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Abstract

Imprecise manufacturing processes lead to products which differ in their dimensions and shape. As a
consequence, the product developer has to specify appropriate tolerances to limit these deviations and
thus to ensure the adequate functional and aesthetic quality of the final products. These tolerances,
however, affect several departments of a company, such as manufacturing, technical procurement,
metrology or quality control. Hence, insights gained during tolerance analysis and tolerance synthesis
must be documented and visualized in a clear and comprehensive manner toward all departments
involved.

This paper presents an academic recommendation on a comprehensive visualization and
documentation of the results of statistical tolerance simulations, focusing on systems in motion which
underlie different kinds of deviations. These so-called mechanisms demand a more detailed result
visualization than common static (non-moving) systems. The implemented academic tool called
“Tol/Mech—insight” provides a comprehensive result visualization and documentation for tolerance
simulations of mechanisms and may serve as a sufficient basis for decision-making among experts in
various departments.
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basic techniques for results representation, neglecting both essential and helpful information. A
common result report of tolerance analysis includes:
— A histogram plot of the resulting frequency distribution of the relevant functional key
characteristic (which is investigated in the tolerance analysis) (Figure 1, left)
— Additional parameters which further specify the resulting frequency distribution of the relevant
functional key characteristic (such as Six-Sigma-Level, scrap rate, cp and cpk)
— List of the so-called contributors; these quantify the contribution of each tolerance to the
resulting tolerance of the functional key characteristic (Ziegler et al., 2012) (Figure 1, right)
A fictive result report, which can be found on desks in design departments, is detailed in Figure 1.
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Figure 1. Common result report (frequency plot of FKC and statistical contributors) that can
be generated with commercial Computer Aided Tolerancing tools (CAT).

These compact result reports may be sufficient for the responsible tolerance engineer to evaluate the
given tolerance design, since they have the required background knowledge on the simulation's
motivation, the considered non-ideal system and the corresponding tolerance problem. However, the
authors (and probably also the reader) have experienced that experts from other departments in
industry (and sometimes even tolerance engineers after a few weeks) have significant problems in
understanding result reports and in establishing a holistic view of the tolerance problem and detailed
results. Hence, comprehensive decision-making in an interdisciplinary team is not possible. So it is
hardly surprising that tolerance management is still not part of management initiatives in industry.

3 MECHANISMS - ARISING CHALLENGES IN TOLERANCE DESIGN

The more complex the tolerance problem, the more data and information is needed to establish a
comprehensive result report. This paper focuses on mechanisms which underlie different kinds of
deviations (Walter et al., 2013). On the one hand, random deviations (such as the variation of the
diameter of a drilled hole) cause a variation of functional key characteristics (FKCs). On the other
hand, systematic deviations result in a mean shift of the FKC's frequency distribution (e.g.,
deformation, wear, thermal expansion).

Furthermore, mechanisms are time-variant systems. Their motion behavior, and thus the relevant
FKCs (which are investigated in tolerance analyses), is usually time-dependent. Hence, commonly
used result visualization techniques are not sufficient for tolerance analysis of mechanisms, since time-
dependencies are neglected. Moreover, designers and tolerance engineers are more commonly faced
with the specification of tolerances (tolerance synthesis) rather than tolerance analysis (Chase and
Greenwood, 1988). However, result visualization in tolerance management merely covers basic
tolerance analysis results. The results of a tolerance synthesis of mechanisms are currently not
satisfactorily included in existing visualizations and result reports.

4 TOL/MECH - INSIGHT: DOCUMENTATION AND RESULT VISUALIZATION
OF TOLERANCE SIMULATIONS OF MECHANISMS

The results documented and visualized with Tol/Mech — insight for this paper were gained in a

statistical tolerance analysis and a tolerance-cost-optimization (cost-driven tolerance allocation) of a

time-dependent mechanism which underlies both random manufacturing-caused deviations and
systematic deviations (deformation, thermal expansion, wear, mobility of parts). The comprehensive
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situation is quantified: the statistical contributors quantify the significance of each random tolerance
for the FKC's variation, whereas the contribution of each systematic deviation to the resulting mean
shift of the FKC's frequency distribution is quantified by the so-called mean shift contributors. Finally,
the resulting manufacturing costs as well as their allocation are given. Furthermore, the second tab
(Figure 3) details the results of a statistical tolerance-cost-optimization. A concept sketch as well as a
3D-CAD model of the mechanism (including features "zoom" and "rotation") are visible in each tab.
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Figure 3. Tol/Mech — insight: Tab 2 — Comparison of i) resulting probability distributions of
the FKC, ii) resulting manufacturing costs, and iii) cost allocation of the initial tolerance
design (as seen in Tab 1) and the optimized tolerance design, which was identified using
the statistical tolerance-cost-optimization methodology from Walter et al., (2015).
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5 DETAILED VIEW OF SELECTED FEATURES

5.1 Time-dependent frequency distribution of the FKC

the frequency distribution of the considered FKC

18

The most relevant result of a tolerance simulation

which is essential to evaluate the fulfilment of given functional requirements. However, the time-
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Finally, the tolerance-cost-relations are illustrated in Tab 2 (Box: "Tolerance-Cost-Relations"), as
these are essential to formulate the objective function of the tolerance-cost-optimization and thus to
identify the cost-optimal tolerance design. Furthermore, the "positions of the random tolerances on the
cost-relations" are highlighted with boxes (initial tolerance design) and triangles (optimized tolerance
design). Hence, the tolerance engineer can comprehend the optimization algorithm's recommendations
on tightening or increasing individual tolerances.

5.4 Establishment of the functional relation between FKC and the deviations

The formulation of the functional relation is the first step in both tolerance analyses and tolerance
syntheses (Klein, 2007; Walter et al., 2011). This relation describes the mathematical dependencies
between the FKC and all random and systematic deviations of the considered mechanism. Therefore,
at first a closed vector chain is established (Spruegel et al., 2014). Afterwards, the terms of the four
systematic deviations must be replaced by appropriate mathematical models which approximate the
physical behavior of the mechanism's parts, such as elastic deformation due to external
loads. Tol/Mech — insight provides a complete mathematical background as well as corresponding
sketches with additional parameters in Tab 3 (Figure 4).

6 CLOSING WORDS

Appropriate result visualization and documentation of statistical tolerance simulations is essential
providing a sufficient and reliable basis for decision-making and preserving gained knowledge.
Moreover, comprehensive and easy-to-understand result visualization and documentation may help
tolerance management to move upstream and to gain

— 1) more acceptance among involved departments,

— 1i) an expanding range of applications, and

— 1ii) larger attention among industrial management and decision-makers.
However, currently existing methods on tolerance simulation and commercially available tools hardly
meet the given requirements — in particular when considering the effects of random and systematic
deviations on the motion behavior of time-dependent mechanisms.
In this paper, a graphic user interface called Tol/Mech — insight has been presented, which covers
both the visualization of the results of tolerance analysis as well as tolerance synthesis and the
documentation of relevant information concerning the mechanism, deviations, and used mathematical
methods and tools. To achieve this, the first and second tab give the user a detailed look at the effects
of tolerances — before (Tab 1) and after a cost-optimal tolerance allocation (Tab 2). The remaining tabs
(Tab 3 & 4) provide the essential background on i) the demonstrator system and ii) the mathematical
methods which enable the product developer to understand fully the given tolerance situations and
carry out the underlying tolerance simulations, which achieve reproducible and thus robust as well as
reliable results.
Nevertheless, it must be stated that even the best visualization and documentation concept may be
worthless if it is not accepted and used in industrial practice. As a consequence, the authors aim to
attract the concept of Tol/Mech — insight to students and young graduates. This may attract further
interest in design departments in manufacturing industry in the future. Moreover, the tolerancing
engineering and the product development research communities may gain further insights into both the
acceptance and the handling of the academic visualization and documentation tool in the tolerance
engineer's everyday work.
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