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Abstract 

The field of design tolerancing has been well developed for production with high volumes 

where optimization of the manufacturing process through tolerance design is of high 

concern. Within the context of lower volumes there is however little research. In scenarios 

where the volumes are lower, the resources spent in the design stage will have a larger 

share of the total cost of the product. Thus, the optimization through tolerance design may 

be of less concern than in high volume manufacturing. The aim of this paper is to examine 

and evaluate contemporary models of tolerance design such as Six Sigma and stack 

analysis. The method for examination is through a literature study and an interview with an 

expert within the field.  

 

Through this, key variables which are affected by the choice of tolerance design method is 

established. The resulting evaluation concludes that the contemporary models may focus on 

variables which are not as important for companies with low production volumes, this should 

be considered when creating a tolerance design method for a company within this context. In 

order to create a practical model that is viable in tolerance design, a study in how resources 

spent in the design stage affect different measurable factors involved in the manufacturing 

process is warranted.  

 

 

 

  



 

Sammanfattning 

Inom toleranssättning är fältet som behandlar högvolymstillverkning välutvecklat, vid den 

typen av produktion är det av stort intresse att optimera tillverkningsprocessen genom 

toleranssättningen. Det finns däremot lite material som behandlar scenarion där volymen är 

låg. Vid sådan typ av tillverkning blir resurser spenderare i designstadiet en större andel av 

totala kostnaden för produkten, således kan optimering av tillverkningsprocessen genom 

toleranssättning vara av mindre vikt. Därav är syftet med denna rapport att undersöka nutida 

metoder för toleranssättning och beräkning så Six Sigma och stack analys. Undersökningen 

sker genom en litteraturstudie samt genom intervju med en erfaren och kunnig person inom 

området av lågvolymstillverkning. 

 

Genom intervjun fastställs nyckeltal som bör påverka valet av toleranssättningsmetod. Den 

resulterande utvärderingen fastställer att nuvarande metoder kan fokusera på variabler som 

är av mindre vikt då produktionsvolymen är låg. Detta bör tas i åtanke vid val av 

toleranssättningsmetod för företag som arbetar inom denna kontext. För att kunna skapa en 

praktiskt applicerbar modell bör resultatet av resurser spenderade i designstadiet jämföras 

med dess effekt på mätbara faktorer i tillverkningsprocessen. 
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Glossary of notations 

LSL   - Lower specification limit 

USL   - Upper specification limit 

SL    - Specification limit 

DPMO   - Defect per million  

Capability   - The standard deviation of the equipment used 

σ   - Standard deviation 

G   - Assembly criterion of interest 

γ   - Nominal assembly criterion of interest 

DfSS   - Design for Six Sigma 

RSS   - Root Sum Squared  

CP   - Process capability ratio
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1. Introduction 

1.1 Background 

In every case of production some type of tolerance design is always required. The 

tolerances are the bridge between the product design and the process design, affecting the 

product function and the required process capability and measurement precision1. Another 

analogy to describe what tolerancing is and why it is important to consider is as the link 

between the design and the manufacturing2. 

 

 
Figure 1: The link between design and manufacturing, by Chase et al. (2006) 

 

In general the tighter the tolerances, the more expensive the components and the machines 

needed for production of these. It might also be an issue to be able to technically produce 

components with very strict tolerances. Having too tight tolerances in a product is as such 

not a good idea for the reasons stated above. However having too loose tolerances leads to 

the performance (i.e. how accurately and precisely measurements are met when 

manufacturing) of the product declining. This is a problem as tolerance designers tend to set 

tolerances at either end of this spectra, being either too tight or too loose3. As such there is a 

need to make trade-off while setting the tolerances.  

 

There are large differences between the different methods of tolerancing. At one extreme is 

using off-the-shelf parts with their already determined tolerances. At the other, there are 

some mathematically derived design tolerance methods used to optimize the production in 

terms of performance and minimizing production rejects. However, according to the theory 
                                                
1 Zhang et al., 2007, An application study of Six Sigma tolerance design. 
2 Chase et al., 2006, Tolerance Analysis of 2-D and 3-D Mechanical Assemblies with small kinematic 
adjustments. 
3 Zhang et al., 2007, An application study of Six Sigma tolerance design. 
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the design tolerancing does not begin with the simply setting the tolerances but rather with 

the product performance required4. The product performance has different definitions in the 

literature, one of these is simply asking the question “What should the product do?”5. 

Another may be the manufactured part’s compliance to the set tolerances (i.e. how 

accurately and precisely measurements are met when manufacturing). 

 

This means that deciding the design tolerances is typically conducted post completion of the 

design of the part; this means that the tolerances are in relation to the performance of the 

product rather than the functions and the customer requirements. These are, however, 

directly incorporated through the performance specification. The tolerances is then, 

according to Ginsberg (1981), a derivative of the performance requirements and the 

mechanical constraints of the product6. 

 

From the theoretical concepts used, such as the Six Sigma, these are typically setup for 

continuous production, with measures such as control limits which are specifically designed 

to aid in noticing a manufacturing tolerance drift. However applying this to a business 

centralized in highly unique components which are likely never to be reproduced to any large 

degree presents a more complex set of challenges on how this should be applied to promote 

both efficiency in design and effectiveness in terms of performance of the manufactured 

parts. 

 

There is also the question of how high the tolerancing procedure should be prioritized in a 

low volume production. If it is worth the savings in the avoidance of cassations (scrap, 

discards) or will the time saved be worth more to the company. One factor that might be of 

relevance here is that if the tolerances are too strict the manufacturer might not be able to 

produce the component at all, or be forced into doing a larger batch of parts to try to refine 

the manufacturing process. If the tolerancing is done in an early stage, for example in 

prototyping, time often a valuable asset. While properly tolerancing a component takes time, 

it is less than receiving a component that does not fulfill the performance requirements due 

to the measurements being off.  

 

With low volume manufacturing, the time spent on design tolerancing per manufactured part 

becomes much higher. Thus making the price of design tolerancing per manufactured part 

higher. Devoting time from an engineer to work and test details in order to achieve the 

optimal tolerancing solution might be inefficient and take more time than just setting stricter 

tolerances. There is although the possibility that tolerances become stricter than what the 

manufacturing can produce, making the part unmanufacturable, in that form or making the 

manufacturing ad hoc in terms of achieving the required process capability. Resulting in 

large quantities of discards per acceptable part. 

1.2 Problem formulation 

Considering low volume and high performance manufacturing needs, the methods chosen 

for design tolerancing carries an impact on the performance outcome. How high the 

                                                
4 Ginsberg, 1981, Outline of Tolerancing 
5 Dodson et al., 2014, Probabilistic Design for Optimization and Robustness for Engineers 
6 Ginsberg, 1981, Outline of Tolerancing 
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tolerancing procedure should be prioritized and which methods are chosen is as such an 

important consideration. A perspective on how this can be achieved compared to 

contemporary theoretical models is what the desired outcome is. This includes how to 

reason about what resource-saving processes should be focused on.  

 

The questions that are to be researched is to investigate what the current standard of design 

tolerancing is. Both in the academically supported sense and what is used in companies 

today. A literature study is to be conducted in order to specify what is the theoretically 

supported way to approach the issues. 

 

Furthermore contemporary theoretical models are to be compared and evaluated to the 

practical application with the aim of drawing conclusions of what is realistically applicable 

within the context of low volume manufacturing and high performance requirements. 

1.3 Research question 

The objective is to establish a perspective of resourceful methods to be used when 

designing tolerances in the context of low volume manufacturing with high performance 

requirements.  

1.4 Delimitations 

The intent of this is giving one perspective of several on how a practical application of 

tolerance design can be achieved in a scenario where performance requirements are high 

and the product volume low, i.e. each manufactured piece is more or less unique. As such 

this needs to be considered when compared to other businesses as the applied methods by 

the interviewee may not conform to that of others. 

 

By the same token the qualitative primary data acquired is limited by the interviewees in 

terms of experience, bias and personal opinion. These has to be taken into account, 

however the topic of tolerance design is of little to no controversy and bias and personal 

opinion should be of little concern. 

 

The manufacturing types used by the companies interviewed within the report has been 

either machining or additive manufacturing (which have later been machined to meet 

performance requirements). The primary used materials are aluminum alloys, titanium and 

steel. Other types of manufacturing or production can place a different array of demands on 

the design tolerancing and as such the processes of tolerancing may differ. This has not 

been considered in the report and as such this solely represents the findings within the 

aforementioned context. 

 

When the methods and models are applied in reality, they might not be strictly and purely 

used as the theory is specified. Instead they might be a mixture and collaboration between 

different models. Through this an unlimited amount of models can be achieved, and thus not 

taken into consideration. 

 

In order to get a more comprehensive result, a larger quantity of interviews would have been 

preferable. Although due to poor responsiveness and difficulties in finding interviewees who 
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can be considered to have satisfactory experience and knowledge in this field, only one 

interview was able to be conducted. This certainly affects the concluded results of this report 

and must be considered. 

2. Method 

To investigate what the standard of design tolerancing is, in the academically supported 

sense, and what is used in large companies today, a literature study is conducted in order to 

specify what is the theoretically supported way to approach the subject. However, most of 

the relevant research in this field is referencing high volume production. Due to this the 

material is not always applicable in the context of this report and has to be studied with this 

in mind. The purpose of the literature review is to assess the contribution of existing 

theoretical models on the subject and within the context of the report. The goal of this is to 

achieve insight on where there currently are gaps in the theory and its applicability. 

 

After this a case study will be conducted where an experienced structural engineer, 

accustomed to low volume and high performance production, will be interviewed in order to 

understand how structural engineers approach the problems of tolerance design in practice. 

The theoretical approaches will also be discussed. The views and processes used by the 

interviewee will be compared with the theoretical models with the goal of  finding which of 

these that might be applicable and in these cases. The interview itself will be conducted in a 

relaxed setting as a free conversation in order to let the interviewee elaborate on his 

thoughts on the subject, instead of being steered to much in the conversation. The question 

template for the interview has been created with the intent of avoiding leading questions, 

therefore these are open in nature, the template can be seen in Appendix A.  

 

In order to get a more comprehensive result, a larger quantity of interviews would have been 

preferable. Although due to poor responsiveness and difficulties in finding interviewees who 

can be considered to have satisfactory experience and knowledge in this field, only one 

interview was able to be conducted. 

 

To gain insight into the intended application and use of the models these will be evaluated 

according to key variables to consider when choosing a method for tolerance design. 

3. Theoretical models of design tolerancing and 

robustification 

The tolerance stack analysis is today one of the most used ways of mechanical tolerancing 

for critical components7, it is therefore a good method to include in this report. The stack 

analysis has been thoroughly documented in the literature and its common application 

provides a foundation for discussion. Another theoretical model which has also been well 

documented in literature is Six Sigma tolerance design. Together with the stack analysis, this 

forms the two theoretical models that will be discussed and used for comparison within this 

report.  

                                                
7 Zhang et al., 2007, An application study on six sigma tolerance design 
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3.1 Tolerance stack analysis method 

The tolerance stack analysis is based on the thought that all of the tolerances affecting a 

certain dimension is summed up into one tolerance, and through that analyzed if the 

tolerance is strict enough for the system to function. The problem in tolerance stacking 

comes from the context of assemblies of parts being unable to be manufactured exactly to 

their nominal values. Either every individual part vary around the nominal value or it is the 

assembly in itself that produces the variations8. In the case of the assembly variation, for 

example if there are two details that are conjoined by a bolt through a pair of holes that are 

exactly the nominal values. There will be a slippage variation of the holes due to the needed 

clearance to get the bolt through. In the real example there will be variations in hole 

diameters, the relative hole center positions and the roundness of the holes as well, leading 

to a further loaded stack. The following methods for calculating the stack analysis: 

 

 
Figure 2: A graphical representation of the stack analysis problem9 

 

  
Figure 3: The stack analysis problem represented in equation form 

 

G is the assembly criteria, the amount of clearance in the system, which is desired to be 

larger than zero, but as limited as possible. The length L is a the actual dimension including 

tolerances. 

The nominal value γ of G is usually found by replacing in equation above the actual 𝐿𝑖’s by 

the corresponding nominal values 𝜆𝑖, i.e.: 

 

The objective is to have a gap G that is positive and small enough in order to have a 

functional design with the intended properties. Often the nominal gap γ is designed in order 

to satisfy the goal with the presumption that G will not differ substantially from γ. The quantity 

of G - γ is of importance and is usually expressed as: 

                                                
8 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (Page 4) 
9 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 5, image) 
 

(1) 

(2) 
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Figure 4: Arithmetic or Worst Case tolerance stacking 

 

Due to the assumptions shown above, this leads to the conclusion that no matter how the 

detail dimension 𝐿𝑖 deviate from their nominal values 𝜆𝑖 within the proper constraints, the 

difference between |𝐺 − 𝜆| is going to be bound by 𝑇𝑎𝑠𝑠𝑦
𝑎𝑟𝑖𝑡ℎ. 

The strength of this method is the guarantee that it will be within the constraints10. It is 

important and should not be neglected that all of the assumptions are met, in other words, 

detail parts needs to be inspected to see if |𝐿𝑖 − 𝜆𝑖| ≤ 𝑇𝑖  is true.  

 

The issue with this method is that the tolerance grade grows linearly with the amount of parts 

in an assembly11. When tolerance contributions are the same for every individual part, it can 

be seen that: 

 
Figure 5: Showing how the tolerances grow linearly  

with number of parts in an assembly 

 

This shows how to specify detail tolerances from the assembly tolerances. As assemblies 

and the number of individual parts, n, grows, the requirements on a specific detail becomes 

severe. The linear growth of the tolerance is a result of using the worst case scenario, thus 

the name of the method, although also known as arithmetic tolerance stacking. The 

tolerances are stacked with every tolerance on the worst boundary of the span. One aspect 

of this, is that in most real scenarios not all detail tolerances are treated equally, which could 

lead to a more relaxed tolerance in some part leading to a few of the parts needing an even 

higher tolerance grade. Then it is only needed to produce fewer parts with high precision in 

order to compensate for the inaccuracy in the rest of the parts, opposed to all parts needing 

a high precision.    

 

Critical tolerances in mechanical devices are generally the result of tolerance stack-up12, and 

is an issue that is important to take into account. What is the workshop able to produce, or 

what the risk of errors might be, since a part will be more difficult to produce if the tolerances 

                                                
10 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 11) 
11 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 11) 
12 Zhang et al., 2007, An application study on Six Sigma tolerance design 

(3) 

(4) 

(5) 

(6) 

(7) 
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are very strict and stack up. In cases where the risk becomes higher than acceptable, it 

might be worth it to find an alternative design or use a more probabilistic approach in order 

to be able to lessen the tolerance strictness in order to create producibility. 

3.2 RSS Method or Statistical Tolerancing 

Arithmetic tolerancing, as described above, tends to give overly conservative results. This is 

due to the sentiment that all tolerances are set with a worst case outcome in mind. It is 

improbable that all of the included tolerances in the design will be the worst case. Although, 

neglecting manufacturing constraints, it guarantees a working assembly13. Statistical 

tolerancing will work from the assumption that the manufacturing variations of the details are 

individual in every part, and that these variations vary from a nominal value with a random 

factor. A few basic assumptions are needed in order to apply statistical tolerancing.  

 

Instead of assuming that the 𝐿𝑖 can fall anywhere in the tolerance interval with a uniform 

distribution, often chosen to be in the worst case. 𝐿𝑖 is assumed to be normal centrally 

distributed which leads to the probability of 𝐿𝑖 differing from the nominal value lessens the 

further away from it, it gets.  

 
Figure 6: Centered Normal Distribution 

 

The boundary is usually set with a ±3σ boundary in order to have a 99.73% chance of 

ending up inside the tolerance span14. The nature of the centered normal distribution is that 

𝐿𝑖occurs more frequently closer to the nominal value and with less frequency near the 

endpoints. This is due to that deviations from the nominal values are not deliberate, it is 

accidental and due to that it is not possible to produce a 𝐿𝑖 which is the same value every 

iteration. It might seem reasonable that when aiming for a nominal value, that the distribution 

would be centered, due to a proportional under and overshoot. However, it is not always 

possible to assume a centered distribution15. The manufacturer when presented with the 

tolerance range, may not set up the manufacturing with an aim on the nominal for a variety 

of reasons. One example is when the tolerance range is large enough to fit the variability 

with ease. The manufacturer might in that case not be particularly exact when setting up the 

machine to aim for the nominal. There are many similar scenarios where changing the 

nominal can result in decreasing other cost aspects, such as cost of labor, material etc. 

Another reason for being of center is that no matter how much effort is put in, the true 

                                                
13 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 12) 
14 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 13) 
15 Fritz Scholz, 1995, Tolerance Stack Analysis Methods (page 13-14, 26) 
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nominal will never be achieved, and compensating for this in every variation will only lead to 

an increased variability. 

 

 
Figure 7: Off center normal distributions 

3.3 Six Sigma tolerance design 

Six Sigma is an approach for process improvement, the Six Sigma methods aims to reduce 

variability in manufacturing and identify and remove the causes of defects. The Six Sigma 

tolerance design methods stem from the thought that quality is designed into the product 

prior to the manufacturing phase, and not as a cause of the manufacturing. Within Six Sigma 

the tolerance design is seen as the bridge between the product design and process design16. 

 

The methodology of design for Six Sigma is centered around the variability in the design 

process. The goal of the methodology is to achieve products and processes where variation 

from manufacturing, the environment and the consumer does not affect said products or 

processes. The hope of this approach is to create deeper knowledge of performance, 

capabilities and drivers related to the product and manage this as a resource17. In this 

method an outline for tolerancing is established which will be presented below. 

 

The Six Sigma method derives from the usage of a spread of six standard deviations (σ) to 

both the LSL and the USL resulting in the SL being covered by 12σ or more commonly 

written ∓6σ . The usage of six standard deviations to the either of the SL rather than any 

other arbitrary number is empirically derived figure being used as “good enough” for most 

applications 18. The resulting defects or deviations from the SL is then 3.4 parts per million 

(DPMO). Or put simply 99.99966% of the parts will be completed within the specification limit 

(SL). A simple example of a centered Six Sigma tolerance design is an object with a target 

mean of 100 mm, the SL being ∓3mm giving the LSL and USL of 97 mm and 103 mm 

respectively. Calculating the sigma is then as simple as: 

6𝜎 = 𝑈𝑆𝐿 − 𝜇 ⇔  𝜎 =
𝑈𝑆𝐿 − 𝜇

6
=

103 − 100

6
= 0.5𝑚𝑚 

                                                
16 Zhang et al., 2007, An application study on Six Sigma tolerance design 
17 Dodson et al., 2014, Probabilistic Design for Optimization and Robustness for Engineers 
18 Six Sigma Institute, What Is Sigma And Why Is It Six Sigma  

(8) 
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Figure 8: A centered normal distribution of ∓6σ, as calculated in the example above. 

 

From this example the information that can be gathered is that the process capability 

(standard deviation of the the equipment) required to produce this product is 𝜎= 0.5mm or 

greater. From the above example the process capability ratio (CP) can also be calculated: 

𝐶𝑃 =
𝑈𝑆𝐿 − 𝐿𝑆𝐿

6𝜎
=

103−97

6⋅0.5
= 2  

The Six Sigma method also prescribes the use of control limits, these are set at 1,5 sigma 

close to the target mean than the specification limits respectively. The control limits creates a 

reference for alarm when these are not met, i.e. the manufacturing process has flaws. The 

control limits are set up in the same manner as the specification limit, a lower control limit 

(LCL) and an upper control limit (UCL). To easily describe this using the aforementioned 

example; 100 mm ∓1,5σ, where σ=0,5 mm results in a UCL of 102,25 mm and a LCL of 

97,75 mm. 

 

However not all tolerances are centered or two sided. An example of a one sided 

specification limit could be a minimum hardness rating, as determined for example a 

Rockwell test. This means that the curve is offset in either direction of the center or an upper 

or lower limit is missing. To account for this, the Six Sigma method dictates the use of a 

factor k, k being the distance from the measurement to the target mean (nominal). This 

means defining a new process capability ratio, 𝐶𝑃𝑘: 

𝐶𝑃𝑘 = 𝐶𝑃×(1 − 𝑘) 

 
Figure 9: An offset normal distribution, showing the factor k. 

 

(9) 

(10) 
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The Six Sigma methods gives a good theoretical view of how the tolerance implementation 

affects the manufacturing in terms of manufacturing capability needed and how the 

manufacturing capability can be tracked continuously to prevent performance decline. What 

is poorly described is how the USL and the LSL respectively is determined, this is left for the 

structural engineer to decide using the RUMBA method19.  

 

As seen in the previous example, the SLs are indeed critical for the process capability 

determined by the method. The RUMBA method used by Six Sigma specifies five 

cornerstones which have to be followed when setting a SL limit. The generic structure of this 

method makes it applicable to any specification and not just design tolerances, meaning it 

can be applied to everything from a pizza temperature to acceptable optical defects. 

However, the generic nature does not give much structure for design tolerancing. The 

RUMBA method20: 

Reasonable: The specification based on a realistic assessment of customer’s actual 

needs. We need to check if the specification relates directly to the performance of the 

characteristic. 

Understandable: The specification is clearly stated and defined so that no one can 

misinterpret it. 

Measurable: We should be able to measure the characteristic’s performance against 

the specification. If not, a lot of debate will ensue between you and your customer as 

to whether the specification is met. 

Believable: We should have bought into the specification setting. That is, we and our 

teams should strive to meet the specification. 

Attainable or Achievable: We should be able to reach the level and range of the 

specification. 

 

When working within the context of low volume and high performance, using the statistical 

approach of Six Sigma method to determine the process capability and control limits may be 

of less use. There are several reasons for this; Firstly, the volume is quite low, rendering the 

statistical relevance lower. By the same token, the required amount of parts is also low, 

being a single batch or less. Thus, defining the process capability is of lower relevance than 

producing the actual parts. The remainder of the process is focused on designing the SL and 

this is also what might be the most interesting within the context. Conversely this is where 

the method, RUMBA, is least detailed and most discretion is left to the designer/engineer.  

4. Introduction to interviewee and company 

The company in question is a small company with less than 20 employees. It will never have 

a large, full scale, production of a product but rather continue to work in the project form. The 

focus rather lies on producing unique products in very small series tailored to the specific 

customer’s need. The prototypes for every series is created in iterations, resulting in the 

company having small series of the different parts used in every finished product.  

 

                                                
19 Six Sigma Institute, Six Sigma DMAIC Process Define Phase Six Sigma Project Charter 
20 Six Sigma Institute, Six Sigma DMAIC Process Define Phase Six Sigma Project Charter 
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For this company time to market is its most useful asset, which is harmed if excessive time is 

put into the tolerancing of each detail, although it will be even more harmful if a detail can not 

be used due to mistakes in the manufacturing caused by unclear or wrong tolerancing.  

 

The product of the company relies on very high precision and accuracy of its mechanical 

parts, often down to micrometer levels, and nanometer levels in some individual details.   

 

The mechanical design engineer that was the subject of the interview hereby referenced L 

started his career during his masters thesis in mechanical engineering at the Royal Institute 

of Technology in Stockholm, where he tried to find a way to connect multiple two-stroke 

engines, something that earlier had been impossible due to insurmountable problems due to 

vibrations.  

 

When he was finished he started to work as a consultant for Hägglunds in Örnsköldsvik, a 

manufacturer of tracked vehicles and tanks. There he was designing transmissions and 

gearboxes for these products. Back then, in the mid 1970s, there was no computer aided 

design, as there is today. This led to that designing and tolerancing complex assemblies 

were a more tedious process than there is today. It was a difficult process to keep track of all 

the measurements and their tolerances. Therefore there was a need to be systematic and 

find structured way to collaborate and calculate the desired tolerances. It has been 

speculated in that the “perfect” CAD environment today has led to a lessened 

comprehension of tolerance engineering amongst engineers trained during the era of the 

computer aided design. Which in turn has lessened the skillset in the linguistic tolerancing 

techniques (e.g. GD&T)21.   

 

From thereon L has worked with development and production of complex products and 

assemblies, in different sectors of industry, mostly in reference to low volume production.  

5. Design tolerance practice 

5.1 Variables affected by the tolerance design method 

From the discussion with L (2017), five major factors which the chosen method for 

tolerancing effects is determined. These were; design efficiency, manufacturing efficiency, 

performance efficiency, availability of machines and the measurability. 

 

Design efficiency is how much resources are spent designing the tolerances for the part. 

This is highly relevant as this is often included as overhead, making it difficult to track and 

manage, costs for a tolerance is often attributed to the manufacturing but the tolerance 

designer also carries a significant cost, especially within the context. A straightforward 

approach which does not weigh heavily on the tolerance designer will be more design 

efficient. 

 

Efficiency in manufacturing, the efficiency of the method is the collated value of the three 

factors of manufacturing, performance and machine availability. Efficiency being defined as 

                                                
21 Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
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the production of the desired effects or results with minimum waste of resources22. These 

three factors are highly correlated making them difficult to separate, as such they needed to 

be summed. Manufacturing efficiency is dependent on the resources spent in 

manufacturing the part, tighter tolerances may require several reruns to either refine the 

manufacturing method or to successfully produce one part to specification. Methods which 

set tolerances that are closer to what is actually needed for the part, i.e. for the performance 

specification, will be more efficient to manufacture. Performance efficiency is how close the 

tolerances meet the actual product needs in terms of the performance specification. The 

performance is, as previously mentioned, how accurately and precisely measurements are 

met when manufacturing. The performance is related to the process capability, where higher 

capability generally produces higher performance. However, tolerances which are set to 

tightly are inefficient as these require higher process capability which is more expensive. 

Machine availability is the availability of the machines required to perform the machining. 

Tighter tolerances require more precise machines and higher accuracy. Depending on the 

part, machines with fewer axises may require a new setup (unclamp, clamp) to machine a 

different surface, depending on the tool access and fixture. Thus, a machine which can 

produce most of the required geometry in one setup will be preferable for complex parts with 

high performance needs. According to L (2017), when working with job shops (as is often the 

case with low volume manufacturing), the finer machines are often fully utilized making the 

availability a variable to consider for resource management. Methods which set 

unwarrantedly tight tolerances may have lower machine availability. The major factor 

affected by this is the time it takes to manufacture the part. 

 

Measurability is how measurable the results of the applied methods are. Measurable being 

defined as the capability of something to be measured23. Methods which are tool heavy for 

follow-up work and are statistically developed are more measurable than a method which 

uses an ad-hoc approach. Although not the most relevant factor within the context of low 

volume and high performance requirements this factor is something which is interesting to 

discuss as it is important in every context where volume is higher.  

 

These five variables constitute the primary factors impacted by the choice of tolerancing 

within the context. An optimal approach will need to balance these factors to achieve a 

satisfactory approach in monetary terms and time efficiency. The sum of these variables can 

seen as what constitutes the overall resource efficiency of the chosen design tolerance 

method. 

5.2 How generic tolerance engineering practice is applied 

In the discussion L (2017) explained his thought process when calculating his tolerances and 

how this process affect these major factors. Usually he starts by looking at what functions 

the detail is supposed to have, and what is interacting with the other details in the assembly. 

This way it is easier to see which measurements are more critical to the overall function of 

the product.  

 

                                                
22 Collins English Dictionary - Complete & Unabridged 10th Edition. 
23 Collins English Dictionary - Complete & Unabridged 10th Edition. 
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When these measurements are identified, he tries to set the parameters of the 

measurements and tolerances that goes on the drawings in such a way that they don’t line 

up into a stack, or at least minimizing the stack. As can be seen in the Tolerance stack 

analysis, the less elements that are in the same stack, the less uncertainties are affecting 

the assembly criterion G, making it easier to predict the final result. One tool that can be 

used for this is geometric dimensioning and tolerancing (GD&T)24. This type of tolerance can 

although not be used for features involved in transmission of movement or forces, or 

interference fits. By using that the measurements are theoretical from fixed points or planes, 

resulting in that the tolerances don’t stack up as much and instead just vary from the same 

nominal.  

 

Another part that this procedure can be useful for is to be able to communicate which 

measuring points are most important to the manufacturer. In that way there is more control 

over the manufacturing process. It also gives a solid stance if there are any disagreement 

with the manufacturer if the specified measurements are not met.  

 

When approaching a production in a smaller scale, there is a lot less control than when 

working in a larger scale. When dealing with a continuous production the entire line can be 

optimized in regard to the desired tolerances. Then every machine can be set up in order to 

do one task in an optimal manner. When using the machines for smaller series, it is not 

possible to optimize in the same way. There is also an uncertainty when approaching the 

materials and the manner that the material is set up in the machine. There can be 

imperfections which will be more difficult to control before the production begins in a smaller 

operation. Cassation of material is not an issue on the same level as cassation of a already 

machined detail due to that material, in the context of the report, often is less expensive than 

machining time. If the setting up operation is not done properly, there can be inherent 

tensions in the material leading to deformations, which will show once the material is 

unclamped from the fixture. 

 

According to L (2017) when a company is producing details in small series, there is often a 

need for these parts in a short time perspective. That means that it is often important to get 

the parts working in the product fast, rather than having them optimized. Also due to that 

there is a larger margin on these products, making the savings from each individual product 

from an optimized production process less significant. Tolerances are an important factor to 

review when trying to reduce delivery time, as too tight tolerances can render unnecessary 

rework/scrap25. 

 

Due to this, having a trial run in the production becomes less of a priority, something that is 

standard procedure in every larger production according to L (2017). As the trials runs would 

constitute the same thing as regular manufacturing in the context of smaller series. It also 

makes the statistical methods such as Six Sigma and RSS stacking less useful, since the 

manufactured result is just iterated up to something that works. Within the context it is often 

challenging to measure the distributions, especially after the design has gone into 

                                                
24 Taavola, 2009, Ritteknik 2000 Faktabok 
25 Zhang et al., 2007, Improvement study on Six Sigma Mechanical Design Tolerancing with Design of 
Experiment. 
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manufacturing. If the kind of machine used in the production is altered for example, the 

distributions change, leading to that all the previous testing is rendered useless. 

5.3 Thoughts on how tolerance design practices can be altered 

L (2017) also expressed that it would be nice to have a model to use instead of going by an 

ad hoc basis. The ad hoc method that is often used today requires knowledge, experience 

and time to get a good tolerance set up without testing and knowledge about the 

circumstances of the production. A method L (2017) is interested in is the use of general 

tolerances, somewhat like the ISO standard 2768, which has different fineness settings26. 

With the caveat of it being more specialized, for example as hole fit tolerances, as defined by 

the ISO standard 286, it would make tolerancing a faster and more fluent process. His idea 

is the analogy of a machine being likened with a human body, and the strictness of 

tolerances is harsher around vital organs. Parts of the assembly will be rated by a stricter 

tolerance grade in the same way that you choose an IT-value, the tolerance grade, and use 

that as a general tolerance. 

 
Figure 10: 𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛 = 𝐼𝑇 (tolerance grade) 

 

How this method would actually be specified is difficult to say, but in figure 11 below an 

example of how it could be used is presented. For example the hole position measurements 

are classified as A, which is the finest tolerance grade in this example. Classification B is an 

countersunk pattern which might be used to fit another feature. C is the measurements on 

some sort of mounting mechanism and D is the outer measurements. This method is hereby 

referenced as regional tolerancing 

 

                                                
26 Swedish Standards Institute, General tolerances - Part 1: Tolerances for linear and angular 

dimensions without individual tolerance indications 
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Figure 11: A suggestion on how regional general tolerance can be applied 

 

This is similar to how tolerancing is done with for example in the design of mobile phones, 

where a general tolerance in the magnitude of a couple of hundredths of a millimeter and 

everything is designed to function within that tolerance according to L (2017).  

 

Another method that is interesting would be to use a similar method as in the design of 

circuit boards and electronic components where a set of rules and constraints are set in the 

design software before the start of the design starts. It is then possible to see if the design is 

conflicting with any of the constraints that were set up in the beginning of the process, that 

would lead to an application which is not working.    

 

A factor that an easy to use method would help with is that many products today are 

certainly over-toleranced, and/or haphazardly toleranced27. The resulting effects of 

inappropriate tolerance design is often not apparent until later in the production process 

making them difficult to counter. Some of the underlying reasons to this is that industrial 

tolerance engineering practice has “gradually been removed from the curriculum at 

universities and has been replaced by other product development courses”28. 

5.4 Comparison to theoretical models 

When starting to compare how the theoretical models compare to what is used in real life is 

that there are a lot of differences. The one that seems to be the most commonly used model 

                                                
27 Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
28Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
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is the tolerance stack analysis with minor variations29. The stack analysis seems to be 

mostly used in order to find out the magnitude of the tolerance, but the engineers try to get 

away from using strict tolerances by making strict toleranced parts adjustable in order to 

achieve the desired precision. But in order to make this method useful, there is a need to 

move forward from the straight forward stacking and using some kind of probability function, 

for example the RSS method. By doing that it becomes more and more like the Six Sigma 

method although the Tolerance Stack analysis using RSS leaves more freedom and 

flexibility to adjust for the specific problem at hand.  

 

The Six Sigma method has a lot of flaws in the application of a lower volume production, 

since a lot of data about the process and control over the manufacturing is required in order 

to use it effectively. For example, when looking at companies that have a high degree of new 

product development, with a fairly low value production characteristics, when asked if they 

use a statistical production control and if they had good access to the manufacturing 

capability data the answer averaged to 3.26 and 3.58 respectively on a scale of 2.34 to 

5.4030, which is considered low in the context of the survey. The test had a significant 

statistical difference. There is also an issue with the time that needs to be spent in order to 

achieve this. The three main factors that were talked about in the interview with L (2017), 

design efficiency, efficiency in manufacturing and measurability, are spent in ways that are 

not optimal if the volume is low. Time spent designing will be considerable, since the testing 

and calculations, and later the verification of the calculations will take a lot of time. This will 

also be expensive, since highly competent staff (such as engineers) is needed to work 

several hours to come up with sufficient material. The time spent designing is also the 

easiest factor to control, since it is all in the hand of the design engineer. This may also be 

one of the factors that utilization of robust and probabilistic design within companies, even 

those outside the scope of the context, is perceived as low31.  The manufacturing and 

production processes will be very efficient, but since the volume is low, it will be difficult to 

make up for the time lost in the beginning of the process. The Six Sigma method will be 

difficult to motivate as a viable option in this case due to the overall time spent and it’s tools 

geared towards a more continuous type of production, which perhaps misses the tool which 

would be most beneficial within this context, i.e. a tool for setting SL.  

 

One aspect that could be one of the underlying reasons for there not being any widely used 

methods in the low volume case is that a lot of time and resources would have to be spent in 

order to come up with a proven method. Low volume manufacturing is more common in 

smaller companies, in large companies with few and very expensive products, or in 

prototype manufacturing, the manufacturing cost per part will not differ a lot. Due to that, it 

can be speculated that companies are not willing to spend the time and money in order to 

come up with a universal system to make this process more automated. However, there is 

reason to believe that either the design time and cost, and the manufacturing time can be 

significantly lowered, which could be overlooked.  

                                                
29 Zhang et al., 2007, An application study on Six Sigma tolerance design 
30 Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
31 Halldor et al., 2016, Hantering av avvikelser och kassationer i svensk industri 
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5.5 Evaluation of tolerance design practices  

The methods previously described can be summarized as five different methods; 

 

Firstly, the case to case methods such as Six Sigma or RSS. These are labeled ‘case to 

case’ as the SL’s are dependent on the context but as they statistically derived they offer 

tools which improve measurability. 

 

The methods derived from the interview. The Regional Tolerancing which L (2017) thought 

would be a interesting concept to evaluate. Empirical tolerance design which is commonly 

used within the context. Included is also the General Tolerance, which vastly reduces time 

spent in tolerance design. 

 

Lastly the Stack Analysis method is included. 

 

The three previously mentioned key variables that are affected by the choice of tolerance 

design method can be collated to form the overall resource efficiency of the methods 

discussed so far. Each of the methods will be designated a value for each of the key values 

and these will be plotted to display the orientation of the method (e.g. are they highly 

measurable or design efficient). The values are of course an estimation of the method based 

on the acquired insight of the methods and an interview with an expert in the field of design 

tolerancing. As such, the values for each property is of little interest but rather the orientation 

of each respective model as a tool for evaluation. 

 

The evaluation created by the authors should only be considered a visualization of how the 

methods are oriented, i.e. what strengths and weaknesses are present. As an example the 

Six Sigma tolerance design method is tool heavy for continuously measuring and optimizing 

the production process (as is the general idea of Six Sigma). This is viewed in the evaluation 

as the method being largely skewed towards the lower left corner, the value is thus irrelevant 

as it is only used for the visualization to show the orientation of the method. Deciding which 

value is most relevant to a specific business or context can only be done by the reader, and 

as mentioned in conclusions needs further study to quantify the relationship between time 

spent in design compared to time spent manufacturing. To reiterate, the values given for 

each method give little other insight than help visualize the orientation of each method which 

is the purpose of the evaluation.  

 

An optimal tool according to the key values determined previously would cover the entire 

triangle, none of the evaluated tools have been considered optimal. Combinations between 

tools could make a more interesting case, this has not been included in the report. 

 

 

Regional Tolerancing 

Regional tolerancing is the aforementioned method that L (2017) thought was an interesting 

idea during the interview. It has not been found in use, but is a strictly theoretical model that 

emerged between the interviewee and the authors. The model is used in such a way that 

different features of a part is regionally dissected and classified in a group, depending on its 

impact on the machines performance and the criticality of fine tolerancing. The main idea of 

this method is to combine the ad hoc - model, which was found to be the most commonly 
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used within the area of this report, and the general tolerancing method, being the fastest and 

simplest to use. The issue that this method still has is that it is heavily dependent on the skill 

of the specification limits, e.g. how the different features and parts of the assembly are 

classified. If they are classified too strictly it will suffer from the same drawbacks as for 

example the general tolerancing method.  

 
Figure 12: The regional tolerancing method evaluated 

 

The regional tolerancing method, through its predetermined regions, is easily applied by a 

tolerance designer. Though the regions are predetermined there is still discretion as to how 

the design engineer applies these. The predetermined zones make follow-up easier than a 

method based solely on the opinion of the designer. The aggregate results for the method 

shows it is efficient but might be lacking tools to improve measurability and follow-up. 

 

Case to case 

The case to case based approach to setting SL which is the primary concern within the 

context of low volume and high performance production. This includes Six Sigma with tools 

such as RUMBA. These have been found not to have any significant advantage over other 

methods in the design stage. The RUMBA evaluation method provides a philosophy on how 

to approach the tolerancing process but the considerable advantage comes from the 

measurability, and the controllability of the process that comes from this. After the first cycle 

of manufacturing it is easy to adjust certain aspects of it for the next run. However, even if 

this is advantageous, it becomes an irrelevant aspect due to the focus on low volume 

production or single batches.  
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Figure 13: Case to case basis evaluated 

 

The case to case basis leaves a large degree of discretion in terms of setting the SL in the 

hands of the tolerance designer. Generally, this will result in tolerances being set overly tight 

in comparison to what the performance requirement demands32. The method is statistically 

based and does have several tools for follow-up which means it’s highly measurable. 

  

Empirical tolerance design 

This is the conventionally used method within the context of low volume and high 

performance according to L (2017). This approach relies heavily on the design engineer's 

individual background and experience, developing a feel for what tolerance is needed for the 

specific measurement. 

  
Figure 14: The empirical method evaluated. 

 

This fact creates an ad hoc nature of tolerancing with a large degree of discretion from the 

design engineer. From a theoretical standpoint, design engineers do however, tend to set 

too tight tolerances to ensure product performance33. This method offers little measurability 

as there are no tools available, making follow-up difficult.  

Stack 

The stack analysis is a tool in order to see how the worst possible outcome of the product 

will come out, and designing with this in mind. This ensures that the product will work, but it 

is unlikely that every deviation from the nominal value will be the worst possible one. This 

has the effect that tolerances will almost certainly be too strict. The method might be more 

applicable when the demands on performance are lower and/or if there is a possibility to 

make every individual stack short. 

                                                
32  Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
33 Lars Krogstie et.al, 2014,  Approaching the Devil in the Details; A Survey for Improving Tolerance 
Engineering Practice 
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Figure 15: The stack analysis method evaluated. 

 

In figure 15 above, it can be concluded that in the our context the stack analysis is not 

efficient. However it plays a part in providing an idea of the magnitude of the tolerance. If 

used in a complex assembly it takes time to identify the stacks and it will also result in 

tolerances that are overly strict, leading to a lack of efficiency in the manufacturing. The 

measurability of the process will be more competitive compared to the other theories, due to 

that it will be relatively easy to see which stacks that creates inefficiencies.   

 

General tolerance 

The general tolerancing means setting a single tolerance for an entire product or part. This 

stemmed from the manufacturing of mobile phones and electrical devices. This does greatly 

increase design efficiency. As L (2017) pointed out during the interview: In general, different 

regions of a product require different tolerance grades. This method would then lead to parts 

of the product having unnecessarily high performance, which is inefficient. 

 
Figure 16: The general tolerance method evaluated. 

 

The general tolerance is skewed heavily towards the design efficiency since it eliminates the 

need for any complex calculations. However, many parts will be too strictly toleranced, due 

to that everything is toleranced after the finest graded feature of the part.  

 

Summary  

To summarize the five methods, two of which originated from the literature review and three 

from the interview, have different strengths within the specified parameters used for the 
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analysis. The methods had different strengths and weaknesses when compared using these 

key variables, this needs to be taken into account before choosing a method of tolerance 

design. Some examples;  

 

In general methods which are empirically derived score higher on design efficiency than the 

statistically or arithmetically derived methods. Although these methods suffer in the 

measurability variable. The efficiency in manufacturing, or how strict the specification limits 

were set, was primarily affected by the discretion of the designer. As these generally tend to 

set too strict tolerances when they have a choice, the efficiency in manufacturing suffered.  

 

The statistically derived methods suffered from the same problem as the empirical methods, 

i.e. there is little to no tools available for the designer in choosing specification limits. And 

thus suffer from the large amount of discretion. 

 

Methods such as the General Tolerance are inherently very efficient in design stage. The 

general tolerance has to be set according to the strictest need of the product, creating 

unwarrantedly strict tolerances in other parts, thus being in efficient in manufacturing. 

 

The arithmetically derived method of Stack Analysis is a “worst case” tolerance practice 

which tends to set too strict specification limits. It also requires significant amounts of time be 

spent in the design stage, rendering this method inefficient both in manufacturing and 

design. Any method paired with a stack analysis risk suffering from these inefficiencies. 

 

The aggregated results can be observed through the aggregated results in the figure 17 

below.  
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Figure 17: The aggregated results of the evaluation, clear preference for different 

parameters between methods is observable. 

6. Conclusion 

Firstly, in order to get a more comprehensive result, a larger quantity of interviews would 

have been preferable. Although due to poor responsiveness and difficulties in finding 

interviewees who can be considered to have satisfactory experience and knowledge in this 

field, only one interview was able to be conducted. This certainly affects the concluded 

results of this report and must be considered. 

 

From within the given context of this paper, i.e. low volume and high performance products, 

designing an intelligent specification limit is the key process to achieve a successful 

tolerance design.  

 

The statistically derived methods such as Six Sigma is focused on optimization of the current 

production. This tool is useful in the context of continuous production or where the volume is 

considerable. When dealing with low volumes the usefulness of these tools fade, placing 

receiving the actual products higher than optimizing the manufacturing process. The tools 

provided within the Six Sigma tolerance design for designing the specification limits are 

generic loose guidelines which leaves great degrees of discretion for the designer. The 

designer then generally tends to set unnecessarily tight tolerances, creating unwarranted 

costs. 
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When working within the context, a larger portion of the total cost of each product will be 

attributed to the design of tolerances, thus making design efficiency a more important 

variable to consider. However, the contemporary theories often applied to continuous 

production, such as Six Sigma, does not seem to keep this variable in mind. It can be 

important to consider for individuals working within in the given context and consider the 

cost/benefit of having a complex tolerancing process with regard to time spent in design 

compared to the time spent manufacturing the product.  

 

When creating a tolerancing method one should consider that contemporary models may be 

combined to create a better end result, such as combining tools used within Six Sigma with 

more lucid tools for designing specification limits. 

 

Further studies should be made to analyze how time spent in the design stage affects the 

later stage of manufacturing. This would give the ability to weigh the need for efficiency in 

each stage. Something which is missing in the current model devised within this report. One 

can reasonably speculate that this would be impacted by the production volume, seeing as a 

high volume production would benefit from an optimized design solution. Whereas the low 

volume production would, the relationship might be reversed, there is however no 

contemporary research into this matter which lends the area highly speculative. 

 

A suggested way to study this could be to compare a general tolerance method to a regional 

method and study the impact this has on the performance of the part, cassations and 

resource efficiency in terms of costs and time. 
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Appendix 1 - Interview guide 

1. Who is he, qualifications, education etc. 

2. What is the default method used by him when setting tolerances? 

3. Discuss Six Sigma and tolerance stack methods. 

4. How has his tolerance design methods evolved throughout his career? 

5. Is his tolerance design practice depending on the context of which company he is 

employed by? 

6. How large part of his design work is spent with tolerance design? 

7. Cost/Benefit of tolerance design practice, in what context should this be prioritized, 

e.g. controlled by production volume or expected delivery time. 

 


