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h i g h l i g h t s

• Automated generation of GD&T specifications for mechanical assemblies.
• Data-driven identification of most precision requirements from assembly process data.
• Rule-based selection of datum reference frames and tolerance types on parts.
• Text-based input and output, discussion of CAD implementation issues.
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a b s t r a c t

The paper describes a method for the generation of tolerance specifications from product data. The prob-
lem is nontrivial due to the increasing adoption of geometric dimensioning criteria, which call for the use
of many types of geometric tolerances to completely and unambiguously represent the design intent and
the many constraints deriving from manufacturing, assembly and inspection processes. All these issues
have to bemodeled and explicitly provided to a generative specification procedure, whichmay thus need
a large amount of input data. The proposed approach tries to avoid this difficulty by considering thatmost
precision requirements to be defined relate to the assembly process, and can be automatically derived by
analyzing the contact relations between parts and the assembly operations planned for the product. Along
with possible user-defined additional requirements relating to function, assembly requirements are used
in a rule-based geometric reasoning procedure to select datum reference frames for each part and to as-
sign tolerance types to part features. A demonstrative software tool based on the developed procedure
has allowed to verify its correctness and application scope on some product examples.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Theway of specifying tolerances onmanufactured products has
progressively changed during the last two decades. In traditional
practice, allowable variation limitswere simply assigned to dimen-
sions regarded as critical for fit and function (linear tolerancing).
This is no longer sufficient, since the advent of Geometric Dimen-
sioning and Tolerancing (GD&T) has put forward the idea that part
features need to be controlled in many different geometric char-
acteristics (size, form, orientation, location, profile, runout). While
overcoming the ambiguity, incompleteness and inefficiency issues
involved by linear tolerances, this approach forces the designer to
become familiar with complex tolerance standards [1,2] and able
to apply them to a diversity of design cases. The difficulty of do-
ing that has encouraged the development of computer-aided tools
for the design of geometric tolerances [3]. They pursue different
levels of support (guidelines, interactive procedures, data-driven
software) to three main tasks, which are illustrated in Fig. 1 on a
conceptual example:
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• tolerance specification: the types of tolerances on functional
features and the datum reference frame are chosen for each
part;

• tolerance allocation: the values of all specified tolerances are
determined by either refining empirical tentative values or op-
timizing them according to cost–tolerance functions;

• tolerance analysis: the stackup of errors allowed by selected
tolerance values is evaluated and compared to design require-
ments (possibly more than once during the allocation proce-
dure).

To date, little support exists for tolerance specification and
allocation, while software tools for tolerance analysis are available
on a growing number of CAD platforms.

This paper presents amethod for the solution of tolerance spec-
ification problems, which was previously reported at an early de-
velopment stage [4] and has been extended and implemented into
a demonstrative software tool. Specification is less studied than al-
location and analysis, because it was not an issue with linear toler-
ancing and is actually inherent to the geometric approach. It can be
viewed as a missing link in the tolerancing chain, which provides
the two downstream tasks with a correct and complete geometric
description of design requirements in the GD&T language.
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Fig. 1. Tasks involved in geometric tolerancing.

Compared to available approaches to tolerance specification,
the proposed method attempts to streamline the flow of input in-
formation, which can be difficult to manage for a designer. This
is done by putting most design requirements in relationship with
product data, thus avoiding the need to provide them in input to
the specification procedure. Themethod aims also at ensuring that
specified tolerances are presented to the designer with a clear rep-
resentation of the reasoning steps behind them. Both motivations
can help to effectively treat complex products and to improve the
acceptance of a computer-aided tool in the design environment.

2. Background and approach

As noted in a recent survey [5], tolerance specification has of-
ten been referred to by different names to emphasize its distinction
from allocation (qualitative tolerancing) or the need for a model-
ing of design requirements (tolerancing for function, tolerancing
for assembly). Its role within the tolerancing process and its rela-
tionships to downstream tasks have been clarified in some early
papers [6,7]. Although it involves detailed part design, it should be
anticipated to the earlier stage of assembly design as suggested in
[8,9]. Acceptance conditions on the tolerances generated by a spec-
ification procedure include the unambiguous positioning of part
features [10,11] and the compliance to syntax rules stated by tech-
nical standards [12]. Tolerance values are not specified as they will
be optimized in the allocation task along with possible alternative
choices for tolerance types and datum reference frames [13].

The basic input for tolerance specification is the nominal prod-
uct geometry as it could be extracted from a geometric modeler,
although only a few studies report a true CAD integration. The pro-
cessing of geometric data involves a preliminary selection of the
features to be toleranced. In most cases, these are classified ac-
cording to the types of assembly relations with features of mating
parts. The classification adopted here has some resemblance to the

one proposed in [14], based on the number of actual contact points
and on the degrees of freedom subtracted to the relative motion of
parts. Additional product data considered in the proposed method
include the assembly sequence, whose influence has been pointed
out and discussed in [15].

Input data can be completed with additional precision require-
ments set by the designer. In linear tolerancing, requirements are
mainly related to tolerance chains as widely discussed in [16]. In
the context of GD&T this concept is better specializedwith the def-
inition of key characteristics, delivered by chains of geometric rela-
tions identified bymeans of flowdownprocedures [15]. Alternative
ways proposed to represent design requirements include assembly
geometric tolerances [17], pseudo-TTRS [18], virtual boundary re-
quirements [19], functional–structuralmodels [20] andhierarchies
of hypergraphs [21]. The chance to generate some of the require-
ments from product data, which was explored in this work, has its
roots in previous research on the identification of ending gaps of
tolerance chains through search in graph-based models of assem-
bly relations [22–24].

Available knowledge for the solution of the specification prob-
lem comes from tolerance standards and technical handbooks in
the form of rules and application examples. Most of them are con-
cerned with the selection of datum reference frames on parts, a
subproblemwhich is usually regarded as the core of a specification
procedure. It involves geometric reasoning on many properties of
part features including shape, size, types of assembly relations, rel-
evance for product function, ease of access during the manufac-
turing process. Datum selection is usually restricted within typical
configurations classified in [25] and connected to designs of ma-
chining and inspection fixtures.

In an attempt to formalize such knowledge, a major question is
how a feature with given geometric properties can be toleranced
with respect to one or more datums. It has been pointed out that
finite sets of tolerancing cases can be classified. A set of 44 cases is
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