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Abstract. The tolerances of a part influence both the dpmeraf the assembly of which it is
part and the technological manufacturing proceggh tblerances can lead to an assembly that
does not work at the designed parameters, and dtevahces require additional machining
operations that increase the cost of the part. Mhaufacturing series is another factor that
influences the technological process. Large sgrieduction requires special facilities in terms
of processing and control equipment which are ne@u¢éhe manufacturing process. The paper
presents a case study on the influence of tolesaota part being produced in large series on
the construction of the orientation and clampingick used in machining. Starting from the
dimensions indicated in the design drawing, a fission of the fixture is proposed in which
the parts are fixed and the tolerance of the ctpdimension of the assembly of parts is analysed
using the Worst Case and Root-Sum-Square methous Be closure size tolerance is outside
the recommended range, another variant of oriemtatnd fixture is proposed. By re-analysing,
the closing dimension tolerance by the two methoéstioned above it was confirmed the
necessity of modifying the part width tolerancee Bmalysis of the tolerance of the closing quota
is resumed by the two methods mentioned abovelandesult confirms that it is necessary to
change the tolerance to the width of the piece.tdleeance verification of the closure dimension
of the assembly formed by the parts fixed in théakeis performed by Monte Carlo simulation.

1. Introduction
In the design process, there are specified the mantimensions and tolerance ranges for various
characteristics of the parts. The tolerance rasgspeécified so that the part fulfils its functiomale
within the assembly which is part of. For manufaetiparts, it is checked whether the range of rana
of a considered characteristic (linear dimensiogudar dimension, etc.) is within the specifiedgan

In the context of production, various charactersstf a part (linear dimensions, angular dimensions
mutual position of surfaces, etc.) have certainiat®ns from the values indicated in the technical
drawings due to several influencing factors: maciui@ng process, operator, ambient conditions, wear
of work equipment, condition of checking instrunsrtc.



Tolerance analysis is a process of obtaining nwakr statistical information which allows
decisions to be made about changes in geometryerdimns, and tolerances to be applied to
components of an assembly, or the manufacturirageembly process.

There is a lot of research in the field of Tolemaad stack-up analysis. Thus researchers [1]mrese
four methods of analysis and apply them to an dpep-assembly and establish selection criteria for
each method depending on the application.

In work [2], Monte-Carlo simulation is used to aysad the final tolerance of an assembly when are
known the tolerances of the component parts, deteanby the Worts Case or Root-Sum-Square
method. The authors [3] use Monte-Carlo simulaf@rthe tolerance analysis of an assembly but they
take into account dimensional and geometrical &mlees which turn into dimensional tolerances ak wel
as variations that occur in the assembly process.

Article [4] presents a comparative study condudrda complex assembly using several software
applications for tolerance analysis and gives amichs on the applicability, capabilities, and
differences which arise.

Starting from the observation that Monte-Carlo datians are an efficient tool for simulating
systems, but because they use large data setdélaeyne slow, in [5] an alternative is presented in
which orthogonal matrices are used. A comparatiudysis made on four case studies between the
proposed methods.

Based on the relationships between the componemegits of an assembly, a Monte-Carlo
simulation program was developed [6] and usedstudy that gives information on the response of an
assembly to variation in the dimensions of the congnt elements.

The aim of the work [7] is to determine the sizettod enclosing element using the Monte-Carlo
method, by assigning dimensional, angular and geawalues to the elements of an assembly forming
a chain of 2D dimensions.

2. Method

A tolerance stack-up analysis allows to deterniieetvlerance of an element or a closing dimensn,
evaluate the possibility of realization and operatif the assembly for extreme tolerances (Worsel;a

and to determine the tolerance yield of the pértise tolerance of the assembly is known, etc. ré@he
are several methods of size chain analysis [ 8].

The Worst Case is a theoretical calculation methaghich the extremes of the tolerance range of
the component parts are taken into account by densg the Worst-Case combination. The method
ensures full interchangeability and requires higtugacy of the closing component, which means high
manufacturing costs. This method allows the detegiion of the absolute maximum variation for an
assembly characteristic. For the calculation, edtiion of travel is established, which is considete
positive direction, and then the nature of eachedision is identified.

The closing dimension is determined by the relation
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The deviations of the closing dimension are exge&y:
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- Lo—dimension of the closed component

- Li - dimension of" component

- UL; LL — upper limit; lower limit

- i=1,...,k- number of increasing component

- i=k, ...., n—number of decreasing components

- n-—the number of the components of the dimensiamch

Statistical Tolerance Analysis using Root-Sum-Sg@RiISS) is a method used for chain size analysis
based on probabilistic computation. It is recomneehtb be used if the number of components of an
assembly is large [8]. This type of statisticallgsia can more accurately represent the variatiahis
likely to occur in assembly.

In the Worst Casse method, it was considered thigitthe extreme values of the dimensions of the
components of the assembly participate in the eifz¢he closing element. In reality, when the
technological process is set up, the dimensiortie@ftomponents have a normal distribution (Gauss
bell) with a concentration of deviations around d@verage.

The equation of the normal distribution curve Heesform:
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The tolerance of the closure element size is caledlwith the relationship:
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The method is considered more realistic [8] bec#use is a low probability that all the dimensions
of the component elements of the assembly to betegmes at the same time. As a result, the statlist
analysis of the same size chain results in a vataation less than using the Worst Case.

The Monte Carlo method is a mathematical technthaecan estimate manufacturing errors based
on simulations in which random values are assigwétiin a specified range, to all the variables athi
make up the size chain. The process is repeatedahds of times, for a defined number of simulation
each time the result is saved, and at the endatestital result is presented, that takes into asto
average values:
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From a dimensional analysis point of view, the akthis method assumes that all the dimensions
of the component parts of an assembly follow tledard distribution. The method provides more
realistic results than those obtained by usualutaion methods, the obtained results depend on the
number of simulations.

The influence of workpiece tolerances on the caoiesire solution of a fixture and orientation device
indicated for large series production is preseimdtie paper.

Standard deviation:

3. Casestudy

3.1. Worst Case and Statistical Tolerance Analysis
The part to be made is shown in (Figure 1). Theenwdtis aluminium alloy and the half-finished is a
rolled profile.



The part is a support that is used independerttlg, ot part of an assembly. The part has a @14
simple hole and two threaded holes M8. In termdimfensional accuracy, the part has no tolerances
that can create difficulties during machining. Tépgantity of parts that must be made is 10000
parts/week, which makes it necessary to use a eldorcorienting and clamping several blanks to be
machined at the same clamping on the machine.

Figure 1. T The part to be machin. Figure 2. Stackup for the first device varic.
The operations for machining the part are as shiowmable 1.

Table 1. Machining operations.

No: Operations Machinetool

1 Sawing off Circular sawing machine
2 Drilling @14 CNC milling center

3 Drilling @ 5 (2 hles) CNC milling center

4 Threading M6 (2 holes) CNC milling center

In Figure 2 it is shown the first variant of a davithat allows 15 pieces to be inserted and fixed o
each side in a symmetrical position, a total opBes. The pieces are inserted successively fnem t
front side until they reach the fixed base at e 1of the device, after which they are fixed vifip
front clamp. In order to maintain the position gmelvent rotation, the pieces are guided by a alterg
the length of the device. The fixed base is thgiomf the machining program in the milling center.

As the part does not require the indication of fing deviations that would influence the
functionality, the first version of the part dragidoes not indicate the tolerance for the 35 mra. siz
For non-tolerated dimensions according to ISO27@fliom tolerance class, the 35mm size has a
tolerance of 0.3 mm, which is within the toleramgade IT 14 (0.62mm).

Knowing the width of the pieces (size, toleran@&ddfiand upper and lower deviation) and the tool
distance from the fixed base to the center of éadd, compliance with the 17.5+0.4 mm dimension is
analysed for each of the 15 pieces arranged osideef the device.



The analysis of this distance is done for the past of the device because the interval in whieh th
distance varies, 17.5 is the longest (Figure 3§ ddculations are made based on Fig. 2 which shows
the dimensions used in the calculation.

- -Li=L2=....=Listhe dimensions of the 15 parts fixed on one sfdheodevice. Since the
parts are identically they have the same nomimaédsion and tolerance field and the same
upper and lower deviations;

- Th=T,=Ts=.....=T15= Tp; - tolerance of the parts

- Lty Lt,— the distance at which the milling center is pamgmed to run the hole in the last
piece clamped in the fixture;

- Lty =507.5Lt; = 262.5

- Tty =Ttio=+£0.0025 - accuracy of milling center

- Lo—dimension of the closed component

- To=%0.4 mm - tolerance of dimension of the closeghponent
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Figure 3. In Variation of the tolerance field for closed dins@éns
depending on the position in the de.

In table 2 is shown the calculation value for ctbdémension I(o) for the first variant of the fixing
device. It is observed that the tolerance of thesioly dimension iy = + 4.6525 mm, which is
unacceptable.

Table 2. Determination of the closing quota for the inisguation.

Component Nominal value Tolerance c
[mm] [mm]
L1 35 +0.31 0.10333
L2 35 +0.31 0.10333
Lis 35 +0.31 0.10333
Lty -507.5+0.0025 +0.0025 0.00083
Lo 17.5 +4.6525 0.40020

In order to obtain the closed dimension within gnescribed tolerance, a dimensional chain
analysis was performed, in which the paramdter3o, Lti, Tt, L1, Lo....... Lis were considered known,
andTy, Tp, Ts....... Tis=T, were calculated using both the Worst Case mathddhe Root Sum Squares
(RSS) statistical method.



Table 3 shows the results obtained by the Worse@asthod, and by the statistical method, and
Figure 4 are shown the normal distribution cunaestifie closure size in the initial situation anteaf
calculation by the statistical method.

Table 3. The calculated tolerance of the part for the filestice version.

Wor st .
Case Statistical (RSS)
Component  Nominal value  Tolerance Tolerance o Productive
[mm] [mm] [mm] yield
IT8 IT11 Original Optimized Original Optimized
L1 35 +0.0195 +0.08 0.10333 0.026667
Lo 35 +0.0195 +0.08 0.10333 0.026667
Lis 35 £0.0105  +0.08 0.10333  0.026667 00244 99.989
Lt -507.5+0.0025  +0.0025 +0.0025 0.000833 0.000833
Lo 17.5 +0.295 +0.33 0.400200 0.103283
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Figure 4. Closed dimensiond_ " distribution curve of the first variant of fixture
device.

From what has been presented, it can be seennthihticase of the statistical method, the part
tolerances are four times higher than in the cédgbeoalgebraic method (Worst Case), as a result of
which the statistical method allows the use of f@egise and therefore cheaper machining procedures

However, it is estimated that the tolerafige=#0.08 mm, at which the half-finished part has to be
cut, cannot be easily achieved on saw - cuttinghinas. Taking into account the large manufacturing
series, it was considered appropriate to perfoerctiiting on a circular sawing machine equipped wit
computer numerical control that ensures accuraay)df mm.

The device has also been modified so that the wadltthe part can be achieved with a higher
tolerance.

Considering Figure 3 which shows the variationhaf tolerance of the fastener depending on how
many parts are fixed in, a new device variant grigposed, in which the fixed base is mounted in the
middle and the workpieces are inserted symmetyi¢adim both ends of the fixture (Figure 5).

They have calculated the tolerances offthgarts so that the closing dimension is withinltinits
indicated in the drawing (17.5+0.4 mm). The caltiakais carried out by the two methods: Worst Case
and Statistical Method (RSS). The results are showrable 4.



Figure5. Stackup for the second device vat.

Table 4. The calculated tolerance of the part for the sea@®vice version.

Component  Nominal value Wor st Statistical (RSS)
[mm] Case
Tolerance Tolerance c Productive
[mm] [mm] yield
IT9 IT13 Original Optimized Original  Optimized
L1 35 +0.031 +0.125 0.10333 0.04166
Lo 35 +0.031 +0.125 0.10333 0.04166
Lis 35 £0.031 0125  0.10333 004166 02887 99931
Ltz -262.5£0.0025 +0.0025 +0.0025 0.00083 0.00083
Lo 17.5 10.25 +0.39 0.29227 0.11785

In Figure 6 are shown the normal distribution csrier the size of the closed dimensions in the
initial situation and after calculation by the satal method.
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Figure 6. Stackup for the second device vat.



From the analysis of the results, it can be seantlte statistical method allows the production of
parts with wider tolerances, which facilitates hheduction process. Also, the obtained tolerances a
within the accuracy achievable on the circular sgwhachine.

3.2. Monte Carlo simulation

The parts inserted in the fixing device form areadsly. It is proposed to use the Monte Carlo method

to calculate the variations of the closure sizermice by randomly changing the dimensions of the

parts. In the calculation relation of the closuesreent size, the deviations of each size varyirttiwi

the tolerance range defined above are taken imouat. The number of simulations is 100000.
Following the simulation, the data from table 5 evebtained.

Table5. Results from Monte Carlo simulations.

Nominal L ower Upper Mean L Omin L Omax Standard Productive
limit limit deviation yield
mm mm mm mm mm mm mm %
17.t 17.] 17.t 17.4¢ 16.8: 18.0¢ 0.118791 99.63.

The data in table 5 showed that the toleranced idldss 13 can ensure an assembly that allows
obtaining the closing dimension within the limitslicated by the technical drawing. There is also a
uniform distribution of the size of the closing @insion (Figure 7), and the estimated yield (prasifgt
yield) is 99.632%. In figure 8 it is shown the méautured part.
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Figure 7. Monte Carlo simulation Figure 8. Manufactured part..
results.

4. Conclusions

The paper presents two variants of an orientatiwh fexing device in order to make parts in series.
Taking into account how the parts are assembléheievice, the chain of dimensions is analyzed so
as to realize the size of the closing element atdit in the technical drawing. The Worst Case ntktho
and the Root-Sum-Square method were used to arthiyzgze chain. As the first version of the device
requires that the parts have low tolerances, ansegersion was proposed. The Worst-Case and Root-
Sum-Square method size chain were analyzed foaisembly and it was found that the parts can be
made at higher tolerances and with lower coststidetermined tolerances, a Monte Carlo analysis
of the assembly of the parts inserted in the dew@e performed to study whether in case of varatio

of the component elements, the size of the closiegnent will maintain within the recommended
tolerances.
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