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Abstract: The importance of geometric deviations of components for the aesthetic and functional
quality of products has been undisputed for decades. So, it is not surprising that not only have
numerous researchers devoted themselves to this field, but also commercial software tools for the
analysis and optimization of tolerance specifications (currently already fully integrated in 3D-CAD
systems) have been available for around 30 years. However, it is even more surprising that the well-
founded specification of tolerances and their analysis using a so-called statistical tolerance analysis
are only established in a few companies. There is thus a contradiction between the proclaimed
relevance of tolerances and their actual consideration in everyday business life. Thus, the question
of the significance of geometric deviations and tolerances as well as the use of statistical tolerance
analysis arises. Therefore, a survey among 102 German companies was carried out. The results are
presented and discussed in this paper.
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1. Introduction

Imprecise manufacturing processes lead to parts that differ in their dimensions and
shape [1]. The assembly of these parts, in consequence, results in products whose aesthetic
quality and/or functionality during their use do not meet the ideal that is sought. Conse-
quently, the design engineer has to specify appropriate tolerances to limit these deviations
to ensure the adequate functional and aesthetic quality of final products.

Despite all the technical developments and remarkable achievements, errors and
uncertainties in the development and manufacturing of technical products (among other
things due to human nature and the limits of what is technically feasible) are still un-
avoidable today. If design engineers, production planners, workers in manufacturing and
assembly, quality inspectors, etc., are also under pressure of time, cost and success, even
the smallest shortcomings may accumulate and sometimes have dramatic consequences.
These have to be avoided for the benefit of the company as well as the customer, society
and environment.

From time to time, however, geometric tolerances and their significance attract global
attention. This was the case in 2014, when GENERAL MOTORS attributed the recall of
8.4 million vehicles due to a tolerance stack-up problem, summarizing that “a tolerance
stack-up condition exists between components internal to the cylinder which will allow
some keys to be removed” [2].

It is, therefore, all the more surprising that, despite this relevance, tolerance engineer-
ing in industrial practice mostly has a scarce existence [3]. The consequences are sometimes
considerable: Insufficient tolerance engineering leads to higher costs in production and
assembly, a poor internal climate and thus biased communication, functional deficiencies
and a reduction in the value of the products (reduced quality), as well as a dwindling
reputation of the company among existing and future customers and partners [4]. Efficient
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and holistic specification and analysis of tolerances are not a natural part of the company’s
philosophy. Rather, these are often understood as an arduous duty incumbent on the design
engineer. Accordingly, the authors face the urgent question of how tolerance analysis in
German companies is performed, focusing on three aspects:

1. The relevance of geometric deviations and tolerances for companies and their products
and processes;

2. The already established use of statistical tolerance analysis in companies;
3. The need for further development and research on statistical tolerance simulations.

In order to answer these questions thoroughly, the authors conducted a representative
survey of 102 German industrial companies. The survey was carried out in the late summer
of 2012. The results of this survey are presented and discussed in this paper due to the
self-imposed publication embargo of eight years on selected questions.

The paper is structured as follows: Sections 2 and 3 will provide the foundation of
the paper. Section 2 gives a general overview of the development of tolerance engineering
from its early beginnings to date. The state of the art (Section 3) details existing surveys on
certain aspects of tolerancing carried out in the last 30 years. The relevant information on the
established survey, the procedure and the questionnaire are given in Section 4. Sections 5–7
then discuss the survey results–focusing on the three aspects of tolerancing–awareness of
deviations and tolerances (Section 5), the current use and extent of statistical tolerance analysis
(Section 6) and the need and potential of statistical tolerance simulations (Section 7). The
paper concludes with a critical appraisal of the insights gained as well as the identification of
an omnipresent dilemma that the tolerance community must strive to overcome (Section 8).

In recent decades, various terms have become established for the discipline that en-
compasses all the methods and tools used in dealing with deviations and tolerances. The
most common terms are “geometric dimensioning and tolerancing (GD&T)”, “dimensional
management”, “tolerance management”, “geometry assurance”, “tolerancing” and “tol-
erance engineering”. In this paper, we use the term “tolerance engineering”, which is
synonymous with all the others.

2. What Led Us to Today?—A Brief Historical Review on Tolerance Engineering

The history of tolerance engineering is closely linked to progress in the manufacturing
and assembly of products and in particular the manufacturing of tools and weapons. The
idea of interchangeability in the production of bows and arrows was born in ancient Egypt
(3000 BC) [5]. However, it was only in the 18th century in France that the interchangeability
of weapon components was promoted by DE GRIBEAUVAL and BLANC as well as in the
USA by WHITNEY [6,7].

The interchangeability for the first time allowed the quality of products to be guar-
anteed even if certain deviations were accepted. At the beginning of the 20th century, the
standardization of products and processes was implemented massively worldwide. Begin-
ning in Great Britain (1901), another 24 organizations for standardization were founded
within the following 31 years [5]. Among the first results published in 1922 by the German
Standards Committee (DIN) was the DIN system of fits [8], which still exists today in a
modified form [9]. As standardization progressed, the need for a uniform specification of
tolerances in technical drawings and sketches, which was first regulated at the beginning
of the 20th century, also increased [10].

At the beginning of the 20th century, statistics and probability theories found their
way into almost every science, including mechanical engineering [5]. The rapidly growing
automotive industry in particular demanded new methods to improve the production and
thus the quality of vehicles. SHEWHART explained in [11] as early as 1925 that the quality of
each product during use was a function of the qualities of the single parts used [12]. In [12],
he explained the necessity to analyze the effects of individual part deviations on the quality
of the product, taking into account the associated probability distributions and permissible
reject rates. With this requirement, SHEWHART explained the statistical tolerance analysis
in its currently known form, although he did not explicitly use this term.
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During World War II, research activities decreased enormously [13]. However, in the
following years, the newly flourishing automobile production (especially in the USA) and
the rapidly increasing economic and thus purchasing performance in Europe spurred the
spread of statistical tolerance calculations in research and industrial mass production [14].

With the increasing availability of mainframes in the 1960s, research and development
on tolerance engineering probably experienced the greatest impetus to date. Existing and
established methods and approaches [15–17] could be implemented on the fly and then
applied quickly and easily. In addition to tolerance analysis, however, tolerance synthesis
in particular benefited from the almost unlimited possibilities of computer support. This is
illustrated by the multitude of research work in the 1970s in the field of statistical tolerance
optimization (e.g., [18–22]) as well as tolerance-cost models (e.g., [23–25]). This decade can,
therefore, be regarded as the decade of tolerance-cost models [26].

With the introduction of the personal computer 30 years ago, the development of
software tools for tolerance analysis increased in importance [27]. A large number of
software tools [28–30] were developed [31–34], which have since established themselves
in few companies worldwide [35,36]. Due to the variety of methods and tools developed,
there was an increasing need to revise existing standards. The revision of the Geometric
Product Specification (GPS) by expert committees [37,38] deserves special mention and
is still in full progress. Furthermore, the current digital transformation of production
(Industry 4.0) challenges engineers to advance tolerancing engineering by considering
data collected during the entire product lifecycle [39–41], to enhance the communication of
tolerances using product manufacturing information (PMI) [42] and to integrate real-time
tolerance simulations into each step of manufacturing processes [43].

However, despite all the achievements of research and development, holistic tolerance
engineering and the sensible and well-founded use of methods and tools for tolerance
analysis are still scarce in German companies. Dealing with deviations and tolerances is
still a tiresome and unpleasant task, which usually receives insufficient attention.

3. Surveys on Tolerance Engineering

The following section discusses surveys in the context of tolerance engineering. Similar
to our survey, this section focuses on German industry. Nevertheless, an identical picture
can also be seen from a global point of view in recent works [44,45].

In 1985, SUSANTO interviewed 125 German companies in [46] on the application of
updated standards on tolerances and fits. Most of the interviewed companies were in the
fields of mechanical engineering and electrical engineering. Nearly all the companies sur-
veyed (92.2%) gave their opinion on carrying out tolerance engineering. The main reasons
given for the introduction of tolerance engineering were functional and quality-specific
aspects, where cooperation with other companies was also mentioned. However, more
than half of the companies (63.6%) still had problems with the implementation of effective
tolerance engineering, mainly due to gaps in knowledge and insufficient experience. These
implementation problems were particularly evident during the measurement of deviations
that appear. About 75% of the companies reported that they did not check shape and
position tolerances.

In 1995, SCHÜTTE interviewed 31 companies in Germany [47]. It turned out that shape
and positional tolerances were stated to be extremely important for product quality assur-
ance and clear and comprehensive communication with partners. At the same time, the
respondents pointed out that gaps in employee knowledge, and comprehension problems
during testing led to problems. According to the respondents, these problems should
be improved by internal discussions of component drawings and various training of the
engineers and departments involved.

PAGE investigates in [48] the use of tools in tolerancing in the medical device industry,
and companies from the aviation industry were also included in the survey. An online
survey, which followed several telephone interviews, found that statistical tolerance analy-
ses were rarely applied among engineering design departments in the medical sector. The
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main reason was seen as the high complexity of the analysis tools. However, companies
that used tolerance analysis reported very positive benefits. The extent to which the results
of the survey are representative is questionable, since only 13 participants took part in
it. Nevertheless, the survey supports the already quoted strictly limited application of
tolerance analysis in German industry.

The focus of [35] was on the application of tolerance analysis in the field of medical
engineering. They discuss the use and challenges of using software tools for tolerance
analysis (computer-aided tolerancing, or CAT) in a company. Different employees within
this company were interviewed and stated that tolerance analysis was considered highly
important and was already applied during product development. However, there was
no continuous workflow. Based on these findings, the employees were asked about their
requirements of these software, so that their continuous application could be facilitated.
The most important finding was the need to improve the link between the 3D-CAD- and
the CAT-environments. The authors shed light on the requirements of a company in detail.
The general validity of these results, however, is not discussed in the work.

The latest survey on the state of tolerance engineering in Germany was carried out in
2018 by SERSCH et al. [49]. However, the authors have published only a few results since
then. The survey focused on the barriers to a proper application of ISO GPS standards
in German industry. The authors revealed that ~69% (=24 of 35) of the participants were
familiar with the ISO GPS standards, but only ~67% of them (=16 of 24) were applying
ISO GPS. The participants that did not apply ISO GPS in their companies saw the barriers
in the “lack of know-how and expertise”, the “implementation of the GPS-system in the
company’s individual product life cycle”, the “lack of time” and “difficulties in communica-
tion”. Finally, the participants demanded first for “adequate training” and the installation
of “tolerance experts” in their companies to overcome these barriers.

The surveys discussed differ significantly in scope, extend and date are, therefore,
only comparable with each other to a limited extent. In summary, they show that German
companies from different sectors have been dealing with tolerance engineering for more
than 30 years, but they are still struggling with very similar problems. Among the biggest
challenges is the proper qualification and regular training of employees, since they claim
significant knowledge gaps in understanding and applying standards on tolerancing, as
well as in the application of tolerance simulations. Furthermore, the growing number of
CAT software users reveals dramatic issues in user-friendliness, conformity with current
standards as well as a seamless integration into product development processes.

4. The Survey—Implementation, Questionnaire and Participants

The common objective of methods of information acquisition and data collection is to
enable empirically founded statements that can be generalized [50]. The methodical and
systematic collection of data is assigned to social research and differentiated into qualitative
and quantitative social research. While qualitative social research primarily aims at the
subjective and thus hidden meaning of the topics from the participants’ point of view,
quantitative social research captures the objective meaning of the topics questioned [50].
This quantitative evaluation allows the direct derivation of key indicators and thus absolute
findings from the clearly assignable responses of the participants. Thus, the findings are
objectified, and conclusions of general validity can be drawn. With the aim of generalizing
knowledge and generally valid formulation as well as an objective review of hypotheses,
quantitative social research was thus applied in the data collection. This ensures the desired
representativeness and objectivity of the results [51].

The collection of data usually takes place via questions in a questionnaire, which are
answered by randomly selected participants of a specific group personally, by telephone, in
writing or online [50,52]. In our work, a compilation of 35 open questions (allowing answers
as free text) and closed questions (single-choice or multiple-choice from given answers) [53]
was established and assigned to the following four subjects of the questionnaire:
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• General information on the participant;
• Significance of deviation effects on the aesthetic and functional quality of products;
• Approaches to take deviations into account as well as to reduce their effects on

products at an early stage;
• Current state of use of tolerance simulations and future potential.

Subsequently, the questionnaire (in the form of an interactive PDF) was sent by e-
mail in July and August 2012 to 381 participants from German mechanical engineering
companies with the request to participate in the data collection. Finally, 102 participants
completed the questionnaire and returned it via e-mail. This was a response rate of
about 27%, which exceeds the usual response rates for online surveys of 5% to 20% [54].
Furthermore, the number of 102 returned questionnaires corresponds almost exactly to
the recommendation to use at least 30 and ideally 100 data sets for representative online
surveys [55]. The data collected in this study are thus representative and can be evaluated
and discussed in the following. Figure 1 shows the number of questionnaires sent out and
the number of returns per federal state. The complete interactive questionnaire (in German)
is available from the corresponding author.
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Figure 1. Distribution of questionnaires sent (left) and returned (right) by the 16 federal states of Germany.

The survey participants came from various companies in the German mechanical
engineering industry. This showed a balanced distribution of participants in terms of
the size of their companies. Small and micro enterprises (<50 employees) made up the
majority compared to medium-sized businesses (50 to 250 employees) and large companies
(>250 employees). Figure 2 shows the distribution of participants among the four types
of companies depending on the size of the company (in employees), which follows the
company definition of the European Union [56].

The majority (52%) of the 102 participants worked in the engineering design depart-
ment. The focus of the work of other participants was in management (15.7%), quality
management (10.8%), research and development (8.8%) and production (7.8%). The compo-
sition of the participants thus reflected the diversity of Germany’s mechanical engineering
industry, both in their responsibilities and in company size.
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5. Awareness of Deviations and Tolerances

The fundamental assumption of all the following discussions is that the interviewees
were familiar with tolerances and had a basic understanding of tolerance engineering.
Therefore, we first evaluated to what extent participants already dealt with deviations and
tolerances in their daily work routine and underlying development processes. In general,
the overwhelming majority of the respondents (~94.1% = 96 of 102) dealt with deviations
and tolerances and their effects on the functionality and aesthetic quality of products. Thus,
the results of this survey are based on sound feedback and thus allow conclusions and
recommendations with generality.

Almost all participants (94 of 102) asserted that tolerances were specified and detailed
in drawings and/or 3D-CAD models of their products’ components and assemblies. In
Germany, the tolerances in orientation, location, profile and run-out are classified to so-
called “Lagetoleranzen” [57]. Hence, this term was used in the questionnaire. These
tolerance specifications include:

• Dimensional tolerances in size by ~97.9% (=94 of 96);
• Form tolerances by ~87.5% (=84 of 96);
• Tolerances in orientation, location, run-out and profile by ~83.3% (=80 of 96);
• Surface roughness by ~69.8% (=67 of 96).

At first glance, this response is surprisingly positive and suggests an already exist-
ing broad knowledge of tolerancing practice and existing standards. However, in most
cases, these tolerances were assigned relying on the engineer’s experience (~83.3% = 80
of 96). Furthermore, individual in-house standards (~62.5% = 60 of 96) as well as general
tolerances, such as the widely known but recently withdrawn ISO 2768 (~66.7% = 64 of
96), were applied to assign tolerances. Only five respondents explicitly mentioned the
determination of tolerances using established methods (such as worst-case and statistical
tolerance analysis). Finally, five respondents reported specifying tolerances in agreement
with others, such as the customer or production engineers. Nevertheless, the participants
were aware of the importance of deviations and tolerances as Figure 3a illustrates. The ma-
jority (~56.6% = 56 of 99, 3 abstentions) of them claimed that at least every second problem
that arose during production, assembly and use of products was caused by deviations and
was a tolerance-related issue. This result shows a clear concordance with the well-known
and widely quoted findings of [58,59], stating that a “large number of design/process
alterations resulting in 67% to 70% of all changes related to product dimensional variation
in aerospace and automotive industries” [59].

Most respondents (94% = 94 of 100, 2 abstentions) confirmed the high importance of
accuracy of their products—both in their geometry and in their resulting key characteristics
(see Figure 3b). It is not surprising that nearly all the participants (~97.0% = 96 of 99,
3 abstentions) aimed to minimize scraps and rejects of their products. Hence, companies
today still face the everlasting tolerance conflict between tight tolerances (to meet high
quality requirements) and large tolerances (to reduce complexity and scrap rates during
manufacturing). Nevertheless, 31 of the 53 design engineers (=̂~58.5%) played it safe
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(and confirmed their great respect for the specification of proper tolerances) by confessing
that the assignment of tolerances was too tight (so-called “angst tolerances”) and thus
caused higher manufacturing costs. Experts expect that the specification of tight tolerances
goes hand in hand with a strict philosophy on quality inspection in companies. This
expectation may be strengthened by the survey results of 95 participants (7 abstentions)
that are detailed in Figure 4: while only 13 of these 95 respondents did not inspect incoming
components from external suppliers, the remaining vast majority of 82 participants had
already established procedures to inspect incoming components. This figure comprises
those who inspected every single component delivered (19 of 95) as well as those who
inspected a set of samples taken either from every individual batch (40 of 95) or from a
larger number of batches (23 of 95).
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suppliers to evaluate conformity with given requirements?”.

In consequence, components were identified whose actual geometries did not meet
the tolerances specified. Fortunately, 81% (=81 of 100, 2 abstentions) of the participants
sorted out these parts and sent them for reworking (either in-house or at the supplier).
However, this is obviously a cost-intensive procedure and thus not optimal for components
of low cost. In the end, even this rework can still be in vain. Therefore, it is not surprising
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that 68 of 100 respondents (2 abstentions) finally considered these components as scrap.
Moreover, three participants stated that they discussed with the customer to achieve a
so-called deviation approval of the components or to coordinate expedient actions and
plan further steps.

The results discussed reveal a great awareness of deviations and the relevance of
proper tolerance engineering among the survey participants. Nevertheless, successful
tolerance engineering is still a challenging field for engineers from all domains. This
reaffirms the use of tolerance analyses (as early as possible) in order to specify valid
tolerances—following the “first time right” philosophy of engineering design.

6. Current Use of Statistical Tolerance Analysis

To date, the use of statistical tolerance simulations is by far a self-evident and es-
tablished step in the German mechanical industry. Nevertheless, surprisingly, many
companies (42 of 101, 1 abstention) were already making efforts to implement tolerance
engineering, such as performing statistical tolerance analyses during product development
in order to deal with deviations and thus to quantify their effects on the final product. It
is not surprising that this ratio was particularly high among participants who worked
in “research and development”. There, 7 out of 9 employees carried out statistical tol-
erance analyses regularly to evaluate and ensure product quality. In consequence, one
may assume that there is a strong correlation between existing knowledge on tolerancing
and the companies striving towards the implementation of adequate methods and tools
during product development. The following cross table (Figure 5) details the results of two
corresponding questions to assess this potential correlation.
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The cross-evaluation proved that a direct correlation exists between the existence of
certain knowledge of the basics of statistical tolerance analysis and its application during
product development. The knowledge of statistical tolerance simulations was very low
in companies that did not perform tolerance analyses (~19.2% = 10 of 52). In contrast, the
majority of the 49 respondents (~65.3% = 32 of 49) whose companies performed statistical
tolerance analysis were also familiar with the fundamentals of tolerancing and tolerance
analysis. Hence, a strong correlation is obvious and undisputed. Furthermore, it can
be concluded that employees (~51.5% = 52 vs. 49) are mostly confronted with statistical
tolerance analysis for the first time when already working in German companies and
thus years (or even decades) after graduating from university. This indicates a strong
lack of lectures and seminars on tolerance engineering in the curricula at universities.
Further considering the fact that only one in seven engineers in Germany is of a foreign
nationality [60], the cause is actually attributed to the limited extent of lectures and seminars
on tolerance engineering, specifically among German universities.
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A closer look at the distribution of the participants’ departments further revealed that
the fundamentals of tolerancing and statistical tolerance analysis were most widespread
among engineers who assigned themselves to “research and development” as well as
among participants from “management” (11 of 16). Further, almost every second employee
from the remaining departments (engineering design (23 of 53), manufacturing (3 of 8) and
quality management (5 of 11) was familiar with the fundamentals of tolerancing and statis-
tical tolerance analysis. This rebuts a frequently given argument that professional expertise
on tolerancing is exclusively present in the design department. Furthermore, it clarifies
that (as a good approximation) about 50% of all engineers have adequate knowledge of the
fundamentals of tolerancing as well as of statistical tolerance analysis—and this is across
all departments.

Despite the pleasingly high ratio of engineers with proper knowledge of tolerancing
among all departments, there was a strong consensus among the survey participants that
the analysis and optimization of tolerance specifications are the responsibility of design
engineers, who also shared this opinion. However, still not all design engineers performed
tolerance analyses during their daily work. The main reasons are well known and obvious:
about 66.7% (=10 of 15) of the design engineers who did not perform tolerance analyses
designated (i) the lack of time and (ii) a significant lack of knowledge of the method of
tolerance analysis (~46.7% = 7 of 15) as reasons for not carrying out tolerance analyses.

As previously stated, a variety of commercial software tools on computer-aided toler-
ancing (CAT) are available. These tools enable the design engineer to carry out statistical
tolerance analyses of any given mechanical assembly in the virtual 3D-CAD environment.
However, none of the respondents used such a commercial CAT software. Rather, of the
42 companies that performed tolerance analyses, only 20 relied on computer support. The
majority (80% = 16 of 20) used the in-house developed Excel spreadsheets to carry out
tolerance analyses. The remaining 22 respondents relied on the analytical calculation of
tolerance stack-up problems by hand, using established and simple approaches, such as a
worst-case tolerance analysis [61] or the “root-sum-square” approach [62].

Despite the intensive application of simple methods and tools in statistical tolerance
analysis, the variety of different kinds of tolerances that are said to be taken into account in
the industry are surprising and gratifying. The survey revealed that nearly all tolerance
analysis carried out (~92.9% = 39 of 42) considers tolerances in size (so-called “plus/minus
tolerances”). Further, form tolerances (~71.4% = 30 of 42), tolerances of orientation, location,
run-out and profile (~59.0% = 29 of 42) as well as surface roughness (50% = 21 of 42) are
taken into account when statistical tolerance analyses are performed in these companies.
However, a critical consideration of the answers given leads to serious concerns about
the quality and reliability of such statistical tolerance analyses. Further details concerning
quality and reliability were not assessed in the survey.

The knowledge gained confirms that in German industry, the design engineer usually
carries out tolerance calculations using rather simple and easy-to-use methods and tools.
No tolerance specialist, whose main task is to detect and analyze tolerance problems with
the help of commercial software, was found among the surveyed companies, and the role
is thus at least very rare in German industrial companies.

Finally, the 28 companies that did not perform tolerance analyses but considered
them useful and stated a need for them were asked about the reasons for not performing
tolerance analyses (Figure 6). In particular, the lack of available time (~78.6% = 22 of 28) and
no or insufficient knowledge of the necessary methods (~46.4% = 13 of 28) were mentioned.
These results coincide with the results that were gained from the design engineers who did
not perform tolerance analysis. Moreover, in ~42.9% (=12 of 28) of these companies, the
use of statistical tolerance analyses was “not part of the company’s corporate policy”.
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Figure 6. Response of 28 participants to the (multiple-choice) question: “Why does your company
not make any efforts (such as tolerance analyses) to take account of deviations in products?” (multiple
answers were allowed).

The 42 survey participants who performed tolerance analysis (=42 of 101; 1 abstention)
felt rather confident in dealing with tolerances in their practice. Additionally, 55 of the
remaining 59 survey participants (that did not perform tolerance analyses) assessed their
handling of tolerances as comparatively good. However, ~61.4% (=35 of 55) of them could
not state which tolerancing principle (independency principle vs. envelope principle) was
applied in their company’s technical drawings. This result showed a clear concordance with
the results SCHÜTTE gained in 1995 [47]. The survey revealed that 65% of the participants
were not aware of the difference between the tolerancing principles. This is particularly
surprising, since in Germany, the ISO GPS is the established standard in the industry, but
also ~17.9% (=17 out of 95) of the participants stated that they applied the AMSE Y14.5
standard. These results justified serious concerns that the participants not performing
tolerance analyses overestimated their ability to deal with deviations and tolerances.

7. Need and Potential of Statistical Tolerance Analysis

An overwhelming majority of 81.4% (=79 of 97; 5 abstentions) of the respondents
agreed that the additional expenditure arising from establishing and performing statistical
tolerance analyses was less than the additional expenditure arising from tolerance-related
problems. This is particularly pleasing, since 54.4% of those (=43 of 79) had not yet carried
out a tolerance analysis by themselves. This, therefore, showed that, even in companies
that had not yet carried out a tolerance analysis, the benefits were already assessed as
positive.

It is, therefore, not surprising that participants stated that an average of ~30.3% of
complications and problems that appeared during the manufacturing, assembly and use of
their products could be avoided if statistical tolerance analyses were carried out early on
during design. This value even increased to ~40.5% when taking into account only those
respondents who already performed tolerance analyses.

In addition, ~72.7% of the participating managing directors (=8 of 11), who were
familiar with the basic methods of tolerance analysis, stated that the additional workload
(to perform statistical tolerance analyses) was less than the workload that would result later
from having to solve the unidentified tolerance-related problems. This value increased to
100% when the (seven) managing directors whose companies already carried out tolerance
analyses were taken into account. In other words, all the managing directors who supported
and/or had introduced tolerance analysis in their companies gained positive experiences
and stated that tolerance engineering was key to company success. Furthermore, these
seven managing directors stated that ~41.8% of the critical issues during manufacturing,
assembly and use were caused by tolerance-related problems. This evaluation was nearly
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identical to the answers given by the participating design engineers. Based on these
findings, we go so far as to postulate that the positive benefits of statistical tolerance
analysis have been recognized and appreciated in German companies across different
levels of the corporate hierarchy. This stands in contrast to the common complaint among
researchers and industrial experts on tolerance engineering that tolerance analysis is not
given the importance and resources it warrants by higher management. However, the
authors are aware that the survey only provides one snapshot of a very limited selection of
companies.

It is, therefore, not surprising that there was a clear interest among 98 respondents
(4 abstentions) in learning the basics or deepening their knowledge of statistical tolerance
analysis (see Figure 7a). Of these, 29 of the 50 respondents who were not familiar with
the basics of statistical tolerance analysis stated a high interest. Nevertheless, even those
who already knew the basics of statistical tolerance analysis were interested in expanding
their knowledge further. Meanwhile, 21 of these 50 respondents already considered their
current knowledge on statistical tolerance analysis to be sufficient to apply in everyday
work. However, for sustainable and established tolerance engineering, it is essential to
integrate tolerance analysis and tolerance synthesis into existing product development
processes and milestone evaluations. When asked about opportunities for improvement
in their companies, one respondent demanded the “firm integration of tolerance analyses
into the development process”, in order to be able to “perform tolerance analysis early”,
according to another participant. In addition, a production engineer requested “to be
involved in projects as early as the design stage in order to influence tolerances at an early
stage”. Nevertheless, respondents wanted “tools that are easy and quick to use”, since the
required and available time is essential for the participants to decide on either performing
or skipping a statistical tolerance analysis. This is even more relevant for most design
engineers due to the fact that tolerance analysis is only a subordinate step and not the main
activity of their daily work.
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Figure 7. (a) Response of 98 participants to the (single-choice) question: “How great is your interest in further expanding
your knowledge and expertise on statistical tolerance analysis?”; (b) response of 101 participants to the (multiple-choice)
question: “What aspects do you consider to cause a high scrap rate in production?”.

In consequence, it is essential that a tolerance expert (or at least an experienced key
user) is available in companies to support engineers from all domains in dealing with
tolerances. Fortunately, over the last decade, more companies have already appointed and
established an in-house expert whose work has since then proven its worth.
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Looking beyond the horizon, the effects of geometric deviations of components on
the final product have already attracted the attention of design engineers and led to a
pronounced awareness. Nevertheless, this is only the beginning, as one participant’s
demand for an “increase in the quality consciousness of employees” illustrated. A common
understanding of the influences of deviations (some also call them uncertainties, errors,
faults, variations, shifts, malfunctions, etc.) on the functionality and aesthetic quality
of a product has not yet been internalized everywhere. One participant highlighted the
importance of the “creation of a uniform understanding” for the company’s success, which
is also considered essential among researchers [44,63]. This becomes even more obvious
when analyzing the results in Figure 7b, which ranks the aspects that respondents would
consider if the scrap rate during production were to exceed its given limit. The participants
chose from ISHIKAWA’s “5 Ms”. While 91 of 101 respondents (1 abstention) still considered
“man” as a relevant influencing factor, the aspects “medium” (34 of 101) and “method”
(29 of 101) were significantly less frequent. Consequently, engineers should take a holistic
view of their product and all the interactions that arise during the product’s entire life cycle.
The approaches of robust design, as well as the perspectives and methods of total quality
management and lean management are promising. Fortunately, current research already
integrates tolerance engineering in superordinate philosophies (such as in uncertainty
management [64,65], robust design [43,66] and Industry 4.0 [67–70].

8. Conclusions and Recommendations

The survey reveals that tolerance engineering is not implemented as a matter of
course among German companies. So, the systematic and reliable introduction of statistical
tolerance analyses to existing development processes was found only in the minority of
these companies. This may seem discouraging. However, the survey clearly proved the
participants’ high awareness of the effects of deviations and tolerances on the aesthetic
quality and/or the functionality of their products. This goes hand in hand with a strong
motivation of the participants to expand their knowledge and enhance their skills in proper
tolerancing. Furthermore, they felt encouraged by successful applications of statistical
tolerance analyses to strive for the installation of holistic tolerance engineering in their
companies’ philosophies and people’s mindsets.

However, despite all the achievements in industrial practice and among academics,
dealing with deviations and tolerances is still a tiresome and unpleasant task, which
usually receives insufficient attention. Sadly, in recent past decades, little has changed in
the reputation and image of tolerance engineering. Moreover, this is despite the fact that
over the last 30 years, engineering design has dramatically changed-from hand-drawn
technical drawings to the introduction of 3D-CAD and the progressing digitalization of
processes in the context of Industry 4.0. Pessimists could claim that the discipline of
tolerance engineering and its community of researchers and industrial experts have been
missing developments and trends and have thus continually lost contact with millions of
engineers in companies worldwide.

However, it is too easy to simply blame the tolerance community. Rather, there seems
to be a deep-seated, fundamental issue that outweighs all of the barriers mentioned herein
and leads to the fact that tolerance engineering has always been negatively burdened
across disciplines and hierarchies. The survey puts us on the right track, as one aspect is
recurring throughout the survey results—the enormous complexity and extremely high
scope of methods, tools as well as the ISO GPS standards. The tolerance community
currently finds itself in a dilemma, henceforth referred to as the “dilemma of complexity
and user-friendliness”, forcing the community to choose between two (equally unpleas-
ant) approaches, to strive for a framework on tolerance engineering that is either of the
following:

• Holistic and universal (precise and detailed, but complex and not user-friendly);
• Easily applied and adopted (less complex and more user-friendly, but simplified and

ambiguous).
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It is indisputable (especially when taking into account the scientometric analysis of
Seminars and Conferences on CAT in [71]) that the tolerance community has silently chosen
to focus on a holistic and universal approach to tolerance engineering.

This is not surprising, since academic researchers drive progress in methods and tools
as well as the revision of existing standards. These tend to a strong academic ambition
for a holistic understanding. However, this has allowed a gap to emerge that is becoming
increasingly larger, since the engineers in industry are still struggling with the application
of proper tolerance engineering. It is hardly surprising that the ISO GPS standards are
met with great reluctance and skepticism due to their immense scope and complexity. The
engineers simply lack the time, support, motivation and interest to get involved in such
a comprehensive set of standards. Moreover, tolerancing has always been an unpopular
discipline among engineers worldwide.

It is undisputed that revisions and extensions of the ISO GPS standards lead to a
better and more accurate tolerance design. Nevertheless, the primary goal of the tolerance
community is that the methods, tools and standards of tolerance engineering are ultimately
applied in industrial practice and thus ultimately become a matter of course. Still, according
to MATHIEU, “industrial needs have to be the driver for research” [72]. Hence, we make an
empathic appeal to the tolerance community to “keep it simple”.
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