the mechanism. We
can optimize the dimensions of the robot links to improve
the robot theoretical resolution. It is the subject of thistp Equation (8) becomes:

2) Optimization criterion: As was mentioned above the L.
main purpose of the measuring Gough platform is to give
informgtic?n regarding the posi%ion o? th% tool only; tﬁis 3Posro0 = JHerar,.0Q + JHerao. 0Q © jiy (1)
device has then to be optimized regarding its capability to *
give a good resolution for the tool positidRosr.,. Any 0FP0sTe can be considered as the position uncertainty
small displacement of the Gough platform traveling platedue to the measurement uncertainty of the Gough platform
in position and orientation (respectively deno®eBos .., 1€9sdQ. The goal of the optimization is to minimize this
and 6 Roty.,,) results in a small displacement for theuncertainty.

considered tool point; this displacement is evaluated dgrstofall, an upper bound of this uncertainty has to be tbun
follows: considering the range of measurement uncertainty due to the

resolution of the encoders of the legs of the Gough platform.

JHewag; Oipera

-

s
Il
-

L, . . o .
§P0S T = 5 P08 e + 6RO © | L, ®) To simplify (11), th(? second term of its right member is
I rearranged as follows:
I L, L,
. . . " JHerao,; OQ N |Ly| = — | Ly | A JHezao,; 0
where: L, | is a vector which gives the position of the ¢ @ i i Heaaor 0Q (12)
LZ z L 4
considered tool point with respect to the Gough platform = —Lyy.JHerao,. 0Q
traveling plate center (see Fig. 5). where
The optimization process is then to minimize the norm of 0 —-L, L,

)

dPosT,,, knowing the resolution of the measuring legs, in wyz = | Lz 0 —L,
the 'worst case’; this 'worst case’ has to be searched for all —L, L, 0



Equation (11) can be rewritten:

6POST00l = JHewapos 6Q - imszHewaon (sQ

- (13)
= (JHewapos - LmszHewaori )(sQ

Finally a 6-dimension small displacement for the Gough

of equations which described that the gradient is null is:

56(52 + SgL; — S4LZ) - 55(53 + S4Ly - S5LI) =0

_Sﬁ(Sl + SsL, — SﬁLy) + 54(53 + S4LU - S5Lm) =0

55(81 + S5L, — SGLy) — S4(S2 + S¢La — S4Lz) =0
(20)

platform is mapped into a 3-dimension displacement for th&"€ three equations of this system are not independent.

considered tool point by the following relation:
6POST00Z =Tool JHemaéQ (14)

.Tool _ T
where:* ¢ JHeza — JHemapos - LzszHezaoTi

Looking for the 'worst case’ requires to find the largest ealu
of |6 Post,.|| when each measuring leg encoder suffers

from an uncertainty ot:

—€ < 0q; <€

(15)

This leads to consider on the one hand a 6-dimension polytop
(in the space of the measuring legs) and on the other haan(f) _
a 3-dimension polytope (in the Delta robot Cartesian space)
To analyze the 6-dimension polytop, we resort to the tools

described by Krut [20].

Finally, the solution of this system is a line defined as
follows:

L, eR
L. — L. (S3S5+S555+528)—S5253—5353+545651+S55652
y S4(S2+52+S2)
L. — L. (S3S6+S6S52+S5)+S2S2+53S2—S6S5S3—5451 S5
== Sa(S3+53+52)
(21)

Then it is necessary to study the hessian matrix to qualify
the critical points of the function (that is, determininghiy
are maximum or minimum):

2552 + 2562 —25554 —25654
—25554 254% + 2562 —25655
—25654 —25655 2542 4+ 2552

(22)

This matrix is constant whatevet,, L, and L.. The

A vertex of the polytop of the hexapod legs small displacedeterminant of this matrix is null and its eigenvalues are
ments are transformed b¥°°'Jy..., in a vertex of the o1 =0 andoy = 03 = 25¢ + 252 + 2537. So, the matrix
polytop of the small displacements of the tool. Accordingy () is positive semi-definite. Thus there is no maximum
Krut, the maximum value of the tool small displacementgor (Lz, Ly, Lz) € R3. So if there is a maximum it belongs
is found on a vertex of the polytop. The upper bound ofp the boundary of tool bounding box.

[6 Posroal| is the maximum of the distances between th@dditional analysis is then required; firstly, each faceuf t

origin of the polytop and its vertices.

bounding box is analyzed; for example, by settibgto its

Moreover, for a givend@, the fact that the tool point is maximum value, a plane corresponding to one of the faces
considered in this paper inside a bounding box has to ke defined, and the function in (19) becomes a new function

taken into account.
Equation (11) can be developed as follow#os7.0; :

5POST001

6 6 6
> J1i0Gigens + 22 I5i0Gisa Le = D J6i0Gisy 00 Ly
=1 =1 =1
6 6 6
= |2 S2i0Giyena + D J6i0Gisgena e — > J1i0Giy,, L=
=1 =1 =1
6 6 6
Z J3i§queza + Z J4i§quera LU - Z J5i§queraLm
1=1 =1 =1
(16)
This leads to:
H(s-PosTool”2 = (Sl + S5Lz - SGLy)2 (17)
+ (SQ + Sg L, — S4LZ)2 + (Sg + S4Ly — S5Lz)2
with
6
Si = JjibGise (18)
=1

The squared norm is then studied as a functiop gf.,, and
L.:

f(Lwa Ly7 Lz) = H6P08T00l||2 (19)

with two variables only. This new function is treated as the
first one, that is, analyzing its gradient and hessian matrix
It is determined that there is no maximum on those planes.
The maximum are then to be found on edges.

Again, lines corresponding to the edges are defined by gettin
two variables of (19) to their minimum or maximum values.
The same derivation is performed again and no maximum can
be found on those lines. The conclusion is that the maximum
is on the vertices.

Finally, to find the upper bound of the nortid Posr,.i||

for a given point of the Delta workspace, it is necessary to
calculate this norm for all the tool bounding box vertices
(2% possibilities) and all the vertices of the Gough platform
6-dimension polytop 2¢ possibilities). Then, we take the
maximum value among thg® values calculated. The worst
point throughout the workspace is established thanks to
a numerical optimisation routine and finally, the Matlab
functionf mi ncon is then used to search the optimal design
that will minimized this upper bound worst case.

3) Optimization constraints. There are two constraints, in
addition to the workspace constraint, to respect during the
optimization process. First of all, collisions between ligs
of the Gough platform and the Delta arms have to be avoided.
A collision check has been integrated in the optimization

This function reaches a maximum when its gradient is nuldlgorithm. Another constraint is the bounds on the meagurin
and when its hessian matrix is positive-definite. The systefegs and has been taken into account as well.



IV. OPTIMIZATION RESULTS strategies will be evaluated on the prototype for example
A. Delta parameters online calibration, compensation or control of the machine

Equation (7) gives the relation between the length of the' the measurement system space.

Delta armsL and the difference between the base radius and
the traveling plate radiug\R. For practical considerations,
the length of the Delta arms is fixed t0 0.8 m. So, the
difference between the base radius and the traveling plate
radius,AR is equalled t00.48 m.

For the design of the final machine, it is necessary to select
the values of the traveling plate radii-p» and the length

d which is the distance between the center of the spherical
joints of the Delta robot parallelograms. The travelingt@la
must be large enough to support a spindle. It is chosen equa
to 0.06 m. Concerning the length, it is better to take the
bigger possible value to avoid the parasitic movements of
the traveling plate due to the dimension errors of the Delta
arms. Finally, the value of the lengthis 0.075 m.

B. Gough platform parameters

The Gough platform optimisation has to take into account
the Delta geometry to avoid collisions. The distance betwee
the center of the two structures is chosen such as it is the
smallest possible to minimize the size and the weight of the
traveling plate. This distance is equaldd m.

A preliminary study showed that the optimization criterion
of the Gough platform is better if the angles andarp are
small and if the radius, andrpp are big. Considering this
and the collisions aspect a first set of parameters are chosen
to initialize the optimization algorithm.

The final values of Delta parameters and Gough platform are
presented in Table | and Figure 6 shows the final design of (b) Front view
the machine-tool prototype which is in manufacturing phase

Fig. 6. Final design of the machine-tool prototype
TABLE |
DELTA AND GOUGH PLATFORM PARAMETERS
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