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Forward

The firgt CIRP Design Conference was held at MIT in 1990. A great deal has been achieved in
design research for production and manufaciuring since that first meeting. This can be seenin
the dramatic increase in the number of research papers writlen on the subject in the past two
decades and in the continued success of meetings such as this. This field has also seen, and
will continue to see, many changes.

In today's world, system design and issues associated with large systems such as complexity
and integration are critical. As such, the importance of cooperation, collaboration, integration
and exchange of information between different elements of these systems (particularly between
hardware and software), different parts of the design team, and different phases of the design
process will only increase. Academic research must rise to address these new challenges.

These changes are also causing engineering design research, which has always spanned the
silos of technical knowledge, to reach beyond engineering and become truly interdisciplinary.
For this reason, the theme of the 21* CIRP Design Confarence is Interdisciplinary Design.

The 21" CIRP Design Conference fealures 35 technical papers and 2 keynole presentations by
leading scholars from academia and industry from 17 countries around the world. The meeling
will discuss research topics from production and manufacturing, mechanical engineering,
biomedical engineering, industrial design, and architeclural engineering including: cost, value,
complexity, sustainability, integration, computation, information, robustness, creativity,
collaboration, rapid prototyping, virtual design, and green transportation. The papers included in
this book include contributions from the CIRP community and beyond.

We would like to take this opportunity to thanks the CIRP STC Dn and the leadership of the
CIRP for their support of this conference. We would also like to thank all of the authors for
sharing their exceptional research with us, the members of the international program commitiee
far their support in reviewing the papers, and the local organizing committee for their assistance
with conference preparations. We would especially like to thank Ms. Jieun Choi, Ms. Monica
Pena, and Mr. Harvay Rosas for their tireless efforts. Finally, we would like to thank the Korea
Advanced Institute of Science and Technology, the KAIST Depariment of Industrial and
Systems Engineering, and the Dagjeon Convention and Visitor's Bureau for their financial and
lagistical support for the conference.

A Y
President Nam P. Suh
oo Kt Thompor

Professor Mary Kathryn Thompson
Chairmen, 21* CIRP Design Conference
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Random Design: A Design of Experiment Method to Integrate Geometrical Deviations
throughout the Product Lifecycle into Performance Simulation

F. Vignatl, D. 5. Mguyen, D. Brissaud
G-5C0OF Laboratory, 46 avenue F&lix Viallet, 38031 Grenoble Cedex 1, France
Frederic.Vignat, Daniel Brissaudi@g-scop.inpg.fr, nguyen. dson@gmai.com

Abstract

Robust performance is ong of the most important keys in product design when many variation sources exist throughout the
product lifecycle such as material defecis, machining emors, and use conditions of the product. However, most of the
performance simulation of the product is raditionally carried out by using the numerical model craated in the CAD systam.
This modet only represents the nominal information of the product, Thus, Rt is difficull to determine the relationship betweaen
the perfarmance of the product and the variation sources, especially geometrical variation sources. A method is proposed in
this paper to allow modeliing the geometnical variations generated during the product lifecycle and integrating ones intp the
product performance simulation. As a result, the relationship between the performance and the geometrical vanation sources
can be established.

Keywords:
Produet Lifecycle, Geomelrical deviations, Perfarmance Simulation, Robust performance

1 INTRODUCTICN

FRobust performance is one of the most imporiant keys in
product design since many waration sources exial in the
real environmant, including the manufaciuring operafions,
material properties and operating environment. Il these
variations are not considered in the design process. they
will prevent the performance of the designed product from
meeting the reguiremenis of clients. Furthemora, most of
the product designers can easily create a numeanical
model of the product and the manufacturing process by a "\
variaty of computer aided fools, such as CAD/CAM
system, CAE systems, product data management (PDM)
and product lifecycle management (PLM). The current
computer aided tools are actually effective o reduce the Alannlaering
ima for designing and developing a new product.

However, the numetical madel of the product is a neminal ‘ 1
.l,‘_ "
&S

representation that does not 1gke imo account the
variglions generagled all along the product lfecyele such L 2

as geomeirical wanations generated during the E -
manufacturing and assembly stage. Moreower, most of the :_'I'- - i L
product performance simulations are carried out on the Desipn End of life

Assemibly

nominal model of the product created in the CAD systemn,
The real performance of the designed product is different
frem the nominal performance and the geometrical
variabilily cbviously has an influence on it The gk s then
that the designed product doasn't satisfy the requirements
aof the users. In this case, the product-process design has
1o be consiklered as not good or at the least not robust.
There are therefore important issues thal have 1o be
considerad:
+  How 1o model the geomelrical daviations of a product
generated in the successive stages its lifacycle?
+ How to manage the causes and consaquencas of
deviations at the design slage?

+ How fo establish the relationship between the
performance and geomeliical devialionz of the
pradust?

Figure 1: Closed loop product lifecycle

In this paper, a method to establish the relationship
between the product performance and the geornetrical
deviations of the product surfaces is proposed. This
method s bazed on the geometrical deviation model
already proposed by the authors [1-2] and an anginal
dasign of experment method based on random selection
of factor values. This methed allows fast determination of
the expected relationship even in the case of high numbsr
of factors and long calculation time.

2 LITERATURE REVIEWS
2.1 Manufacturing stage

Much research for modelling geometrical desiations
generated during manufacturing stage has been done
These projects can be classified into two  different

CIRP Desigh Conference 2011



approaches. The first one is based on the concept of state
space model that is, firsily, mentioned by [3]. The models
o describe dimenzional wvaralion propagation along
multistage machining processes using this approach are
proposad by [4-5]. A state vector x(k) is usad to describe
workpiece deviations at k" stage. These deviations are
aocumulated and transformed onto the workpiece during
previous stages (1. .k-1) of the muitistage machining
process. The sat of stata weciors xikl describes the
workpiece deviations relative to the nominal one resulting
frem the whole machining processes. This model provides
8 quaniifative relaionship between the fixiure locator
emors and the final workpiece gecmeltrical error and has
great potential to be applied to faull diagnosis and
process dasign evaluation for complicated machining
processas,

The second approach is based on the concept of small
displacement torsar (SOT) that is proposed by [6]. The
methed based on the SOT approach to perform 3D
manufacturing tolerancing for mechanical pars is, firsily,
proposed by [7]). Thereafter, a model of manufactured
parts {(MMP) based on the SOT for simulating and sforing
the manufacturing defects in 3D has been developed by
[8]. It permils the collection of deviations generaled during
a virtual manufacturing process. The defacts generated by
a machining process are considered to be the result of
two independent phencmena: the positioning and the
machining deviations accumulated owver the successive
sel-ups. The posiicning deviation is the deviation of the
nominal part relative to the nominal machine, The
positioning operation of the part on the part-holder is
realized by a set of hierarchically crganized elementary
connections. The manufactured deviations of the surface
relative to its nominal position in MMP are expressad by
the parameters of the SDT. [9]) proposed a graph
representation of the manufacturing process. This graph
models the successive setup and for each set-up the
positioning surface and their higrarchy and the machined
surfaces. Thiz graph makes it pessitle o highlight the
influential paths. They propose then two analysis
methods. The first one 5 based on the concept of SOT.
The second one is based on the use of CAD software in
which they model a manufacturing process with defects.
They then vifually measure the realized part and check
its conformity

2.2 Assembly stage

A product is made up of parls assembled by the way of
connections. Each part has already passed through the
manufacturing stage where gecmetrical deviations have
been generated, Then the product passes through the
assembly stage of its life ¢ycle. The assembly stage of the
product life cyde is an essential stage, and it chviously
brngs itz share of deviations fo the product In general,
models for mechanical aszembly can be calegorized into
two different approaches. The first cne s based on the
state space model. Some models represanting this
approach are proposed by [10-11] with Stream-af-
Variation Model (SOVA) for 2D rigid assemblies
dimensicnal variation propagalion analysis in multi-station
processas, The deviafions accumulated at /* assembly

station are described by a vector X{i)e R™ ! The state

space model of a mulistage assembly process is
represented by equafions {1).

[If:',l- = Al = T)X({ = 1) + B{ILKT + Wi

1
¥ii) = COlX(i) = Vi) )

Where Ufi)e R™FT g
contribution

the fixture/lpart deviation

from station i, ¥(i)e R s the
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measurement obtained on station ¢, WY, Vi) are mutually
independent noise  and A, B and GCf) are
transformation matrix.

The second approach is based on the SDT concept. [12)
introduced the geomelrical behaviour laws based on the
S0T for modeling geomelrical deviations in  the
mechanism. Thereafter, [13] proposed a model to analyse
part deviation in assembly. The positioning vanation of the
part relative io its nominal pesifion in the glebal coordinate
system is expressed by equation (2).

DfAR)=E(AS)+ T 545p) *E(54B]+{EBR)
Whara !

OfAR) is the vanafion of part A relative fo i#s nominal
position in global coordinate system.

EfArSa) is the vanation of suface 5. of the part A relative
1o its nominal position.

T Sa4'Ss) 15 the vanation of ink between the surface S, of
the part A and the surface Sz of the part B.

E(S4/B) is the vanation of surface Sp of the part B relative
ta its nominal positicn.

D{8/R) is the varation of part 8 relative to its initial
nomingl position in global cocrdinale system.

A Imear system of equaltions is created from  the
contricution of each connection between part A and par
B. The positioning variation of part A is delermined by the
resalution of the linear system of equations based on the
Gauss-elimination method.

The main principle of the medels proposed by [10-11.13]
is to model the variation of the part at each stage along
the assembly process. Howewer, they do not link the
geometrical deviations of the surfaces of the paris to the
parameters of the manufactuning process. These
parameters are those of the MMP [B] that can be
measured from the manufacturing process as proposed
by [8]. That is the reason why the authars have already
proposed a model using the small displacement torsor in
order 1o model geomefrical deviations generated during
the manufacturing siage and accumulated in  the
assembly stage

2.3 Design stage

The geometrical deviations generated and accumulated
during the product life cycle affect the perfarmance of the
product. It is thus necessary to manage their causes and
consequences at the design stage in order to reduce their
effect on the product perfarmance all along itz life cyde.

[14] proposed to wuse enginesning models for developing
robust design in order to reduce the wvariance of the
design under varation of sources, such as manufacturing
oparations, variation in material proparties, and operating
environment. [13] addressed the impad of the
manufaciuring errors on the performance of the product
He defined the Manufacturing Variation Patterm (MVF) to
represent the manufacturing characteristics  and
investigated its effacts on the performance of the product
[16] presented a theory that offers an analytical and
geometrical description of the performance sensitivity
distribution of a product in the vanation space. The theory
can be apphed 1o find a robust design that is less sensitive
to the dimensional variation due to manufacluring erors
of product wear. [17] proposed a new Probabilistic
sensitivity  Analysis (PSA) approach for design under
uncerainty based on the concept of relative entropy. This
approach provides valuable information about the impact
of the design variables on the performance of the product
and whole range or a partial range of the padformance
distribution. [18] proposed a statistical approach in order
to evaluate the impact of the geometrical varations on the

(2}



angular rotational velocity between two bevel gears.
Monte-Carle simulation method is used to consider the
geometrical behaviour simulation and tooth contact
analysis. [19] proposed to integrate materal and
manufacturing process uncertainties in the design in order
1o consider their impacts on the peformance of the
product. They developed a procedure for uncerlainty
propagation from the material random field to the end
product performance based on the product finite-element
meash.

These studies examine the impact of the vanation sources
or the geometrical variations on the product perdformance
variation. Their approaches are, however, based on the
nominal model of the product They do not take into
account the real vanations coming from whole sfage of
the product life cycle. In addition, the conmcurreant product
modeling technology, such as CADICAM, PLM, etc., is
unable 1o model geomeatrical deviations generated during
the product life cycle. Most of the relationship
approximations between the performance and the design
variables. gre only based on the nominal model of the
product. Thus, a method that models the geometrical
deviations of a product during its life cyde and integrates
them into the performance simulation is proposed in this
paper., The gim is to manage the geometrical varability
threughowt the product life cycle and #s mpact on the
performance.

3 SIMULATION OF PRODUCT PERFORMANCE WITH
GEOMETRICAL DEVIATIONS

The gecmetrical deviations of each surface of the product
are generated and accumulated along its lifecycle, They
will abvicusly have an influgnce on 15 performance. The
geometrical deviation model, as presented in [1], can
model them. The Mente-Caro simulation method s veed
1o create a sat of m products with geomeafrical deviations,
The product designers can be aware of distribution and
varigion of each surface of the product from the
simulation result [2]. It is, however, unable to mtegrata all
of them into & performance simulation of the product
Thus, we propose, in this zection, to uze the design of
experiments  (DOE) approach to  integrate  more
geometrical deviation parameters into the performance
simulation and to determing the relaticnship between the
performance and the geometncal deviation parameters of
the product {see figura 2}.

Viamulzciuring Yol
& sennbly AT Poqen it b ol
Proesses prradmgt
parameicrs | Monle-Carlo Simulation |11-r|'-:|rl||1|1..-.¢
i, v, el | Simulation performance )
r|:'|., [ F .
ey 'l"-‘- i ekl Bigiwe i
Warimtlnm T i
i prerilar .I Ir".l:' ETL e
) L prunietens vl ia-ar
| Farameters Fllfl-rt-lllill sl
Expert sclection mixdel
Lo deddgie Te—
Fagivry er Rrmnce
anal levels ol ales dades] amlal
Nl CAIVCAM | Simnlaters
Dhesipn wl . anfTwaro Bevimdel ‘"'-L.l‘-, {I'II_:I
eaperimenis sl o
praduci
Figura 2: Performance simulation of the product with
geometrical deviations

Full facteral designs are used to establish the relaticnship
between the peformance and the geometrical deviation
parameters of the product, as presentad in [20). However,

137

the expenmental runs will be wvery large when the
numbers of the selected factors and the levels have more
than two. Far example, there are 3' = 81 runs in the case
of four factors and three levels.

Ancther solution, proposed by [21]. iz 1o use Taguchi
orihogonal arrays. Taguchi's orthogeonal arrays are highly
fractional orthogonal designs proposed by Taguchi. They
are used lo estimale main effects by only a few
experiments. They are applicable fo investigale main
effects with many factors and levels. The factors are
similarly selected by the expert knowledge in order to
eliminate the factors that have small effects on the
performance of the product The numbers of levels of
each factor are also defined by the result of geometrical
deviation simulation [Z]. The numbers of new nominal
models of the product will be created by using Taguchi's
orihogonal arrays. The number of runs is chosen
coresponding to the number of factors and levels. For
example, it is necessary to create 27 new nominal models
of the product far the perdormancs simulation in the case
of 10 factors and 3 levels. In comparson with the faclorial
design, we need tc create 3'° = 58049 nominal models for
simulating the performance of the product This is one of
the advantages of the method,

In the case of increasing complexity alongside with factors
nurmber, the number of necessary simulations to
determine the relationship between performance and
daviations can become too large and thus time consuming
even using Taguchi design. Moreover, the use of expen
knowledge to determing key factors fillers the dewviation
sources and can reach to the lost of some influental
factors. Factonal design and Taguchi's onthogonal arrays
are nal effective in this case. Thus, we propose a random
design method in order to address these issues. All
product geometrical deviations parameters, called factors
1% §fjg, oy that have small effects on the performance of

the product are taken into account. The vearialion range of

each factor i determined based on the results of
geometrical deviations Monte-Carlo  simulaficns, as
presented in [2].

The random design approach is realized in 4 steps (see
figure 3:

Slep 3

h

Step 1 |—>|$l!r|:2 Step 4 l

Figure 3: Algorithm diagram of random design methed
« Step 1. Draw randomly a product with geometrical
deviations in the set of products collected from the Monte-
Carlo simulation,
A K" product with geometrical deviations is randomly
drawn in a set of M products collected from the results of

the geometrical deviation simulation. The value of each
factor ip Wi is calculated based on the drawn product

1.4t}

deviation parameters values. The set of values of the
factors {:}J}r,-_f ) 18 added into the k™ row of the design

matrix P, as given in eguation (3).

Py P2y Fa
P P:z- F'?;' Pr:u' ()
P P P



+ Step 2. Create the deviated CAD model.

The deviated model of k™ product will be created in the
CAD software comesponding to the wvalwe of each
geometrical deviation parameter i, .-

* Slep 3. Simulate the performance of the product.

The deviated model created in step 2 is used to simulate
the performance of the product in order to determine the
performance of the representalive product. The result is
appended into the response veclor R, as described by
aquation ()

]

a

R’ )

Uy

+ Step 4. Eliminale the drawn product in the set of M
products.

Repeat step 1. In this step, it is necessary to eiminate the
product thal has been drawn in step 1. The loop IS
repeated wntil the number of the drawn products is equal
1o N products.

Then the relationship between the perdformance of the
product and the paramelers of geometrical deviations
Wy ;=1 o) 15 obtained by using the linear or non-linear

model basaed on the design mairk P and the response
vector R.

Then the relationship between the parformance of the
product and the factors is established by uwsing the lingar
or non-lmear model based on the realsed simulations.

3.1 Linear regression model

To reduce the number of factors, key geomelrical
deviation parameters are defined based on expert
knowledge. These key parameters are measured on the
product and are functions of the elementary deviation
paramelers. The value of these faclors can be calculated
for the m products. Then the number of levels for these
factors has to be defined depending on a compromise
between the desired precision and the calculation time,
The wvalue of each level of each factor is calculated
according to its range of vanation. The N values of the n
paramaiers are then gathered in a design matnx P, as
shown i eguation {3).

Two cases are encounterad 10 determing the perfoarmance
of the M products. In the simple case, the Ffundion
performance is known and the performance value is
obtained by the value of each parameter py of each line of
the design matrix into the analdical formula. In the
complicaled case, simulaticn tocls as FEA, CFD, elc., are
used to calculate the performance of the preduct. Thus a
set of N deviated models of the product, comesponding to
the geometrical parameaters p, of each ling of the design
matrix, has to be created in the CAD system. Each model
is used to simulate the performance of the product in
order 1o determine the performance of the N products that
are called response wvector R, The response vector R
corresponding 1o the design mafrix P can then be filled, as
axpressad in aguation (4).

The relationship between the performance of the product

and the selected factors {p;, Da.pPa.... 0y | i5 established
by the design of experiment meihod. This relationship can
be expressed by equation (5).

Performance = f{p;, P2, B3, P} (5)

For example, the linear least square fit model is used to
establish the relationship in the case of n factors at 2
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levels, From the result of 2" simulations, the relationship is
expressed by the function as shown in eguation (&),

f= ,{}.p +&
Where;

(&)

P = 1Py, Pa, Py Py || IS @ vecter of the n factors.

7 is a coefficient vector of the model. It is calculated by
equalion (7).

ji= {P".P] "FT R (7)

R = ﬁri. 3.l ....r,-.,-}T iz a response wveclor including N
simulation responses.

£ is a residual vecter deseribing the _ It is caleulated by
equabon (&)

L

£= E{R' = -|"-I' ;r_.
The performance population of the product (for example,
a million products} will be generated by FEF'HEi!'Ig the
value of the selected factors {p,.pg.pj....pn, based on

the collected data of the Monte-Carlo simulation in
equalion (%)

(8)

4 ACASE STUDY

A geomelrical deviation model of a product during its
lifecycla has been presentad in the above saction. Then
the Monte-Carlo simulation method is uzed to estmate
the probability distributions of the geomatrical devistions
of the product. As a resull, the relationship betwaen the
performance and the product is establizhad by the design
of expanment mathod. Then a population of the product
performance is generated by using the collected data in
the Monte-Caro simulation stage. In order ta illustrate the
method, we propose, in this paper, a simple example of a
spnng system using three proposed methods

4.1 Spring system
Geomelrical deviation and frequancy modal

The numerical model of the spring systermn is modelled in
CAD softwara. It is represented in figure 4. The frequency
of the spring system is investigated in this case.

The frequency of the spring system is expressed by
equation (9).

1 [

= E_\IE
Whara:

m is a weight of the load. It depends on the density p and
the wolume WV of the laad. In other words, the deviation
mass of the load depends on the geometrical deviations
of the load. For example, the dewiations of a cylinder and
two plans include their rotation and franslation affect on
the mass m. It is calculated by equation (10).

(2)

M= oV (10)

k is called spring constant or spring stiffness. It is
calculated by equation (11).

e Ga*
anp?

(11)



E
2(1+ 1)
Whera:
E - Young's modulus
d - Spring wire diameter
D - Spring outer dlameter
n - Number of active windings

(12)

u ~ Poisgen ratio

Figure 4: The parts of the spring system.

From the expert knowledge thal has been presanted
above, the frequency of the spring system depends on
many parameters, especially the geometrical deviations
such ag deviations of the cylinder and plan shaping the
load, spring wire diameter and spring outar diameter.

The load of the spring system is manufaciured by the
manufacturing process shownin figure 5.

Set-up 0

Sal-up 1

£
Manufactured part

Figure 5 Manufacturing process for the load,

The geometrical deviations of all surfaces of the load are
modellzd by the manufactured part model (MMP). For
example, those of the plan P1 of the load are exprassed
by foliowing torsor:
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The Meonte-Cara simulation s used to simulate the
geomeatrical deviations of all  surfaces of the sping
system. For example, the distributions of the cylinder's
deviations of 100000 loads are described in figura 6.

The histogram of the rotational deviation {Rx, Ry) and the
distribution of the translational deviation (Tx, Ty) of the
cyfinder relative to the axis X and Y are shown in figune
Ga, Bb and Bc respectively. From this result, the variation
of the loed mass is calculated by the geometrical
deviations of two plans and a cylinder of the load. It is
described in figure 6d

From the expert knowledge presented above, the
relationship between the frequency of the spring system
and its geomelrical deviatlons is expressed by equation
(13,

— |I Gd«5)° (13)
dry2 - 2haR® + hafdr + R)?
h ﬂ T .l
{mr fLwﬂ"‘{h+TzTJ+5ﬂ"ﬂ'1+T:3}J
Where:

A, & = Dimensional deviation of the outer and wee
diameder of the spring.

R. h = Radius and height of the cylinder of the load.
Tz1, Tz3 = Translational deviation of two plans of the

load.
E |
|
LA
{a)

ic)
Figure & Menle-Carlo simulation resulis.

The frequency semulafion of this system can, in fact, be
raalised by using equation (13) diractly. The histogram of
cne hundred thousand frequencies (5 easily shown in
figure 7, because the time for calculation iz small in this
casa. The design of experiment method is, however,



prefarred to ilusirats reaksaten of the propeosed methed,
Wia can, in addition, compare the accuracy among tham

Rancm dasion

This method Is realized by the 4 steps as presentad in the
above seclion. Ten spring syslems are randomly drawn
from len thousand spring syslams, The ten fregquencies
are calculated by equation (13). Then the linear
regression fit model is used 1o establish the relationship
between the frequency and all parameters of geometrical
deviations of the spring system. I s expressed by
aquatlon {14},

I = 491592 + 2538856 - 01232\ - 0.207746dr -
00387545 T2 - 00448108723 {14)

Mo
;

| 1
Il

Figura 7: The distributicn of fraqueancy

The population of the frequancy is generaled by the
collectad data in the Monte-Carlo simulation slage. The
distribution of the frequency is described in figure 8.

LR LB ] 13 LR

Figura &' The distmioution of frequency by Random
method,

Cainparisart

In order te compare the accuracy of the proposed methed,
we calculate the ermor betwesn the frequency of the
random design method and real one. The distribution of
the error is thown in figure 9. The summary comparison
betwaen random design method and axact approximation

is shown in table 1
< . -#Iﬁr. .

Figure 8: The distribution of frequency errer of Random
method.

i

L
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The relationship batwesn the frequency and the
pgeomatrical deviation parameters approximated by the
random design method is given in equation (14), The
rolationship approximaled by using tha regression model
with the data of 100,000 frequencies creatad in the above
section |8 given by equation (15),

fe= 482709 + 0.0226679Tz2,+ 0.184582dr - 0. 117445725 +
2616985 - 0.09589216A (15)

In comparsan of the impact coefficient of each
geomalrical deviation paramalers, there [s ngt too much
difference between the random design approach and the
real one. However, it is necessary to realise 100,000 runs
il using the real approach, In the complex case, the
random design method is obviously batter then the real
approach in terms af time and cost.

ot [
maodel Pl
Mean of freguency 498506 | 507189
Standard deviation of frequency 0.584 0,598
Deviation paramaters All All
Number of runs 100000 10

Table 1: Summary of the proposed mathods.

5 CONCLUSIONS

This paper propases a new random design of expenment
methed 1o establish the relationship between product
performanca and the geometrical deviations of the
product surfaces. This relalicnship is used 1o overtake the
limitations of the concurrent product medeiling technology
such as CADICAM, CAE, PLM, eic. by integrating the
geometncal daviaticns generated during the production
stage of the product ifecycle Inlo performanca simulaticn.
The geametrical deviation madel already propased by the
guthors [1-2] gives an image of the population of
produced pars with geometrical deviations, Using this
relationghip, an image of the population of the product
performance is caleulated.

In previous papers, two others design of experiment
melhods have been proposed 1o establish  this
relationship, Rl factorial design [2] and Taguchi design
[21]. Ramdom design of experiment, proposed in this
paper, is more effectve when it is difficult to determing the
key factors that have a strong influence on  (he
performance of the product, or when the number of the
factors is considerably large.
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