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Abstract. The tolerances of a part influence both the operation of the assembly of which it is 
part and the technological manufacturing process. High tolerances can lead to an assembly that 
does not work at the designed parameters, and low tolerances require additional machining 
operations that increase the cost of the part. The manufacturing series is another factor that 
influences the technological process. Large series production requires special facilities in terms 
of processing and control equipment which are needed in the manufacturing process. The paper 
presents a case study on the influence of tolerances of a part being produced in large series on 
the construction of the orientation and clamping device used in machining. Starting from the 
dimensions indicated in the design drawing, a first version of the fixture is proposed in which 
the parts are fixed and the tolerance of the closing dimension of the assembly of parts is analysed 
using the Worst Case and Root-Sum-Square methods. Since the closure size tolerance is outside 
the recommended range, another variant of orientation and fixture is proposed. By re-analysing, 
the closing dimension tolerance by the two methods mentioned above it was confirmed the 
necessity of modifying the part width tolerance. The analysis of the tolerance of the closing quota 
is resumed by the two methods mentioned above and the result confirms that it is necessary to 
change the tolerance to the width of the piece. The tolerance verification of the closure dimension 
of the assembly formed by the parts fixed in the device is performed by Monte Carlo simulation. 

1.  Introduction 
In the design process, there are specified the nominal dimensions and tolerance ranges for various 
characteristics of the parts. The tolerance range is specified so that the part fulfils its functional role 
within the assembly which is part of. For manufactured parts, it is checked whether the range of variation 
of a considered characteristic (linear dimension, angular dimension, etc.) is within the specified range. 

In the context of production, various characteristics of a part (linear dimensions, angular dimensions, 
mutual position of surfaces, etc.) have certain deviations from the values indicated in the technical 
drawings due to several influencing factors: manufacturing process, operator, ambient conditions, wear 
of work equipment, condition of checking instruments, etc. 



 
 
 
 
 
 

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

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

In work [2], Monte-Carlo simulation is used to analyse the final tolerance of an assembly when are 
known the tolerances of the component parts, determined by the Worts Case or Root-Sum-Square 
method. The authors [3] use Monte-Carlo simulation for the tolerance analysis of an assembly but they 
take into account dimensional and geometrical tolerances which turn into dimensional tolerances as well 
as variations that occur in the assembly process. 

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

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

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

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

2.  Method 
A tolerance stack-up analysis allows to determine the tolerance of an element or a closing dimension, to 
evaluate the possibility of realization and operation of the assembly for extreme tolerances (Worst Case), 
and to determine the tolerance yield of the parts if the tolerance of the assembly is known, etc.  There 
are several methods of size chain analysis [ 8]. 

The Worst Case is a theoretical calculation method in which the extremes of the tolerance range of 
the component parts are taken into account by considering the Worst-Case combination. The method 
ensures full interchangeability and requires high accuracy of the closing component, which means high 
manufacturing costs. This method allows the determination of the absolute maximum variation for an 
assembly characteristic. For the calculation, a direction of travel is established, which is considered the 
positive direction, and then the nature of each dimension is identified.  

The closing dimension is determined by the relation: 
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The closure size tolerance is given by the relation: 
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The deviations of the closing dimension are expressed by: 
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- L0 – dimension of the closed component 
- Li - dimension of i th 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 dimension chain 

Statistical Tolerance Analysis using Root-Sum-Square (RSS) is a method used for chain size analysis 
based on probabilistic computation. It is recommended to be used if the number of components of an 
assembly is large [8]. This type of statistical analysis can more accurately represent the variation that is 
likely to occur in assembly. 

In the Worst Casse method, it was considered that only the extreme values of the dimensions of the 
components of the assembly participate in the size of the closing element. In reality, when the 
technological process is set up, the dimensions of the components have a normal distribution (Gauss 
bell) with a concentration of deviations around the average. 

The equation of the normal distribution curve has the form: 
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The tolerance of the closure element size is calculated with the relationship: 
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The method is considered more realistic [8] because there is a low probability that all the dimensions 
of the component elements of the assembly to be at extremes at the same time. As a result, the statistical 
analysis of the same size chain results in a total variation less than using the Worst Case. 

The Monte Carlo method is a mathematical technique that can estimate manufacturing errors based 
on simulations in which random values are assigned, within a specified range, to all the variables which 
make up the size chain. The process is repeated thousands of times, for a defined number of simulations, 
each time the result is saved, and at the end, a statistical result is presented, that takes into account 
average values: 
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Standard deviation: 
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From a dimensional analysis point of view, the use of this method assumes that all the dimensions 
of the component parts of an assembly follow the standard distribution. The method provides more 
realistic results than those obtained by usual calculation methods, the obtained results depend on the 
number of simulations.  

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

3.  Case study 

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



 
 
 
 
 
 

The part is a support that is used independently, it is not part of an assembly. The part has a Ø14 
simple hole and two threaded holes M8. In terms of dimensional accuracy, the part has no tolerances 
that can create difficulties during machining. The quantity of parts that must be made is 10000 
parts/week, which makes it necessary to use a device for orienting and clamping several blanks to be 
machined at the same clamping on the machine. 

 

Figure 1. T The part to be machined. Figure 2. Stackup for the first device variant. 
 
The operations for machining the part are as shown in Table 1. 
 

Table 1. Machining operations. 

No: Operations Machine tool 

1 Sawing off Circular sawing machine 

2 Drilling Ø14 CNC milling center 

3  Drilling Ø 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 device that allows 15 pieces to be inserted and fixed on 
each side in a symmetrical position, a total of 30 pieces. The pieces are inserted successively from the 
front side until they reach the fixed base at the rear of the device, after which they are fixed with the 
front clamp. In order to maintain the position and prevent rotation, the pieces are guided by a ruler along 
the length of the device. The fixed base is the origin of the machining program in the milling center. 

As the part does not require the indication of limiting deviations that would influence the 
functionality, the first version of the part drawing does not indicate the tolerance for the 35 mm size. 
For non-tolerated dimensions according to ISO2768 medium tolerance class, the 35mm size has a 
tolerance of ±0.3 mm, which is within the tolerance grade IT 14 (0.62mm). 

Knowing the width of the pieces (size, tolerance field and upper and lower deviation) and the tool 
distance from the fixed base to the center of each hole, compliance with the 17.5±0.4 mm dimension is 
analysed for each of the 15 pieces arranged on one side of the device. 



 
 
 
 
 
 

The analysis of this distance is done for the last part of the device because the interval in which the 
distance varies, 17.5 is the longest (Figure 3). The calculations are made based on Fig. 2 which shows 
the dimensions used in the calculation. 

- - L1 = L2 =….=L15 the dimensions of the 15 parts fixed on one side of the device. Since the 
parts are identically they have the same nominal dimension and tolerance field and the same 
upper and lower deviations; 

- T1=T2=T3=…..=T1 5= Tp; - tolerance of the parts 
- Lt1, Lt2 – the distance at which the milling center is programmed to run the hole in the last 

piece clamped in the fixture; 
- Lt1 = 507.5; Lt2 = 262.5 
- Tt1 = Tt12= ±0.0025 - accuracy of milling center 
- L0 – dimension of the closed component 
- T0 =±0.4 mm - tolerance of dimension of the closed component 

 

 

Figure 3. In Variation of the tolerance field for closed dimensions 
depending on the position in the device. 

 

In table 2 is shown the calculation value for closed dimension (L0) for the first variant of the fixing 
device. It is observed that the tolerance of the closing dimension is T0 = ± 4.6525 mm, which is 
unacceptable. 

 

Table 2. Determination of the closing quota for the initial situation. 

Component Nominal value  
[mm] 

Tolerance  
[mm] 

σ 

L1 35 ±0.31 0.10333 

L2 35 ±0.31 0.10333 

……….. ……….. ……….. ……….. 

L15 35 ±0.31 0.10333 

Lt1 -507.5±0.0025 ±0.0025 0.00083 

L0 17.5 ±4.6525 0.40020 
 

In order to obtain the closed dimension within the prescribed tolerance, a dimensional chain 
analysis was performed, in which the parameters L0, T0, Lt1, Tt1, L1, L2…….L15  were considered known, 
and T1, T2, T3…….T15 =Tp  were calculated using both the Worst Case method and the Root Sum Squares 
(RSS) statistical method. 



 
 
 
 
 
 

Table 3 shows the results obtained by the Worst-Case method, and by the statistical method, and 
Figure 4 are shown the normal distribution curves for the closure size in the initial situation and after 
calculation by the statistical method. 

 

Table 3. The calculated tolerance of the part for the first device version. 

 
 

Component 

 
 

Nominal value 
[mm] 

Worst 
Case 

Statistical (RSS) 

Tolerance 
[mm] 
IT 8 

Tolerance 
[mm] 
IT 11 

σ 
Productive 

yield 
Original Optimized Original Optimized 

L1 35 ±0.0195 ±0.08 0.10333 0.026667 

68.244 99.989 

L2 35 ±0.0195 ±0.08 0.10333 0.026667 

……….. ……….. ……….. ……….. ……….. ……….. 

L15 35 ±0.0195 ±0.08 0.10333 0.026667 

Lt1 -507.5±0.0025 ±0.0025 ±0.0025 0.000833 0.000833 

L0 17.5 ±0.295 ±0.33 0.400200 0.103283 
 

 

Figure 4. Closed dimensions ”L 0”  distribution curve of the first variant of fixture 
device. 

 

From what has been presented, it can be seen that in the case of the statistical method, the part 
tolerances are four times higher than in the case of the algebraic method (Worst Case), as a result of 
which the statistical method allows the use of less precise and therefore cheaper machining procedures. 

However, it is estimated that the tolerance Tp=±0.08 mm, at which the half-finished part has to be 
cut, cannot be easily achieved on saw - cutting machines. Taking into account the large manufacturing 
series, it was considered appropriate to perform the cutting on a circular sawing machine equipped with 
computer numerical control that ensures accuracy of ±0.1 mm. 

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

Considering Figure 3 which shows the variation of the tolerance of the fastener depending on how 
many parts are fixed in, a new device variant 2 is proposed, in which the fixed base is mounted in the 
middle and the workpieces are inserted symmetrically from both ends of the fixture (Figure 5).  

They have calculated the tolerances of the Tp parts so that the closing dimension is within the limits 
indicated in the drawing (17.5±0.4 mm). The calculation is carried out by the two methods: Worst Case 
and Statistical Method (RSS). The results are shown in Table 4. 

 



 
 
 
 
 
 

 

Figure 5. Stackup for the second device variant. 
 

Table 4. The calculated tolerance of the part for the second device version. 

Component Nominal value 
[mm] 

Worst 
Case 

Statistical (RSS) 

Tolerance 
[mm] 
IT 9 

Tolerance 
[mm] 
IT 13 

σ Productive  
yield 

Original Optimized Original Optimized 
L1 35 ±0.031 ±0.125 0.10333 0.04166 

82.887 99.931 

L2 35 ±0.031 ±0.125 0.10333 0.04166 

……….. ………. ………. ………. ………. ………. 

L15 35 ±0.031 ±0.125 0.10333 0.04166 

Lt2 -262.5±0.0025 ±0.0025 ±0.0025 0.00083 0.00083 

L0 17.5 ±0.25 ±0.39 0.29227 0.11785 
 

In Figure 6 are shown the normal distribution curves for the size of the closed dimensions in the 
initial situation and after calculation by the statistical method. 

 

Figure 6. Stackup for the second device variant. 



 
 
 
 
 
 

From the analysis of the results, it can be seen that the statistical method allows the production of 
parts with wider tolerances, which facilitates the production process. Also, the obtained tolerances are 
within the accuracy achievable on the circular sawing machine. 

3.2.  Monte Carlo simulation 
The parts inserted in the fixing device form an assembly. It is proposed to use the Monte Carlo method 
to calculate the variations of the closure size tolerance by randomly changing the dimensions of the 
parts. In the calculation relation of the closure element size, the deviations of each size varying within 
the tolerance range defined above are taken into account. The number of simulations is 100000. 

Following the simulation, the data from table 5 were obtained. 
 

Table 5.  Results from Monte Carlo simulations. 

Nominal Lower 
limit 

Upper 
limit 

Mean Lomin Lomax Standard 
deviation 

Productive 
yield 

mm mm mm mm mm mm mm % 
17.5 17.1 17.8 17.45 16.83 18.08 0.118796 99.632 

 
The data in table 5 showed that the tolerances in IT class 13 can ensure an assembly that allows 

obtaining the closing dimension within the limits indicated by the technical drawing. There is also a 
uniform distribution of the size of the closing dimension (Figure 7), and the estimated yield (productivity 
yield) is 99.632%. In figure 8 it is shown the manufactured part. 

 

 

 

Figure 7.  Monte Carlo simulation 
results. 

Figure 8. Manufactured part.. 

 

4.  Conclusions 
The paper presents two variants of an orientation and fixing device in order to make parts in series. 
Taking into account how the parts are assembled in the device, the chain of dimensions is analyzed so 
as to realize the size of the closing element indicated in the technical drawing. The Worst Case method 
and the Root-Sum-Square method were used to analyze the size chain. As the first version of the device 
requires that the parts have low tolerances, a second version was proposed. The Worst-Case and Root-
Sum-Square method size chain were analyzed for this assembly and it was found that the parts can be 
made at higher tolerances and with lower costs. For the determined tolerances, a Monte Carlo analysis 
of the assembly of the parts inserted in the device was performed to study whether in case of variations 
of the component elements, the size of the closing element will maintain within the recommended 
tolerances. 
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