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Abstract: Proper fixture design is crucial to obtain the better product quality according to the design specification

during the workpiece fabrication. Locator layout planning is one of the most important tasks in the fixture design

process. However, the design of a fixture relies heavily on the designer’s expertise and experience up to now.

Therefore, a new approach to locator layout determination for workpieces with arbitrary complex surfaces is pro-

posed for the first time. Firstly, based on the fuzzy judgment method. the proper locating reference and locator

numbers are determined with consideration of surface type, surface area and position tolerance. Secondly, the lo-

cator positions are optimized by genetic algorithm (GA). Finally, a typical example shows that the approach is su-

perior to the experiential method and can improve positioning accuracy effectively.
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INTRODUCTION

Fixtures are used to locate and constrain a
workpiece during a machining operation. Proper
fixture design is crucial to guarantee the machin-
ing requirements of the workpiece. Functions of
such devices aim at locating and ensuring the de-
sired positions and orientations of workpieces dur-
ing the manufacturing process. It is therefore im-
portant to configure the locator layout. In prac-
tice, the design of a fixture relies heavily on the
designer’'s expertise and experience due to some
uncertain factors. So it is difficult to evaluate the
performance of a fixture and in turn, determine
the optimal one.

A design method of locating layout for work-
piece with arbitrary surface is presented based on
the fuzzy judgment. Firstly, the feasible locating
reference and locator numbers are automatically
selected based on the fuzzy evaluation matrix.

And then the locator positions are optimized on
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the selected locating reference by genetic algo-
rithm(GA).

Many efforts have been done into fixture lo-
cator layout determination. Gulesin established
a system of automatic selection of the locating
surfaces for prismatic workpiece based on 3-2-1
guideline. Wayne et al'* proposed a method to
conduct a robust fixture design to minimize work-
piece positional errors as a result of workpiece
surface and fixture setup errors. Li and
Melkote" used a nonlinear programming method
to solve the layout optimization problem. The
method minimized workpiece location errors due
to the localized elastic deformation of the work-
piece. Choudhuri et al®presented a model and an-
alyzed the influence of the accuracy of locators on
geometrical tolerance of workpiece. Asada et al'®
used a Jacobian matrix to formulate the relation-
ship between the fixture displacements and work-

part displacements. Rong et al'™established three
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perpendicular locating reference planes based on
locator types and positions. Locator displace-
ments were mapped into the deviations of locating
reference planes. The machining surface deviation
was then calculated based on the locating refer-
ence plane deviations. Marin et al"™ presented a
method to determine the tolerance of the error in
the contact zone between fixture and components
so that a given geometric tolerance was satisfied.
Qin et al® presented a mathematical model based
on locating principle, and then analyzed the cor-
rectness of the locating scheme according to the
solution construction of homogenous linear equa-
tions. Kulkarni and Pande! used a feature-based
model and generated initial setups by performing
systematic reasoning of part model, inter feature
relations, tolerance relations and expert rules.
Michael™ introduced a method to compute the
optimal set of locators, among an initial finite dis-
crete set of candidates, which minimized the posi-
tion inaccuracy of the work part. This inaccuracy
was shown to depend on the so-called information
matrix of the locator scheme. Ong and Nee''
used fuzzy set theory together with production
rules in automatic setup planning for machining of
prismatic parts on vertical machining centre.
Raghu and Melkotel'?! presented a model to ana-
lyze the position and orientation of the workpiece
after loading based on fixture geometric error,
then to calculate the final position of component
from the deformation of the fixture-workpiece
system.

Most of the above studies use a mathematical
model to analyze some locating planning, then op-
timize these locating planning with linear or non-
linear programming methods. All of the fixture
layout optimization procedures start with an ini-
tial feasible layout. Solutions from these methods
are dependent on the initial fixture layout. The
literature review reveals few researches on the au-
tomated initial locating layout planning.

The paper presents a fuzzy-evaluation-based
algorithm for initial planning of locating points.,
then for optimum locating planning with GA.
Minimizing locating errors as the goal, a set of lo-
cating positions are decided for a 3-D object with

arbitrary shape.

1 AUTOMATION OF LOCATOR
LAYOUT SCHEME

The fixture design is a complex process in-
cluding a few uncertain factors. It is difficult to
obtain the best fixture design results. Therefore,
a fuzzy judgment matrix is first constructed to an-
alyze every candidate surface. When degree of
freedom (DOF) of the workpiece can correctly be
constrained, the initial locator number is deter-
mined. Otherwise, the candidate surface is con-
tinued to be analyzed until the constrained free-
dom meets the machining requirements. To some
special workpieces, for example sheet metal, the
above steps is able to constrain all the undesired
DOFs of the workpiece. But it is not well satis-
fied with the machining requirement. The design
should add the auxiliary supporter. Finally, the
locator position is optimized by GA. The whole

design process is shown in Figs. 1-2.
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Fig.1 Flowchart of selection of locating reference
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Fig. 2 Flowchart of GA

2 DOF CONSTRAINT MODEL OF
WORKPIECE

A workpiece has six DOFs in orthogonal co-
ordinate system. In order to guarantee the design
specification of the machining feature of the
workpiece, some DOFs must be constrained to
obtain the reasonable location of the workpiece
with respect to the cutting tool. The essential
constrained DOFs are named as the theoretical
constrained DOFs. The relationship between the
theoretical constrained DOFs and the design spec-
ification of the machining feature is represented as

or, = E, [, (D
where Or, is the machining error measuring the
design specification, f,.1 the theoretical con-
strained DOFs, and E, the configuration matrix at
the process point r,=[x,, y,s 2,]" whose expres-
sion 1s

1 0 O 0 2 - M
E =1|0 1 0 —z 0 x, (2)
0 0 1 Vo — 0

It is well known that the theoretical con-
strained DOFs are eliminated by a feasible locat-
ing scheme. Here, an arbitrary locating scheme is
assumed to consist of k(;=1, 2, -+-,%) locators,
as shown in Fig. 3"*. In Fig. 3. the workpiece
coordinate system (WCS)and the global coordi-
nate system (GCS) are given. n, = [ n., ny»
n; ]"is the unit normal vector of the workpiece
surface at the /th contact point r;,=_[x: y;» 2] .
Thus, its practical constrained DOFs of the work-
piece whose formulation can be referred to
Ref. [14] in detail is rewritten as

J/, =0 (3)
where f,.2 is the practical constrained DOFs and J
the locating Jacobian matrix, and its expression
can be concluded as

Tl Ty The M) TR Maty T el Mpdn T e

] g, Tlpy g MgYo T Hayy Mply T gDy Mpydy T loLYs
T M T My T M Mpe Ve T Mey%e Mol T Mpede MeyZie = Npa )i
4)

The correctness of the designed locator lay-
out depends on the logic relationship between f,.1
and /.. It /. N fo,=/. [i=0.9. 1t [, N [, =
S fi=0.8. 11 [, N /,, ¢, fi=0.4. Other-

wise, f,=0.

Fig. 3 Fixture locating scheme

3 DETERMINATION OF OTHER
EFFECT FACTORS

In addition to the logic relationship between
the theoretical constrained DOFs and the practical
constrained DOFs, generally speaking. the effect
factors of locator layout design also include fol-
lowing five aspects.

3.1 Distance

If the mass center of a workpiece is projected
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onto the /th locating reference, the obtained point
is defined as the projected mass center. The ratio
of the distance from the projected mass center to
the geometric center of the locating reference is
written as

l;

lmax

di=1—

i

(5

where /; is the distance from the projected mass
center to the geometric center of the /th locating

reference ,and /. the maximum distance.
3.2 Surface roughness

The smaller the roughness value is, the larg-
er the performance norm is. Compute the degree
of membership with ascending exponent fuzzy dis-
tributing function as

JO R, > 100
logR
= 11 — looggil()l()
1 R, <1

where R, is the roughness value of the /th locating

1 <<R, <100 (6)

reference.
3.3 Position tolerance

The position tolerance is usually ignored
when the designer presents the locator layout. In
fact, the smaller the position tolerance is, the
higher the locating accuracy is. The value can be
determined as

0.9 0 <o, <0.05
0.8 0.05 <o, <0.10
pi =<0.7 0.10 <o, <0.15 7
0.6 0.15 <o, <<0.20
0.4 other
where o, is the position tolerance of the /th locat-

ing reference.
3.4 Surface type

A workpiece consists of a variety of surfaces.
Here, these surfaces are categorized into plane
surface, cylindrical surface, conical surface,
curved surface and other surfaces. Thus, the ra-
tio of surface type denoted by ¢ is shown in
Table 1.

Table 1 Matrix element with surface type

Type Matrix element
Plane surface 0.8
Cylindrical surface 0.8
Conical surface 0.7
Curved surface 0.3
Other surfaces 0.2

3.5 Surface area

Supposing that s; is the surface area of the
ith locating surface, the area ratio of locating ref-
erence can be defined as

S

@ = (8)

Jmax

4 DETERMINATION OF
WEIGHT SET

Letting a; be an effect factor on locator lay-
out determination (i. e., x;=d:s p:» t;» ¢ and
fi)» a;; is defined as the important factor of ;-
with respect to x;. Their values can be selected
from 1 to 9 according to the compassion of their
importance with each other, as listed in Table 2.
Thus, the ration matrix can be constructed as

Ty Lzt L
s 9
Zoi Ty Lo
with z,=1, x;,=1/x;.

Table 2 Scaling value

Zij Condition

1 x; 1s as important as x;

3 x; is less important than x;

5 x; is more important than x;
7 &; is more important than x;
9 x; is the most important than z;

2,4,6,8 The middle value of 1—3,3—5,5—7,7—9

It is known that the eigenvalues of the ratio
matrix can be used to identify the consistency of
x;; in the practical problem. If the ratio matrix
has good consistency, the weight coefficient of all
effect factors can be obtained. Otherwise,
should be adjusted until its value makes the ratio
matrix to be good consistency.

Let y=1[3ys ¥»s ***» y.]" an eigenvector of
the ratio matrix ¢, a new vector can be construct-
ed as

d = cy QL))

If the non-negative components number in d

equal to the column number of ¢, the consistency

of the ratio matrix with the practical problem is
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good. Otherwise, the component in the matrix ¢
must be adjusted until the matrix meet the re-
quirement of consistency.

In the traditional analytic hierarchy process
(AHP), the weight set of the matrix with consis-
tency is solved by the root method or the least
square method.
Egs. (11-12).

The algorithm is shown by

g = 1la) (1)
j=1

w, = ‘ (12)

5 LOCATING LAYOUT OPTI-
MIZATION

Consider the locating problem of the 3-D
workpiece. As shown in Fig. 4, a certain surface
is discretized to a series of points. The locator po-

sition is the design variable.
vV

T T

et

-~

=
et iy

U

Fig. 4 Generation of candidate locating points

The position can be optimally selected with
GA as follows:

Step 1  Generation of initial locator posi-
tions.

By random selecting initial points from the
discretized points, the initial locator positions are
generated. Of course, three points laid out on the
uniform surface cannot be collinear. In addition,
the mass center must be projected within the tri-
angle configured by the three points.

Step 2 Improvement of initial locator posi-
tions.

Because the initial locator positions can cause
the poor locating accuracy, GA is used to regen-
erate the initial locator positions so that the locat-
ing error can be improved to be minimal.

Step 3 Selection of optimal solution.

Applying GA for each feasible set of locators
we will end up with several distinct solutions in
the layout scheme of locating positions. Thus,
the final solution may not be unique, due to the
fact that the optimization problem may have many
local optima. The procedure operates on step-by-
step basis to seek for an optimal solution. De-
pending on the objective function pursued the best
solution can be evident or might need the design-

er's final decision.
6 CASE STUDY

In this section, a typical example is illustrat-
ed to validate the proposed approach. The work-
piece is made up of some complex surfaces which
are accessible to the locators, as shown in Fig. 5.
The features to be produced are a step and a hole
with the diameter of 12 mm. The candidate loca-
tors are restricted to a set of discrete positions,
which are generated as uniformly as possible on
the part surfaces. The determination procedure of

locator layout is as follows:

1

@

Fig. 5 Test workpiece

Step 1 Determination of effect factors.

According to the effect factors dis 75 pis tis
a; and f;, a effect factor matrix V can be con-
structed. Here, surfaces A and B are initially se-
lected as the first locating reference and the sec-
ond locating reference, respectively. Thus, their
corresponding effect factor matrixes V, and V,are

obtained as

M0.9232 0.8979 0.8 0.8 0.7653 0.5
0 0.7474 0.4 0.8 0.8 0.5
0 0.7474 0.4 0.8 0.8 0.5
V,=10.9787 0.8979 0.6 0.8 0.5102 0.6
0.9615 0.7474 0.4 0.8 1 0.6
0.9615 0.7474 0.4 0.8 1 0.6
L0.8821 0.7474 0.4 0.8 0.8014 0.7d
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0.8979 0.5102 0.8 0.6 0.7

v, — 0.747 4 1 0.8 0.4 0.7
i 0.747 4 1 0.8 0.4 0.7
0.7474 0.8014 0.8 0.4 0.7

14

Step 2 Determination of weight set.
According to Eq. (9), the ratio matrices can
be written as
! 2 2 5
/2 1 1 3
1/2 1 1 3
1/3 1/2 1/2 1 2
1
/

NNWw

(15)

¢, =

1/5 1/3 1/3 1/2

/8 1/5 1/5 1/3 1
1 2

3
1 1 2 3
¢, = |1/2 1/2 1 2
1/3 1/3 1/2 1
\1/7 1/7 1/4 1/2 1

Consequently, the corresponding eigenvec-

N wWw Ol o1

2

7
7
4 (16)
2

tors of ¢;and ¢,can be calculated as
¥y, = [6.022 5,0.004 7,0.004 7,
— 0.016 0, — 0.016 0,0]" (17
y, = [5.010 0, — 0.005 0, — 0.005 0,0,07"

(18)
The maximal eigenvectors of the two matrix-
es are both close to the exponent number of ma-
trix and other eigenvectors are all close to zero.
So without adjustment of the element of the ma-

trix, the weight set can be directly computed as
w, = [0. 365 0,0.204 8,0.204 8,0.116 2,

0.069 2,0.040 0] a9
w, = [0.334 2,0.334 2,0.182 0,0.102 0,
0.048 0" 20)

Step 3 Selection of locating reference.
Here, a new concept is introduced to select
the locating reference. If the effect factor matrix
V and the weight set w are known, the selection
set can be defined as
Z=Vw 2D
Therefore, we can obtain the following selec-
tion sets
Z, = [0.852 8,0.353 8,0.359 5,
0.816 3,0.772 1,0.772 1,0.733 41" (22)
Z,=1[0.7317,0.664 5,0.664 5,0.649 0]"
(23

Step 4 Optimization of locator layout.

The entire flowchart of GA is shown in
Fig. 2. GA input parameters used in this study is
given in Table 3. The value of objective function
is shown in Fig. 6. Results are given in Table 4.

Table 3 GA input parameters

Parameter Value
Number of iteration 150
Population size 20
Crossover probability 0. 85
Mutation probability 0.2
Number of variable 12
0.032
g 0.031
< 0.030+
Q
= 0.029+
g
2 0.028 |-
E 0.027  —
= 0.026
0.025 . . . . . '
1 21 41 61 81 101 121
Generation
Fig. 6 Convergence of GA for locator layout

optimization procedure

Table 4 Optimum layout obtained by GA

Locator Layout
L, (20, 63, O
L, (75,75, 0)
L (20, —63, 0)
L, (—5.67,—5.67, 30)
Ls (—5.67, 5.67, 30)
Ls (140,0, 45)

7 CONCLUSION

The accurate position of the workpiece with
respect to the cutting tool is crucial to guarantee
the design specification. However, this precise
position depends on acceptable locator layout. A
GA-based approach to locator layout optimization
is concerned. An initial locator layout is first ob-
tained based on fuzzy mathematics. And then the
optimal locator layout is fast achieved with GA.
The appraoch can be used to determination of lo-
cator layout of a workpiece with arbitrary sur-

faces.
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