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Abstract: This paper presents an effective and accessible methodology for tolerance analysis designed to 

support engineers in the industrial manufacturing domain. Product functionality and long-term performance 

are directly determined by the management of component dimensions and their cumulative effect, known as 

tolerance stack-up. In Industrial Engineering, there is a constant trade-off: tight tolerances increase 

production costs (e.g., higher scrap and inspection time), while loose tolerances introduce a high risk of 

assembly failure and reduced product reliability. Therefore, the efficient and accurate assignment of 

tolerances is essential for process optimization and maintaining product quality.  
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1. INTRODUCTION  

 

In industrial engineering, regardless of the machining 

precision, it is impossible to produce parts with perfectly 

exact dimensions. Consequently, every manufactured part 

has a size that differs from the nominal value specified in 

the design drawing. For the part to be considered 

compliant, its actual dimension must fall within a defined 

tolerance zone. This zone consists of the range between 

the minimum and maximum limits, including both 

boundary values. 

According to ISO 286-1:2010 [1], tolerance is defined 

as the absolute value of the difference between the upper 

and lower limits of a dimension.  

 

 
 

Figure 1 Terminology illustration. 

 

Figure 1 illustrates an example of tolerance application 

for a hole, according to [1]. The nominal size is 

represented by dimension D, while UT and LT denote the 

upper and lower limits. TZ represents the tolerance zone, 

with USL signifying the Upper Specification Limit and 

LSL the Lower Specification Limit. 

According to the literature, the drafting and 

tolerancing of mechanical parts are strictly regulated by 

ISO standards. These standards provide different 

approaches based on material or production methods, such 

as ISO 965-2:1999 [2], ISO 20457:2018 [3], and ISO 

8062-3:2007 [4]. However, general rules for execution 

drawings remain applicable across these standards, as 

specified in ISO 14405-1:2015 [5] and ISO 14405-2:2018 

[6]. 

Tolerance calculations involve establishing the limit 

values for a desired dimension based on specific 

requirements (such as maximum or minimum permissible 

sizes). These resulting values depend on the individual 

tolerance value, manufacturing precision, and the required 

strictness of the calculation results. 

Currently, various industrial companies utilize 

different tolerance analysis methods. These range from 1D 

TC [7] and specialized software synchronized with CAD 

models [8], [9], to external, simplified 1D tools developed 

in Excel for calculations. 

The field of tolerance analysis is extensively 

researched, as it is a critical factor for both product 

functionality and cost. For instance, Yuyan studied the 

impact of Maximum or Least Material Conditions 

(MMC/LMC) [10], while Muholzoev applied tolerance 

calculation methods using Floyd-Warshall algorithms 

[11]. Pergolato investigated statistical optimization 

techniques and compared 3D and 1D tolerance stacks [12]. 

Furthermore, Abdel-Khalik et al. utilized TSURFER 

computer codes to calculate limit tolerances [13], Hessen 

presented methods for calculating and correlating Cpk and 

DPMU values [14], and Mansuy et al. proposed a new 

method for determining worst-case scenarios in stack-type 

assemblies [15]. Additionally, engineering literature, such 

as the work by Fischer [16], addresses various specific 

cases for tolerance stack-ups. 

This article discusses a 1D tolerance calculation 

method using an external Excel-based tool. This tool 

provides the statistical values of the calculated limits, 

identifies contributors, and generates a graphical 

representation of the tolerance dispersion (for at least five 

contributors). It also calculates the DPMU (Defect Parts 

Per Million Units) statistically for various required 

precision levels (Cpk). Such tools are commonly used in 

modern companies by mechanical engineers for 

performing quick tolerance stacks when time is limited.  

 

2. METHOLODOGY 

 

 To perform an accurate tolerance analysis and having 

high confidence in the results, it is essential to follow a 

specific sequence of steps, as highlighted in Figure 2 

below. 
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Figure 2 Proposed workflow chart for a TC. 

 

The first step involves analysing the order data to 

establish manufacturing capabilities and provide a cost 

estimate. Subsequently, a prototype is developed, 

incorporating 3D models, various analyses, and execution 

drawings. In most cases, the initial prototype undergoes 

numerous iterations before reaching the final design. 

These modifications and improvements are driven by the 

results of various assessments, such as Finite Element 

Analysis (FEA), tolerance analysis, and Design for 

Manufacturing (DFM). In addition to technical 

adjustments, constant cost constraints necessitate frequent 

price analyses, aiming to minimize production expenses 

through iterative design refinements and strategic trade-

offs. 

Step 3 consists of defining the tolerance stack-up for 

the target dimension, which is heavily dependent on the 

assembly instructions. These instructions define the datum 

points (zero points) from which the chain originates. The 

stack-up may include more or fewer components 

depending on the dimensioning scheme used (e.g., 

referencing primary or secondary datum). 

Following this, the actual tolerance calculation is 

performed. The results are highly dependent on the 

acceptance criteria (such as minimum or maximum limits) 

and the process capability (Cp/Cpk). Most calculation 

tools can also provide the statistical DPMU (Defect Parts 

Per Million Units)—referred to as PPM within the tool—

for a specified criterion, as defined by Equation 1. 

 

𝐷𝑃𝑀𝑈/𝑃𝑃𝑀 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑒𝑓𝑒𝑐𝑡 𝑃𝑎𝑟𝑡𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑠𝑝𝑒𝑐𝑡𝑒𝑑 𝑃𝑎𝑟𝑡𝑠
· 1 000 000 (1)  

       

 
a 

 
b 

 
Figure 3 Calculation methodology for 

a- Stack up tolerance 

b-  Stack up distribution [10]. 

 

The calculation methodology for the tolerance stack-

up and its distribution is illustrated in Figure 3. To 

determine the final tolerance, the individual tolerances of 

the dimensions within the defined chain are stacked. 

This article presents a calculation method 

implemented in an Excel-based tool. This instrument is 

widely used globally in engineering companies due to its 

efficiency in performing quick, straightforward 

calculations. The tool features several user-oriented 

sections, including a database for inputting dimensions 

from the tolerance chains, the source component for each 

dimension, descriptive names for the features, and their 

respective tolerances. 

This tool employs the Six Sigma statistical method, 

which was introduced by Motorola in the 1980s to 

improve manufacturing process quality. It is based on the 

principle that by considering a variation range of 6σ, a 

significant safety margin is achieved before a process 

reaches an unacceptable capability level. This holds true 

even in cases where the actual data distribution deviates 

from the ideal model or is shifted from the nominal value. 

In the context of industrial manufacturing, the quality 

performance of a process is primarily characterized by two 

statistical indicators: Cp and Cpk. These describe the 

process dispersion and its centring relative to the 

specification limits, as illustrated in Figure 4. The 

distinction between the two lies in the fact that Cpk 

accounts for the actual centring of the distribution. 

 

 
 

Figure 4 Cp and Cpk meaning [7].  

 

 𝐶𝑝 =
𝑈𝑆𝐿 − 𝐿𝑆𝐿

6𝜎
                               (2) 

 

𝐶𝑝𝑘𝐿 =
𝑋 − 𝐿𝑆𝐿

3𝜎
                                 (3) 

 

𝐶𝑝𝑘𝑈 =
𝑈𝑆𝐿 − 𝑋

3𝜎
                                (4) 

 

  Cpk = min (CpkL, CpkU)                       (5) 
 

Where LSL is Lower Specification Limit, USL is 

Upper Specification Limit, X is mean of the process and 𝜎 
is the standard deviation of the process [7], [17], [18]. 

In the calculation and results sections, which are 

integrated, the user can select the dimensions to be 

analysed from the database (Figure 5). The tool allows for 

the configuration of parameters such as the direction 

(assigned arbitrarily), the influence factor, the acceptance 

criteria (minimum/maximum), and the target Cpk (Figure 
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6). Subsequently, the tool generates statistical results 

based on the input data, along with a graphical 

representation illustrating the result distribution (for a 

minimum of five contributors) and the calculated DPMU 

(Figure 7).  

 

 
 

Figure 5 The database of the tool.  

 

 
 

Figure 6 Calculation and results section 

 

 
 

Figure 7 Graphic results and DPMU.  

 

3. EXAMPLE OF APPLYING THE METDHOLOGY 

USING AN EXCEL TOOL 

 

 To provide further clarity on the calculation 

methodology, several practical examples of the Excel 

tool’s application across different calculation axes are 

presented. This tool is limited to one-dimensional (1D) 

calculations; therefore, it only processes dimensions 

collinear with the principal axes (X, Y, Z). Unlike 

specialized software such as CETOL or 3DCS, it does not 

support complex 3D composite calculations. 

For the components used in this case study, two sketches 

were developed specifying dimensional and geometric 

tolerances, as illustrated in Figure 8a (base plate), Figure 

8b (upper plate), and Figure 8c (upper PCB). The 

tolerances for the two plates were adopted according to 

ISO 2768-1 mK [19], ISO 2768-2 [20], and ISO 22081 

[21], while arbitrary values were assigned to the PCB. The 

parts are assembled using centring and orientation pins 

and holes (Datum B and C), with the seating provided by 

various domes (Datum A). Consequently, part-to-part 

deviations within the assembly are minimized, as the 

influence is reduced by constraining the tolerance chain.  

 

 
a 

 

 
b 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c 

 
Figure 8 Draft drawing of the used parts.  

 

 Figure 9a presents the 3D assembly in a cross-section 

highlighting the three measurements used for this study, 

along with a detail for each one (Figure 9b). The first 

measurement is taken along the Z-axis between an 

electronic component and the corresponding slot in the 

base plate. The second measurement evaluates the same 

gap between these two elements, but along with the X-axis 

(longitudinally relative to the assembly). The final 

measurement is also performed along the X-axis, targeting 
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the insertion clearance of the smaller PCB into the base 

plate slot.  

 
a 

 

 
b 

 
Figure 9 Exampled measurements. 

 

 Initially, tolerance chains were established for each 

case study, as illustrated in Figure 10. The origin (zero 

point) was defined in accordance with ISO standards, 

utilizing a datum reference frame derived from the 

primary and secondary datum (A and B). These datum also 

serve as the locating and seating features for the 

components within the assembly.  

 

 
a 

 

 
b 

 
c 

 
Figure 10 Tolerance chains of the measurements 

a- First example; b- Second example; c- Third example. 

 

 The tolerance chain is established starting from the 

origin along the intended measurement axis. The process 

begins with the base component and proceeds through the 

assembly sequence, incorporating all elements that 

influence the result. These include location tolerances and 

radii of positioning features, dimensional sizes, and 

positional tolerances of the measured elements, as well as 

thickness dimensions and tolerances for measurements 

along the Z-axis. It should be noted that this tool is limited 

to linear tolerance calculations and does not support the 

integration of geometric tolerances such as flatness or 

perpendicularity. 

Once the tolerance chains are defined, all dimensions 

and tolerances are entered into the database section of the 

Excel tool. Each entry includes the source component and 

a brief description for feature identification, as illustrated 

in Figure 11.  

 

 
 

Figure 11 Filled database section of the tool. 

 

 Following the filling step of the Database section, the 

process proceeds to the actual calculation stage. In the 

calculation module, the specific dimensions for the 

analysis are selected—namely Di for the first example. 

The vector direction is assigned (typically, for simplicity, 

starting with a positive sign and returning via a negative 

path), and the leverage factor is set (usually assigned a 

value of 1, unless a specific tolerance has a 

disproportionate influence). Finally, the target limit (2.5 

mm for the first example) and the acceptance criterion 

(statistical minimum) are defined. 

Upon completing the calculations, the first 

measurement (Figure 12), regarding the Z-axis gap 

between the electronic component and the base plate slot, 

was found to be compliant. The analysis yielded a 
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statistical minimum value of 2.54 mm, corresponding to a 

DPMU of 0.6 and a Cpk of 1.67. 

 

 

 
 

Figure 12 Results and distribution for the first example. 

 

 The second measurement (Figure 13) also refers to 

safety clearance between the two elements, but along with 

the X-axis. The same criteria and acceptance values were 

applied, resulting in a statistical minimum distance of 2.57 

mm for a DPMU of 0.6. This result confirms the 

compliance of the measurement. 

 

 

 
 

Figure 13 Results and distribution for the second example. 

 

The final example, presented in Figure 14, evaluates 

the insertion measurement of the smaller PCB into the 

base plate slot, with an acceptance threshold of 0 for the 

insertion clearance. The statistical minimum was also 

calculated for this case. Following the analysis, the 

statistical minimum value for a DPMU of 0.6 was found 

to be -0.08 mm. This indicates that for 175 parts per 

million, an interference will occur, potentially leading to 

stress during the insertion process. A Cpk value of 1.67 

was utilized as the target, being considered more stringent 

than 1.33, thereby providing a safety buffer. Furthermore, 

the tool returned the resulting Cpk, which was 1.192 for 

the lower limit compared to the required 1.67, highlighting 

that the process lacks the capability to eliminate scrap. 

 

 

 
 

Figure 14 Results for the third example. 

 

 

4. CONCLUSIONS 

 

Tolerance calculations represent a critical subject in 

component design, ensuring a balanced relationship 

between quality, manufacturability, and cost. In the 

broader industrial environment, manufacturers in the 

automotive sector and beyond place increasing 

importance on these types of analyses to ensure that issues 

arising during assembly or operation are minimized. 

This article has presented a calculation methodology 

using an Excel-based tool, which is frequently utilized by 

companies for simple and fast calculations. This tool can 

provide efficient feedback and indications during the early 

stages of design, to be followed later using specialized 3D 

calculation software that offers high computational 

precision. 
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Future research may explore tolerance calculation 

methods using these specialized software packages, such 

as CETOL or 3DCS, which provide comprehensive results 

across combined directions with significantly higher 

accuracy. Additionally, a comparative study could be 

conducted to highlight the differences in results between 

1D and 3D calculation tools, thereby establishing their 

respective limitations.   
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