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Abstract. Analysis and allocation of tolerance are the typical problems in
tolerance planning for the assembly and its components. This ra&gents the
developed simulator which is able to assist in solving tolerance planning
problems in production processes, both in manufacturing and agsembl
processes. The paper also shows the benefits of this simulator which leads to
quality characterisation and improvement, cost reduction and sbesign and
planning phases.
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1 Introduction

Nowadays it is unlikely that any producer or manufacturer willpce their products
without any assembly process. The more usual case is that acerodgill have
several components manufactured by themselves or suppliers anadstembled
together. With the introduction of tolerances, it becomes possible tothewse
components together by the assembly process, since the specifichtiequired
tolerances assures that the components will fall within certain cutroffrdiions and
fit together. The requirements from the engineering and mantifagtsides are not
in the parallel direction. Engineers like tight tolerances to assure fit and funétion
their designs, however, these can result in excessive processMagtgacturers
prefer loose tolerances which make parts easier and less expensiveuceprBut
these may lead to increased waste and assembly problem. Therefore, toleratces mu
be planned carefully in order to provide a common meeting grotedenwcompeting
requirements can be solved. The task of tolerance planning is the fioflitg
optimum where the product can fulfil customer’s requirement with optimum cost and
time [6].

Planning tolerances for a finished product consists of many canipuoreated
by different processes is not an easy task since the quality oftdgsedepends on
the quality of the manufactured components to be assembled. Wheonrhponents
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do not fall within the tolerance, the difficulties can occur in one ofwieefbllowing
ways. Firstly, the intended components cannot be assembled to&etbendly, even
though the intended components can be assembled together, the agzemddg
may require a longer processing time than expected. This would iresét higher
production cost. Therefore, the planner has to determine which combination of
component tolerances is the best. Simulation is chosen in this reasamtapproach
to evaluate the tolerance planning for products which are produced paridufarl
manufacturing and assembly processes. The evaluation aims tovémpverall
quality, cost, and time in the production.

The paper explains the basic background and the concept of the @evelop
simulator. Before ending the paper with the conclusion, the validatioft céstne
simulator is presented.

2 Tolerance Planning

There are two main types of problem in tolerance planning; tolerancgsianahd
tolerance allocation. In tolerance analysis, the component tolerances are alldmow
specified and the resulting assembly variation is calculated by sumring t
component tolerances to determine the assembly variation. In tolerancéaildica
assembly tolerance is known from design requirements, whereasagnitudes of

the component tolerances to meet these requirements are unknown. The available
assembly tolerance must be distributed or allocated among the componestgin s
rational ways [1].

Simulation can help in tolerance analysis by, for example, simulatireffées of
manufacturing variations on assemblies to obtain the assembly functien. Th
assembly tolerance can be determined from this assembly function dasthe
required yield or acceptance fraction.

For tolerance allocation, the component tolerances can be adjusted until the
desired assembly’s quality is acquired. Many researchers such as Wu [7] andndea
[4] used simulation with other algorithms such as design of experitmeatetermine
the optimal tolerance design in an assembly.

This section has shown that simulation can be used as a helpirg tol@rance
planning and tolerancing problem solving. The simulator, whicthdésoutcome of
this research, can help as well in tolerance planning and tolerancing psulémg.

It provides the opportunity to analyse both individual componerpaot and the
whole assembly by taken quality, cost, and time into account. &r twcachieve the
most benefit in production, tolerance adjustment should be done dogetth
implementing a good inspection strategy. With this simulator, the toleacging
can be done at the same time as inspection planning.

3 Simulator for Tolerance and I nspection Planning

The simulator was developed to be able to model each production prockss a
simulate the quality characteristics which are produced by each process. A



mathematical model was developed and integrated into the simulator in order to
include the effect of manufacturing process on assembly process.

The new developed simulator focuses on the tolerance and inspection glannin
and their influences on the production processes. It is designededstigate the
impact of different component’s tolerances and inspection strategies on overall
production cost, cycle time, and product quality. The flow chart of Sm&ig
components is shown in Figure 1. SixSigma consists of threeccwnts, which are
Manufacturing, Assembly, and Inspection process.
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Fig. 1. Components of SixSigma simulator, showing as well the processes desived
QUINTE simulator

The concept of the manufacturing and inspection processes are takeanfotimer
simulator called QUINTE and adapted into SixSigma simulator. QUINTE was built to
simulate the machining and inspection in a detailed way. It aimed to iratestite
impact of different inspection strategies on manufacturing cost, d¢yoke and
product quality [2].

3.1 Manufacturing Process

Initially, the model of machining process is characterized by its oatistical
distribution depending on the current process capability. Then, frisnntodel,
SixSigma randomly simulates the quality characteristic value of the greeegs.
SixSigma models the distributions dynamically since the process capadbitiyt
constant over time. This phenomenon was described by Nirnbergh@lexpected
value can glide from its original value or the deviation can increaseibeof failure,
wear of the tool, etc. This changed distribution can be restoredoooved by setting
up and maintenance.

From this dynamic model, the simulator generates a random numberibglémg
the specified distribution at the time of simulation. The obtained characteastie
denotes the actual value of a manufactured part’s characteristic.



3.2 Assembly Process

The quality characteristics from assembly process can also be presertted wit
statistical distributions. The accuracy of most assemblies is determineatifyriby

the accuracies of the individual components to be assembled. Theredseeeffects

of the components' quality which have on the quality of the assemtdieregssary

to be included in the simulator.

The simulator simulates the characteristic of the assembly in two diffemses.

The first case applies if the characteristics of all components are comforfiie
characteristic of the assembly are randomly generated by simptythsialistribution
which represents the assembly process in the normal process cordigioeecond

case applies if the characteristic of one component or more is non-corfoithe
simulator cannot simulate the characteristic by using either the process’s distribution

alone. The model which simulates the characteristic must be influenced by the
component’s quality and the model differs depending on the characteristic type of the
component.

For the variable characteristic case, the assumption is that the machined part,
which has the characteristic that falls outside the specification limit of the medchi
part but still inside the acceptable limits, can still be possibly assembled. elpwev
the probability of non-conforming in assembly process increase®mpared to the
probability in the normal process condition. And the probabi@gps on increasing
until it reaches the minimum or maximum acceptable limit. Thereforigndis ratio
is introduced in order to calculate how the probability of non-confaymin
characteristic in assembly process changes. The distance ratio fronorthal n
distribution is illustrated in Figure 2 [3].

MIN LSL , USL MAX

Ji: mean
x: characteristic value

MIN: minimum acceptable limit
MAX: maximum acceptable limit
LSL: lower specification limit
USL: upper specification limit

Probabilit

% \ " Characteristic value
Dislar:cc ratio
Fig. 2. Figure 2: Example of distance ratio
In the current simulator, it is assumed that the probability of nofeoimg in
assembly process increases linearly. The ratio of distance of machiaextteristic
can be calculated by the following equations:
When X is lower than lower specification limit,
Distance ratip = (LSL; -X)) / (LSL-MIN;)
When X is higher than upper specification limit,
Distance ratip = (X; -USL) / (MAX;-USL)



Where MIN is minimum acceptable limit
MAX is maximum acceptable limit
LSL is lower specification limit
USL is upper specification limit
j is characteristig; forj=1,...,m

The distance ratio gives no effect on the assembly’s quality when the component’s
characteristic falls inside the specification limit. Thus it is set to zero. The assembly
part turns out to be a bad part when the distance ratio falls out aftbptable limit

or the distance ratio is set to be equal to one.

Each machined characteristic has different impact on the quality ofdambly.
Another variable called importance factor is initiated at this point to integrate thes
impacts into the model. The importance factor, which can be determimedttie
historical data, ranges from zero to one. The multiplication of distante aad
importance factor of characteristic is called the characteristic’s influence factor.

The influence factor of the component is the combination of infledactors of
related characteristics. Furthermore, the influence factor of the whelalalyscan be
found from its related components’ influence factor. It is assumed that the effects of
component characteristics on the assembly are independent from eaclhothéne
influence factor for component and assembly can be derived fromoliogvihg
formulas:

IFi=1-[[1- (R *ImpF)]

j=1
IF forassembly =1—] [[1-IF]
i=1

Where IF is influence factor

DR is distance ratio

ImpF is importance factor

iis component i; fori=1,...,n

j Is characteristic j; forj=1,...,m

The influence factor for assembly will affect the model on asbesniprocess
distribution. Besides, the distribution is influenced in time by failure andter@nce
as in manufacturing process. Therefore, the assembly can obtainatieetehistic
value from the new adjusted model.

3.3 Ingpection Process

The inspection process is simulated in the similar way as manufacprdoess. Due

to bias and precision, the value given by the inspection tool may fiidferthe true
value. The capability of the inspection process is described by a statistical
distribution, for example, a normal distribution. A standard deviation cinsp and a

mean pinsp are assigned for each inspection process. The machined characteristic

value is used as a mean for the inspection process. The expected vajlideciom



its original value or the deviation can increase due to failure. Andstréodtion can
be restored or improved by setting up and calibration.

SixSigma randomly generates inspected value from the specified distribthion.
inspected value will be compared with the specification limit, thus decidirgheh
the part is conforming or not.

After the decision is made, the part, which is declared as a conforming part,
continues on its production sequence. Scraps must be sorted out aridpastscan
be handled in two ways. The rework parts can be sent back toettedpry process
or processes and repeat the operation. Another option is to repaartla geparated
rework area.

4  Validation and I mplementation

The simulator was validated with both fictional and actual cases [5]. A pmaliyn
validation of the simulator was done with a fictional case to validate the use of
simulation in evaluating different tolerances and inspection strategies Thenasu

this preliminary validation, which is shown in Figure 3, is comparet thi¢ logical
trend.
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Fig. 3. Simulation results for preliminary validation

The comparisons of the results with the logical trend were done intoradefestigate
if the simulator is able to simulate the effects of manufacturing ppamesssembly
process or not and how they effect on the assembly procedditionally,
comparisons of different inspection strategy aspects with respect to qoadityand
time were conducted to investigate how the production performance afiestu
according to the changes in different strategy. The results prove thabdet mhich
assigns an influence factor for each assembly part according tqudigy and
importance of its manufactured components, was successfieleloped and
validated.

A more extensive validation was done by implementing the simulator édta p
company. The simulator was used to identify the optimal tolerataenipg and
inspection planning of one final product which consists of sévemponents. The



actual historical data was used as an input for the simulation. Che oflidations
was done particularly on the simulator's function in tolerance plannihgs
validation was experimented on a final product with 2 components (canpérand
B). The tested strategies were differentiated by the components' tolerareesslh
in Figure 4 shows that only the tolerance of component B signiffcaffects the
quality of the finished product. From this investigation, the compgamyknow which
component's tolerance they should tighten or improved. In thistivay will be able
to properly plan the tolerances of components and achieve the recplitg lgwel of
the finished product. They can also make the break-even analysis etwee
investments that they have to make versus the degree of iempeov that they can
gain.

" Komponente defekt" failure

original

500 — "Komponent
defekt" failurg

No. of defects

1 2 3
Strategy

Fig. 4. Comparison on number of defects of different tolerance planning strategies

Moreover, the scenarios with different strategy for tolerance planningnapdction
planning were created and ran with the simulation. The simulation thaveesult
which suggested several improvement points for the companycdrhpany gained
the insight of their processes and realized which process they gfayuldtention to.
The output of the simulation were broke down into several types &, ctefects, and
time used at each process. Figure 5 shows an example aftiiateon result which
was obtained from the pilot company case.
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Fig. 5. One of the simulation results of pilot company



5 Conclusion

The validation proved that the simulator can assist in investigationvaheagon of
the tolerance and inspection planning, so that the suitable tolerances audidénsp
strategy can be selected without the risk of trying it out in the realuptiod
environment. The output from the investigation leads to quality impremg cost
and time reduction. Usually the three aims are contradictory because aphniphest
quality causes higher costs and requires more time. Thus, the wieiglts single
goals must be set by each company individually. In this way, the $onakn help to
improve the company’s goals regardless whether production cost and cycle time are
more important than product quality or vice versa. Moreover, thelaionucan
support the management in justification of investment in inspedipripment or
manufacturing processes, for example, by illustrating the conseguehcbanges in
inspection equipment’s uncertainty.

References

1. Chase, KW.: Tolerance allocation methods for designers, ADCATS Report No., 99-6
Brigham Young University (1999)

2. Crostack, H.-A., Heinz, K., Nurnberyl, Nusswald, M.: Evaluating inspection strategies by
simulation, Manufacturing Systems, Vol. 29, No.5, pp. 421-4299407 (1999)

3. Crostack, H.-A., Heinz, K., Mayer, M., Hoéfling, M., Liangsiri, J.: 8lation im
Qualitatswesen— Der Einsatz des Planungstools QUINTE+ zur Optimierung der
Prifplanung, Tagungsband, ASIM Fachiag “Simulation in Produktion und Logistik”,
October 4-5, 2004, Berlin, Germany (2004)

4. Jeang, A.: Optimal tolerance design by response surfacedukty, International Journal
of Production Research, Vol. 37, No. 14, pp. 3275-32889)19

5. Liangsiri, J. Assembly Process Improvement by Means of Inspection Planaig
Corresponding Tolerance Planning - A Modelling and Simulation AgproBissertation,
Universitat Dortmund (2007)

6. Nurnberg, M. Ein Beitrag zur Entwicklung der Toleranzplanung auf der Basis von
Risikobetrachtungen. Fortschritt-Berichte VDI (Dissertation Universitat Dortmund), Reihe
20, Nr. 292, Dusseldorf: VDI Verlag (1999)

7. Wu, F., Dantan, J.-Y., Etienne, /Siadat, A., Martin, P.: Improved algorithm for tolerance
allocation based on Monte Carlo simulation and discrete optimization. Withigersity of
Technology, China, ahLGIPM, Arts et Métiers ParisTech Metz, France (2008)



