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Abstract

Parallel link robots are now being applied to various assembling tasks for small producis and components. One of the
important issues for design of the parallel link robots is to improve their kinematic motion deviations due to the complex link
structures. The kinematic motion deviations of the parallel link robots are deeply influenced by the geometric deviations of the
components, such as joints and links. A sysiematic design method is required for specifying suitable geometric tolerances of the joints
and the links, in order 1o improve the kinematic motion deviations of the parallel link robots. The objective of the paper is 1o establish
a computer-aided design system for specilving a suitable set of the geomelrie tolerances of the components considering the trade-ofT
between the requirements on the kinematic motion deviations and the ¢ase of the manufacturing processes. A mathematical model 1s
formulated to represent the standard deviations of the kinematic motions of the end effectors, based on the tolerance values of the
Joints and the links, A systematic method s proposed here, by applying an optimization method, 1o determineg a suitable set of the
tolerance values of all the joinis and the links under the constraints on the kinematic motion deviations of the end effectors. The
method is applied to some design problems of the geometric tolerances of the parallel link robots.

Keywords: Tolerance Design, Geometrie Dimensioning and Toleraneing, Modeling, Kinematic Motion Devialions.

1. Introduction

Parallel link robots are now being applied to various
assembling tasks and picking tasks for small products and
components. One of the important issues for design of the
parallel link robots is to improve their kinematic motion
deviations due to the complex link structures. The kinematic
motion deviations of the parallel link robots are deeply
influenced by the geometric deviations of the components,
such as joints and hinks.

Three-dimensional CADVCAM/CAE (Computer Aided
Design/Manulacturing/Engineering) svslems are now being
widely applied to design, analysis and manufacturing of
machine products and components, One of the important
issues to be considered in the applications of CAD/CAM/CAE
systems is how to deal with the geometric tolerancing and the
dimensional telerancing in the three-dimensional product
modeling systems. Some rescarches have been carried out to
deal with the dimensional tolerances and the geomelric
tolerances, aimed at realizing statistical analvsis and design
methodalogies for 3-dimensional machine producis [1-8]. In
the previous papers. a systematic methad was proposed 1o
determine a suitable set of the tolerance values of the guide-
ways of the 5-axis machining centers under the constrainls on
the kinematic motion deviations of the feed motions, by
applying mathematical models of the shape gencration
motions of the machine waols [9-12].

The objective of the paper is to propose a mathematical
mode] for the CADVCAE/CAM systems with the capability to
analyze the kinematic motion deviations of the parallel link
robots. The mathematical model represents the kinematic
motion deviations of parallel link robots, on the basis of the
dimensions and geometne olerances of the components. The
proposed model is applied to the systematic procedure which
determine bath the dimensional tolerances and the geometric
tolerances of the joints and the links under the constraints on
the kinematic motion deviations of parallel link robots.

2. Geometric Tolerances and Deviations of Features
[7-9]

The geometric tolerances of the features specify the
allowable areas named “tolerance zones,” which constrain the
position and orientation deviations of the associated leatures
against the nominal features, as shown in Fig. 1 {a). The
associated features and the nominal features mean the features
of the manufactured products and the ideal features defined in
the design phase, respectively. The geometric deviations of
the associated features from the nominal features are
represented by sels of parameters named “deviation
parameters.” For example, one position parameter w and two
rotational parameters ¢ and # are required to represent the
geometric deviations of the associated plane features against
the nominal plane features, for the case where the tolerance
zone is given by the area between a pair of parallel planes. In
the research, the followings are assumed for the case of the
medeling and the analysis of the geometric deviations.

(1} The deviation parameters §; representing the position
and orientation deviations of the associated features
follow the normal distribution N{g; . o), and g; =0,
Where, u; and &; arc the mean values and the standard
deviations, respectively.

{2) The manufacturing processes of the components are
well controlled, and the proportion of the non-
conforming components, which means the 1oleranced
features exceed the tolerance zones, is as small as a
value Py called “Delective rate”.

(3} Eq. (1) represents the relationships between the standard
deviations &; of the deviation parameters of the
tolerance featwres and the maximum values of the
deviation parameters.

T = Simax/ Cpa ()
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where,

Simax © Maximum values of the deviation parameters §;, il
the other deviation parameters are &; = 0, (i # ).

: A constant representing the ratio of the maximum
values 8;pq, and the standard deviations a;.
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Let us consider a case of the plane feature shown in Fig,
I {a), as an example. The maximum values §;,,,, are given in
the followings.

51 ='I.l.l',62 = {r,ﬁa = S

t t t @)
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where,
Ly by : Length and width of the plane leature,
t : Toleranee values, ¢.g. the distance between two

planes representing the wlerance zones.

From Egs. (1) and (2), the standard deviation of three
deviation parameters are given in the followings.

t t t
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The following equation gives the conditions that the
plane features are included within the tolerance zone between
a pair of planes.
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The probability that the toleranced leatures are included
within the tolerance zone is given by the following equation.
This probability 1 = Py means the non-defective rate.

1-F4
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If the defective rate Py is set 1o 0.27%, the constant Cpy
can be estimated as “Cpy= 5837, through the numerical
analysis of Eg. (5).

In the case of a cylinder shown in Fig. | (b), the
following equation gives the standard deviations of the
paramelers.

fi=ud,=wd=ad =y
t
Simaxr Szmax = E o Samax: Famax = I (6)

[ [
a,d; = _ECN‘JS' T3 = LCrg

In this case, the Cp, is estimated as “Cp = 5.06,” for the
case that the defective rate Py is 0.27%.

In the case of the sphere shown in Fig.l (c), the
following equation gives the standard deviations of the
paramelers.

d=ud=vd=w
t

t
S1maxs Frmars Famax = 7" 01,02, 03 = 2Cpy @

In this case, the Cpis estimated as “Cp =3.57", for the
case that the defective rate Py is set to be 0.27%.
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Fig. 1 Definition of geometric tolerance of features
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Fig. 2 Tolerance zone of dimensional tolerances

As regards 1o the dimensional tolerances of the link
lengths, the wlerance zones are represented by the value t =
a 4 b as shown in Fig. 2, and the value t represent the ranges
of +3a. Therefore, the following equation gives the standard
deviation of the parameters. In this case, “Cp = 37, for the
case that the defective rate Py is set to be 0.27%.
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3. Modeling and Analysis of Parallel Link Robots

3.1 Parallel link robot system description

The paralle]l link robots considered in the research are
shown in Figs 3 and 4, which represent the 3-dimensional
model and the kinematic model, respectively. The end-
effectors move in the 3-dimensional space against the fixed
bases. The motions of the end-effectors are limited to the
parallel motions with three degree of freedom. The motions
arc controlled by the rotational angles &, £ and & of the
upper links in the kinematic model shown in Fig, 4.

Three servo-motors are equipped within the bases to
independently control the rotational angles &, & and & of the
upper links. The lower links shown in Fig. 4 are connected by
two double spherical joints with the upper links in one end and
with the end-effeciors in the opposite end. By connecting with
use of the double spherical joints, the motions of the end-
effectors are limited to the paralle]l motions without rotations.

Figure 5 summarizes the geometric parametlers
representing the link lengths and the positions of the joints
which connect the bases, the upper links, the lower links and
the end-effectors.
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3.2 Inverse kinematics analysis

Denavit Hartenberg has proposed the D-H method,
which is commenly applied 1o the robot kinematic models, In
the research, inverse kinematics analvsis is considered 1o
determing the active link position angle #,(i=1,2,3) based on
the position (xg, vg, Zg) of the moving end-effectors,

The inverse kinematic analysis is required to determing
the joint angles &, &5 and & of the upper links based on the
position of the end-effectors. This section deals with the
method to determine these joint angles,

The input information about the position of the end-
effector is given by a position vectors X representing the
center positions of the end-effectors.

Xe = (xg.yezg)" (9)

Equation (10} gives the basic conditions to determine the
Joint angles &, & and & based on X

Li=E;-M* (i=123) (10)

The M; and E; are given by Eqs. (11} and (12),
according to the kinematic diagram shown in Fig. 4.

'Lj + Lz Cos EJ
My={ 0
. —Lasinéy
r 1l 1 3
§L1_ -ELzCUSEz.
HH =y ‘UE ﬁ "
?Ll-‘-TLZ EDSEZ (11
\ —L;sinfy s
rl 3
ELI -ELECUSH3.
M_q_ =4 ‘I'i ﬁ W
?.{q - ?LZ Cos 93
L =L, sinfy J
El = {+L4.I}";.I',ZH}
Ly V3
Ez={xﬁ'-?'}r}l&+?£ﬂ4|zﬁ} (12)
L V3
E;= {-’55 - ?‘*}"E - wa-zs}

Three independent equations shown i Eq. (13) are
obtained based on the Eqs. (%) to (12).

Ajcosf + By sinfly = € (13)
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The joint angles &, are finally obtained by the following
equalions.

8 = —tan"'(B, A)
~tan~* (E’.. ||.4f + B -} ' (14)

The angles ¢, and 1 shown in Fig. 4 are obtained by the
following equations. These angles are required 1o estimate the
position of the end-effectors taking into consideration of the
eeometric deviations of bath the joints and the link lengths,

@; = cos”? ( M:B; - M‘E‘)
! M8 |M;E|
(15)
EM, EXg
o e
Vi |E:M;||E;Xg|

4. Modeling of Parallel Link Robots

4.1 Kinematic motion deviations of rotational joints

The parallel link robots shown in Figs, 4 and 5 have two
types of joints. They are the rotational joints between the base
and the upper kinks and the spherical joints between the other
links. 4 by 4 homogencous lransformation matnices are
applied to represent the kinematic motions in the paper. The
kinematic motions at the rotational joints shown in Fig. 6 are
represented by  the following equation taking into
consideration of the geometric deviations of the faces. The
standard deviations of parameters da, 8y, dx, 8y, 6z are
caleulated by applving Eqs. (3) 1o (6) in the following
equation.

cosB  Oygy  sind  dxp

seay=| O¥ez 1 dagy by
45(8) —sin#  fSag; cosB bz (16)
0 0 0 1

where,

dargy = ¥ Sin 8 — a;, cos & + ag
dagy = =y sin @ = ayy, cos & + ag,
dygr = ¥jp cos @ — ayy sind — yia,
G¥gz = ¥jacos @ + @ Sinf — yjy

1
51’3 = E{—Z&x;h + Ii}f;h + hr‘ru] coséd —
(vfl - 14]}"5“ - %[262}& E Ilﬂ'_“, -
E4ﬂ_,-b] sin @ 4 fxj,
8y = 8yic — 8yjc
1 2
dzg = 5(—2-’51:1» + ¥y + Ljp) sin 8 + (4 + L)agg
- %{Zé’z;, + Ii“jﬂ + {4“}5] cos @ + -5.2:-1
@ i Orientation deviations of guide-way #» in
Unit-m (m = i,j,n = a,b)
Xm0 0 Vi 02y © Position deviations of guide-way
in Unit-m (m = i, j,n = a,b)

4.2 Kinematic motion deviations of spherical joints
The kinematic motions in the spherical joints shown in
Fig.7 are represented by only the angles of g, or i, as shown
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in Fig. 4, and the transformation matrix for the spherical joints
with geometric deviations is given by the following equations,

cosdq  —sing 8x,

o v
i 0 Ay,
A2 (@) = sing cosg o an
® 0 0 1 &z,
0 0 0o 1
where,

dx, = —fx, cosg + 8y, sing + dx,,
8y, = —dxg sing — &y, cos g + 8y,

bz, = fz, = fzy4
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Fig. 7 Spherical joints

4.3 Modeling of kinematic motions of parallel link
robots

The positions E;in Eq. (12) are given in the following Eq.
{18), and the positions Xg of the centers of the end-effectors
are obtained as the center of three points of the Ey, Eo, E4.

E; = A; (L )AZ(0)A, (L) A, ()

AE{’T = @A (LA BIAT [ = ) (18)

where,

Ay(Ly): Translation between the coordinates system

A*ay, ) : Rotation between the coordinates system
A58 Rotation of the motors

A% — gy, m =, ): Rotation of the spherical joints

The kinematic motion deviations of the centers of the
end-elTectors are obtained as the standard deviations of the



position vectors Xp in the x, v and # directions, and
represented by the following equations.

Oy = (Ox 0y 03}

1
T =3 "’3:. +ol, +af,
1 . .
- 2 : :
gy =3 oy, + 0y, +ay (1)
1
fe =3 lla,;’-l +af, + of
where,

Tyis Tyi, Ty Standard deviations of the position vectors E; in
%, ¥ and z directions.

5. Tolerance Design

The tolerance design of the parallel link robots plays an
important role from the viewpoints of both the kinematic
motion accuracy and the production costs. The tolerance
values should be as large as possible for the ease of
manulaciuring processes. On the other hands, the end-
effectors of the parallel link robots should be controlled so that
their kinematic motion deviations are kept within  the
allowable ranges.

A systematic procedure is proposed here, by applving an
oplimization method, 1o determine a suitable set of the
tolerance values of all the joints and the links under the
constrainis on the kinematic motion deviations of the centers
of the end-cffectors. The tolerance design problem considered
here is formulated as shown in the followings, in order 1o
consider the trade-off between the high kinematic motion
accuracy and the ease of the manufacturing processes.

The design variables summarized in Table | include five
geometric tolerance values from £y to &5 of the joints shown
in Figs. 3 and 4, and two-dimensional tolerance wvalues
tg and t; of the upper links and the lower links shown in Fig.
4,

The following equation gives the objective function
including the tolerance walues and the representative
dimensions of the grometric ¢lements of the joinis and the
links.

(20)

where, r; is the representative dimensions of the components,

The objective function Eq. (20} is formulated on the basis
of the relations between the tolerance values and the
representative dimentions of the Featrures defined in the IT
standard tolerance

The following Egquation gives the constraints on the
kinematic motion deviations of the end-efTectors estimated by
the equations from (16) 1o (149).

f=fmaes f= ,"Ti?‘F‘Tyz"'dg

where, fiqy 15 the allowable range of the standard deviation
of the kinematic motion deviations of the end-effectors, and
; 15 standard deviations in i-direction of the position Xg.

(21)
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Table | Design variables for seven kinds of tolerances

Symbol Meaning Guide-way
ty Radial axis a
t; Radial bearing b
ty Thrust bearing c
t, Spherieal joints (Ball) d
ts Spherical joints (Socket) e
ke Dimensional tolerance of upper link
£y Dimensional toleranee of lower link
6. Case Study

The proposed method is applied 1o the tolerance design of
the parallel link robot shown in Fig. 3 by setting the allowable
kinematic deviation to 0,05 mm. Figure 8 shows the optimum
solutions.

The designed tolerance values of ty, t; are smaller than
other tolerance values, as shown in Fig. 8. This means that the
kinematic motion deviations of the end-effectors is deeply
influeneed by the wlerance values of the rottional joints
berween the base and the upper links. Therefore, the tolerance
values are rather important to reduce the standard deviations
of kinematic motion deviations of the end-effectors,

Toleramo: Valwes [mum]
E E &

Design vanables

Fig. 8 The result of tolerance design values

7. Experiments and Comparison with Machine
Tools

The kinematic motion deviations of a parallel link robol
are measured by applying the DBB (Double Ball Bar) system,
as shown in Fig, 9, in order o verify the theoretical analysis
presented in the paper, and the measured results are compared
with the simulation results. The kinematic motion deviations
of the parallel link robots are also compared with the ones of
the machine tools.

The robot and the measuring system applied are FANUC
M-LA/IH and Renishaw BC20-W, respectively. The
terminals of the DBB are fixed on both the table center and
the end-efMector, and the end-effecior 15 controlled 1o rowte
around the table center. The rotational radius and the feed
speed are set to 100 mm and 1,200 mm/sec, respectively. An
example of the measurement resulis is shown in Fig. 10 {a)
representing the radial position deviations of the end-cffector.
As shown in the fgure, the trajectory of the end-efTector has
an ¢llipsoidal shape, and the radial positioning deviations
reach about 0.8 mm.

A mathematical simulation method is also applied to
estimation of the effects of the deviations in the lengths of the
links constituting the parallel link robots and the alignment
deviations of the rotational joints of the upper links which
control the positions of the end effectors. The mathematical



simulations have been carries out for the configurations with
various link lengths and rowational joint positions of the robal
shown in Figs. 3 1o 5. One set of the rotational jeint, the upper
link and the lower link in —x direction in Figs. 4 and 5 are
selected, and the position the joint and the lengths of the links
are changed in the simulation. The parameters changed in the
simulations are the position of the rotational joint L1, the
length £ of the upper link and the length L3 of the lower link
in Fig. 5.

The nominal values of £1, L2 and £3 are 110 mm, 100mm
and 270 mm, respectively. In the simulation, these parameters
are changed in the range of 1.1 mm. One example of the
trajectones obtained in the simulation is shown in Fig. 10 (b)
under the conditions of Li=110 - 1.1, Z:=100 + 1.0 and L3
=270 - 10, The trajectory obtained here has a similar patiern
with the trajectory shown in Fig. 10 {a) obtained in the
experiments,

The results obtained through both the experiments and
the simulations show that it is important to design the
geometric deviations of the link lengths and the alignment
deviations of the rotational joimts from the viewpoint of
improving the kinematic motion deviations of the end-
elfectors.

Figure 11 shows examples of measurement resulis of
kinematic motion deviations of a typical machining center and
a portable NC milling machine, The figures show that the
kinematic motion deviations of the machining center and the
portable milling machines are about & pum and 100 pm,
respectively. The machining center and the portable milling
machine are equipped with the semi-closed loop servo system
and the open loop servo system, and the motion deviations the
machining center is about ten tmes smaller than ones of the
portable NC milling machine,

The parallel link robot is also equipped with open loop
servo system, however the kinematic motion deviations are
about 10 times larger than the portable NC milling machines.
It is because that the geometric deviations of the link lengths
and the alignment deviations of the rotational joints affect the
increase of the kinematic motion deviations of the end-
effectors.

8. Conclusion

A systematic method is proposed, by applying an
optimization method, 1o determine a suitable set of the
tolerance values of the geometric ¢lements of the joints and
the links constituting the parallel link robots, under the
consiraints on the kinematic motion deviations of the end
effectors. The results are summarized as follows;

(1) A mathematical model of the parallel link robots was
proposed 1o estimate the kinematic motion deviations of
the robots based on the goemetric deviations of the joints
and the links, The inverse kinematic method was also
discussed 10 obtain the joint angles of the upper links w
contral the end-effectors, based on the nominal model
without the geometne deviations,

(2) Atolerance design method was proposed and applied o a
design problem of the paralle]l link robots w design a
suitable set of the tolerance values of the geomelric
clements of the joints and the links. The method provides
us with a systematic methed o determine the suitable set
of the tolerance values taking into consideration of both
the constraints of the kinematic motion deviations of the
end-effectors and the ease of the manufacturing process of
the robots and their components,

(3) Kinematic motion deviations of a parallel link robet were
measured and compared with the simulation results based
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on the kinematic model. The results show that the
kinematic motion deviations of the end-effectors of the
robol are deeply allected by the geometric wlerances of
the joints and the links constiluting the robots. The
kinematic motion deviations of the machining center and
the portable NC milling machine were measured, and
compared with the ones of the parallel link robot 1o verify
the motion accuracy of the robots.
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Fig. 10 Measurement and simulation results of kinematic
motion deviations of parallel link robot



(a) Machining center
“T

2um/fscale

[ mn s L.

MO mrs
I, e
S—_ E 20um/scale

(k) Portable NC milling machine
Fig. 11 Measured kinematic motion deviations of machine
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