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ABSTRACT

Design intent representation is a well-known issue in the MCAD domain, and is related to the read-
ability, alterability, and usability of CAD models. The recent widespread introduction of functionality
and commands in modern CAD systems, aimed at facilitating explicit modeling, introduces not only
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a new modeling paradigm supplementary to the feature-based approach, but also a new perspec-
tive on how the design intent can be captured and represented. Taking into account the traditional
method of communicating design intent with functional dimensioning in mechanical drawings, in
this paper a novel approach is presented, aimed at translating this traditional design intent repre-
sentation from 2D into 3D. Objectives are directed towards the specification and implementation
of dimensioning correspondence mapping and the identification as well as examination of short-
comings in current systems. This should help direct future improvements aimed at supporting 3D

dimensioning within 3D explicit modeling systems.

1. Introduction

In recent years the rapidly increasing demand for and use
of 3D geometric models for analysis, simulation, assess-
ment, documentation, etc., has further intensified. Nowa-
days, virtual prototypes play a key role in supporting
design and decision-making, while considerably reduc-
ing product development time and limiting the demand
for and costs of building physical prototypes. In other
words, virtual prototypes are fully integrated in the iter-
ative decision-making activities related to the design and
product development process.

Within this context, the efficient and robust alteration
of 3D CAD models is a well-known issue. Two aspects
are central to virtual model alteration. First, models need
be easy to alter by means of using an intuitive user
interaction. Second, the original design intent has to be
preserved throughout the process of altering the model.
In the past decade, efforts to solve this issue have been
devoted to the development of feature-based modeling
systems. This trend is also reflected in the modeling func-
tionality and data structures provided by the majority of
current commercially available MCAD systems.

The concept of feature was introduced in the early
1980's as a means to cluster and represent engineering
information about a product and relate such informa-
tion to the geometric representation of the product itself.

The aim of the feature-based methodology was to sup-
port a more efficient creation, modification and use of
the product model, throughout its complete lifecycle, by
adding “semantics” to the simple geometric representa-
tion of the product, and then to make explicit that part
of the information that is implicitly related to the geo-
metric properties of a component. In particular, the role
of features-in-design was to relate functional meaning
to the different shape elements of a product component,
most specifically in the embodiment phase of design. An
overview of the development of so-called feature tech-
nology, from the early 1980s to the mid 1990s, includ-
ing its historical development from the first definitions
of feature taxonomy to the problems related to feature
recognition, feature mapping and design-by-feature, can
be found in [8,21,26].

Nowadays, the concept of feature plays a major role
in the so-called feature-based modeling systems, where
features are actually used to record the modeling pro-
cedure that leads to the final shape of a component.
Some features, such as holes, ribs, loops, and keyholes, are
able to precisely convey functional meaning, while oth-
ers, such as cutouts and extrusions, have a more generic
and imprecise relation to function (especially if we recall
that features always need to be related to the specific
design context). A feature-based model should be easier
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to interpret and a feature-based modeling system should
better support model creation and alteration by making
explicit the relationship between geometry and func-
tions, i.e. the design intent. Software procedures have
been developed to drive feature-based modeling, while
model templates, part families, assembly variants and
spreadsheets linked to the model parameters have been
successfully used in the development of different types
of knowledge-based engineering and design automa-
tion application, and these solutions have often been
applied to deal with the problems of mass customization
[5,10].

In order to address the problem of feature-based
model alteration, two main approaches have emerged in
recent years: on the one hand, there is the methodological
approach, based on the definition of best practices, guide
lines, rubrics and, more in general, modeling strategies,
able to lead to “well designed” feature-based models; on
the other hand, there is an extension of the modeling sys-
tem functionality, aimed at providing a faster and easier
local modification of the model shape, independent of its
feature-based representation. An extension of the latter
has led to the introduction of a new modeling approach,
referred to as both explicit modeling and direct model-
ing. This modeling approach is based on the definition
of 2D regions the user can interactively manipulate, to
add volume to or remove volume from the model shape.
Geometric constraints between model entities, as well
as dimension constraints, are directly linked to the 3D
model and they determine (drive) the way the model can
be altered. When we consider both design intent repre-
sentation and the way a CAD model can be altered, in
terms of both dimensions and shape, some new oppor-
tunities unfold for the explicit modeling approach, and
we can perceive possible benefits compared with feature-
based modeling. If we compare the way a feature-based
system and an explicit modeling system deal with the
problem of robust model alteration, we may propose the
following statements. A feature-based system allows for
the capture of design intent by using modeling features.
However, if the feature-based model is not well designed,
the model alteration can become tricky because the fea-
ture tree (i.e. the model history) no longer reflects the
design intent. On the other hand, an explicit modeling
system makes it easier to alter the model shape, but it
does not seem able to support the explicit representa-
tion of the design intent that should drive a robust model
alteration.

Although there have been considerable research
efforts (which are still ongoing) related to establishing
a better definition of the strategic knowledge required
to support a robust feature-based model definition and
alteration, no work (as far as the authors are aware at the
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time of writing) has been done in the field of assessing
how far explicit modeling systems are actually able to cap-
ture and preserve the design intent and support robust
model alteration. Now the objective of the approach pre-
sented is to identify a methodological approach to explicit
modeling which, by taking advantage of the new func-
tionality provided by the explicit modeling systems, will
be able to support design intent definition and robust
model alteration. The proposed approach is based on
the following assumptions. Firstly, there is a focus on
the embodiment phase of design (which is actually the
phase that most requires highly interactive modeling
tasks). Secondly, by design intent we mean the way ele-
mentary function can be achieved by the definition of
specific shapes and dimensions. Thirdly, in the physi-
cal world dimensions are always related to tolerances.
Fourthly, there is an explicit relationship between ele-
mentary functions and the way dimensions are specified
on a component.

The proposed approach aims at the development and
implementation of a framework which is capable of intro-
ducing and establishing explicit 3D functional dimension-
ing as a three-dimensional counterpart to traditional 2D
functional dimensioning as used in mechanical drawing.
This will offer a structured and unambiguous method
of design intent formation and representation based on
functional dimensioning in the domain of 3D models
and modern MCAD systems. Just as a designer is able
to recognize the design intent by looking at a compo-
nent represented on a 2D mechanical drawing, there is
no reason to believe that that designer will not be able
to recognize the design intent on a 3D model, assuming
that the 3D model contains the same information as that
contained in the 2D drawing. It seems evident that if the
information about the component shape is equally repre-
sented on a 3D model and on a correct 2D drawing, then
the 2D drawing will also contain a lot of additional infor-
mation that needs to be mapped onto the 3D model, and
the most important of this information is the functional
dimensions.

Within the research as presented in this paper, individ-
ual objectives were formed in the following three direc-
tions. First, development of dimensioning correspon-
dence mapping, which is central to the implementation
of explicit 3D functional dimensioning. Second, theoret-
ical and empirical work to determine how far an actual
implementation can be carried out, using functionality
common to most commercially available MCAD sys-
tems supporting 3D explicit modeling. Third, forming
suggestions for the improvement of current MCAD sys-
tem user interface structures and functionality to fur-
ther support the application of 3D explicit functional
dimensioning.
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2. Design intent, functional dimensioning and
model alteration

As of now, there is no a unique definition of the term
design intent (see discussions in [2, 3, 4, 19, 20], and for
an overview see also [7, 18, 22]). Because it is a vague
and complex concept, most, if not all, technical stan-
dards related to design intent do not provide a definition
either. When we take a look at the history of CAD tech-
nology, we find that the concept of design intent was
introduced in this field with the aim of making clear that
a design support system (CAD) should be able to rep-
resent and manage not only geometry but also some of
the higher level information, which from an engineering
point of view, is related to shape. Going back to the early
1990 s, Henderson was defining design intent as “the pur-
pose or underlying rationale behind an object” ([11], p.
387). Note that Henderson distinguishes between func-
tion, which he describes as “the behavior of an object”,
defined as “an operation of energy, material, or signal”,
and design intent, about which he states, “The intent
differs from functionality in that the intent justifies a
design decision whereas the functionality just tells what
the design does.” In recent years, there has appeared
to be an increasing tendency to relate the concept of
design intent to the concept of function. For example,
Whitney states that, “Every assembly has a purpose or
function. Every assembly is a collection of connected
parts that is designed to achieve that function. The func-
tion is the what and the design is the how. The term
design intent refers to the how, and includes the spa-
tial arrangements of the parts, their sizes and shapes,
and their geometric relationships to each other.” ([27],
p. 315).

Zhang and Luo [29] point out that CAD illustrates
design intent through its history, features, parameters,
and constraints. The original reasons for having CAD
models capable of representing the design intent were
two-fold. On one hand, such models encouraged the
development of systems that were capable of automatic
or semi-automatic reasoning about the design objects at
a higher level of abstraction than the pure geometry. This
was, and still is, reflected in efforts to develop process-
planning systems, manufacturing cost estimation sys-
tems, etc. In addition, there was a strong demand for
making digital models easier to alter, while preserving the
related functionality, due to recognized benefits related to
the reuse of computerized models from previous projects
in future projects.

Over the years, increased distribution and use of
parametric feature-based CAD systems has in prac-
tice somewhat modified the design intent definition to
the point that today there is a considerable overlap
between the concept of design intent and the concept

of model alterability (see [6, 9, 23, 28] and related
discussions in [1, 24]). For example, Rynne and Gaugh-
ran [25] define design intent as “ ... the term used to
describe how the model should be created and how
it should behave when it is changed. It is not just
about the size and shape of features, but includes tol-
erances, consideration of manufacturing processes, rela-
tionship between features, dimensions, and the use
of equations.” Additionally, Rynne states that, “Design
intent is built into the model according to how dimen-
sions and relations are established. Changes to a model
will yield a different result for each different design
intent.” (cf. URL: www3.ulie/ ~rynnet/designintent-
solidworks.php). Also, explanations of design intent
within handbooks for CAD systems, such as for the
system Pro/Engineer, state that, “ ... features can be
related to one another in a number of different
ways. These relationships govern how the model will
behave when changed. Design intent is the careful con-
trol of these relationships so that they correctly gov-
ern the intended behavior of the model. With good
design intent, models can be updated almost effort-
lessly.” (cf. Pro/Engineer wikibook at URL: en.wikibooks.
org/wiki/Pro_Engineer/Design_ Intent).

Within this context, as the direction of some ele-
ments of design intent definition is partly driven by the
developments of modern CAD systems, the question of
whether and how far feature-based CAD systems are
actually capable of representing design intent and sup-
porting robust model alteration seems to have reached a
cross-roads. The result is a recently rising trend towards
integrating explicit modeling with CAD systems. Since
the paradigm of direct modeling is independent of the
concept of modeling features, the newly arising question
is likely to re-shape itself into whether and to what extent
explicit modeling systems are capable of capturing and
representing the design intent. In order to provide an
answer to this question, one might start off by taking into
account two basic issues as follows. First, we should con-
sider the traditional way in which mechanical engineers
document and convey the design of components, namely
2D mechanical drawings. In other words, by looking at
the mechanical drawing of a component, the engineer
is able to recognize how and by which means functions
are achieved, due to the shape of the represented compo-
nent and the specified dimensions and tolerances. Sec-
ond, we should consider the core characteristics of the
explicit modeling paradigm. In other words, the pos-
sibility of explicitly adding driving dimensions (that is
dimensions that can be used to alter the model shape
through modification of the dimension values) to the 3D
shape without any constraints related to the modeling
sequence, gives the user the opportunity of approaching



3D dimensioning by employing almost the same criteria
and mental processes as are used for 2D dimensioning in
mechanical drawings.

We need to gain insight on whether explicit modeling
systems are capable of representing design intent at least
to the same extent that 2D mechanical drawings can do
so, and whether design engineers will be able to recognize
the design intent on the 3D model, even in the absence
of explicit features and a feature history tree. To discover
this, one has to examine first whether the semantics that
designers can express, by using the syntax provided by
the standards for 2D dimensioning, can be mapped from
the 2D drawings to the 3D models, eventually by means of
using a different syntax. The need to consider both syntax
and semantics arises because the mechanical drawing is
actually a graphic language based on commonly accepted
rules and criteria, most of which are now specified by
international standards. Those standards, together with
standards on geometric product specification, introduce
ideas, principles, and definitions, which highlight char-
acteristics of the distinctions among different types of
dimensions. Functional dimensioning represents one out
of several methods of determining the dimensions and
tolerances to be added to mechanical drawings.

The tenet central to this method is to specify these
unambiguously and to communicate the functional
meaning of the geometric elements that compose the
shape of a part or component. One of the central prob-
lems being addressed within the framework developed
and presented in this paper is conceptual insight into, and
correct identification of, the elements and entities used
in 2D drawings to define dimensions, and their correct
mapping into corresponding 3D elements capable of sup-
porting definition of functional dimensioning in 3D (see
also Figure 1). This is an issue that is not as trivial as it
might appear at first glance, because some types of ele-
ments and entities are represented in a different way in
2D and 3D. For example, an axis might be represented
explicitly in 2D, but not in 3D and vice-versa. And ele-
ments that are of a different type might be represented in
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the same way in one of the representation schema. For
example, a boundary edge and a silhouette edge might be
represented in the same way in a 2D drawing.

3. Approach and framework

Concepts, structures, and mappings, as defined within
the framework and described in detail in this section, aim
at providing a means to investigate and enable novel ways
of placing functional dimensions of mechanical com-
ponents directly as 3D driving dimensions within the
MCAD systems that provide explicit modeling function-
ality. Such functional dimensions will usually be the func-
tional 2D dimensions in mechanical drawings. Design
and formulation of the framework and concepts are ori-
ented on the set of international standards for Geometric
Product Specification and Technical Drawings and best
practices, which provide definitions, general principles,
and strategies for 2D dimensioning and its consistent rep-
resentation within technical documentation such as line
drawings for mechanical engineering.

3.1. Basicidea and conceptual outline

When an engineer looks at the mechanical drawing of a
component, that engineer is able to recognize the associ-
ated design intent, due to the combination of the shape
of the represented component and the specified dimen-
sions and tolerances. This fact aroused our interest when
we were analyzing the different aspects that are related to
dimensioning on a 2D drawing. Analysis of how 2D func-
tional dimensioning is defined on a mechanical drawing
has to start with the standards which define the exact
details of dimensioning by providing concepts and rules
for syntax and semantics.

The standard that defines the syntactic rules for
dimensioning is ISO 129 - Technical Drawings - Indica-
tion of Dimensions and Tolerances [13]. This standard
provides definitions and rules on how the graphical sym-
bols must be used in order to place dimensions on a

DESIGN INTENT | FUNCTION ACHIEVEMENT

2D DRAWINGS

Projections

Line types

Dimensions

Figure 1. Design intent and model alteration and the domains of 2D/3D representation.
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technical drawing. The standard that defines the seman-
tic rules for dimensioning, in particular with reference
to mechanical applications, is ISO 14405 - Geometric
Product Specification (GPS) - Dimensional Tolerancing.
This standard consists of two parts: Part 1: Linear Sizes,
and Part 2: Dimensions other than Linear Sizes. Part 1
gives definitions and rules for the specification and inter-
pretation of size dimensions. Size dimensions as defined
by this standard, for example, can be the diameter of
cylindrical elements and the distance between two oppo-
site and symmetric parallel surfaces (cf. [15]). Part 2
provides definitions and rules for the specification and
interpretation of the other types of dimensions (cf. [16]).
The reason why the standard distinguishes between size
dimensions and dimensions other than size, is that size
dimensions can be directly related to assembly problems,
so they usually require a more precise definition and
interpretation of related tolerances. Note that from the
syntactic point of view in respect to our inquiry on the
subject, there is no difference between dimensions of size
and dimensions other than size regarding their represen-
tation and placing in a mechanical drawing. The current
classification of different types of dimensions, other than
size dimensions, as provided in Part 2 of the ISO 14405
standard, is shown in Table 1.

Our goal is to develop novel ways of directly placing
functional 2D dimensions representing design intent into
mechanical drawings, as 3D driving dimensions within
the MCAD systems that provide explicit modeling func-
tionality, and to do this in a structured, consistent and
standardized manner. To achieve this, it is a prerequi-
site that we gain insight into and an understanding of
the nature and requirements of the different modeling
situations that a 3D explicit modeling system has to man-
age in respect to the different types of dimensions that
can be found in mechanical drawings. Table 1 provides
a good starting point for a number of reasons. First
and foremost, the dimensions are classified in a man-
ner independent from their representation space and its

dimension (2D or 3D). Second, the table includes all
the possible types of dimensions that may occur in a
mechanical drawing, including size dimensions, which
can be classified as one feature / integral and two feature
/ integral-integral. Third, the classification provides ref-
erences to integral and derived entities (cf. [17]), which
in turn can be related to the explicit and implicit entities
that are part of the 3D geometric model of the MCAD
system.

3.2. Functional dimensioning and entity structure
representation

Efforts to relate the different types of functional dimen-
sions, as defined by the standard, to their corresponding
2D representation, while developing structures to define
their corresponding 3D representation, have resulted in
combinations of entity representation relationships being
ordered and classified as shown in Table 2 and Table 3.
In Table 2 all types of relationships as identified for lin-
ear dimensions are listed, while their counterparts for

Table 2. Classification of entity representation relationships for
linear dimensions.

-I'.inaa; D-Ir-|:|ensil:-rn

2D Representation 3D Representation

Boundary edge

\

Contour

One feature Implicit geometry
Pattern
i Construction geometry
B
Contour-Contour Boundary-Boundary
Contour-Axis Boundary-Implicit
Contour-Point Two features Boundary-Pt.Snap

Boundary-Trimmed

Contour-Projection
et s e o ——

Axis-Point Implicit-Pt.Snap
—
Axis-Axis Implicit-lmplicit
—————
Paoint-Point Pt.Snap-Pt.Snap

Projection-Projection Transition Trimmed-Trimmed

Table 1. Overview of concepts used to define different types of dimensions reflecting on the structure of the classification as reported

in the GPS standards.

D Dimensions

DL Linear Dimensions

DL1: One feature | DL2: Two features DL3: Transition

DL1a: Integral DL2a: Integral-Integral DL3a: Integral

DL1b: Derived DL2b: Integral-Derived

DL2¢: Derived-Derived

DA Angular dimensions

DA1: One feature DAZ: Two features

~ DA1lalntegral

DA2a: Integral-Integral |

DAZ2b: Integral-Derived

DAZ2c: Derived-Derived




Table 3. Classification of entity representation relationships for
angular dimensions.

Angular Dimension |

2D representation 3D representation

Contour-Contour . Boundary-Boundary

Contour-Axis Two features Boundary-Implicit

Axis-Axis Implicit-Implicit

angular dimensions are listed in Table 3. The classifica-
tion considers all the different types of geometric entities
required to define the various types of dimensions tak-
ing into account all relevant cases for both 2D and 3D.
Note that both tables explicitly reflect the first hierarchi-
cal level as reported in the standard table (see again Table
1 and [16]).

The concrete requirements of valid combinations in
respect to how a particular functional dimension is repre-
sented using corresponding entities from both 2D and 3D
can be determined from the classification of entity repre-
sentation relationships as given in the tables. For instance,
in order to represent in 2D the linear dimension of a sin-
gle integral feature, a single contour element is required,
while in 3D a boundary edge or an implicit geometry,
such as a silhouette edge, is required. Note that the clas-
sification as listed in the two tables is all-embracing as
it takes into account all possible combinations and their
respective entity relationships. However, in industry and
engineering practice, it may be that not all of the cases
listed actually occur, and this is due to the current state
of the art of the explicit modeling which supports the
MCAD systems.

For example, a single integral feature represented by
a contour in 2D is, as of now, hardly ever represented
by using construction geometry in 3D. In order to doc-
ument and specify which combinations can be related
to real dimensioning situations in practice, the results of
empirical work as described elsewhere in this paper were
compiled into a dimensioning correspondence mapping
as shown in the Appendix. Here each considered rep-
resentation of a functional 2D dimension, as listed, has
been related to a real dimensioning case and to its cor-
responding 3D representation. This has led to the for-
mation of actual entity correspondence relationships and
their mapping, as presented in the next sub-section.

3.3. Mapping of entity correspondence
relationships

We aim to implement and translate into practice an
approach for systematic and standardized 3D dimension-
ing employing explicit modeling within objectives and
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scope relating to design intent preservation and consis-
tent/robust model alteration as presented earlier. In order
to achieve this, structures and elements are required for
representing the nominal shape of objects and related
functional dimensions in the three-dimensional domain.
Also needed is a correspondence that maps functionality
between elements of the 2D dimensioning domain and
the 3D dimensioning domain, as shown in Figure 2 (see
again also Table 1 and Table 2). In the framework devel-
oped, concepts, structures, and correspondence relation-
ships are designed as follows. Geometric features being
defined and used within traditional 2D dimensioning as
outlined above are related to the concept of explicit 3D
entities, which in turn corresponds to actual elements of
the geometric model of a MCAD system. That, nowa-
days, can be considered in most cases to be a boundary-
representation (Brep) based model.

Explicit 3D entities are comprised of explicit topo-
logical entities and related geometric information per-
taining to the Brep representation schema. In addition
to explicit 3D entities, geometric constraints need to
be considered as a means of providing the mechanisms
required to maintain consistency between associated
driving dimensions and resulting CAD model geometry.
Geometric constraints are also required to provide func-
tionality for consistent model alterations during CAD
model exchange and re-design.

Elements for 3D dimensioning are represented using
the concepts of explicit 3D entities (as previously out-
lined) and implicit 3D entities. Implicit 3D entities are
comprised of topological entities and related geometric
information as used within a Brep-based model. How-
ever, due to their structural properties, the actual ele-
ments of this entity domain are not an explicit part
of the set of topological and geometric model entities
used to represent the three-dimensional shape of an
object. To provide functionality for placing 3D dimen-
sions correctly and consistently within a MCAD system
that is supporting explicit modeling, so-called dimension-
ing correspondence mapping (DCM) has been developed
and implemented. This maps individual 2D dimension-
ing elements to 3D dimensioning elements. The DCM
considers linear dimensions and angular dimensions as
defined in [13, 14]. In accordance with ISO 14405-2,
for the case of linear dimensions, correspondence map-
pings are provided for dimensions comprised of one
feature and two features. Linear dimensions for tran-
sitions are also supported. For linear dimensions with
one feature the mapping is based on relating specific
entities from the 2D entity representation domain cor-
responding to a contour outline to specific entities from
the 3D entity representation domain corresponding to
either a boundary edge or a silhouette edge. For linear
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Dimensioning

Best Practices

Integral
enlities
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Part Representation

Projected geometry
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for Dimensioning

projected contour, silhouette
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3D Reference Element
for Dimensioning

Line of symmetry

Center line

Explicit 3D entities

Implicit entities

Figure 2. Overview of entity concepts, relationships, and their mapping.

dimensions with two features the mapping is based on
relating geometric point spaces of spatial intersections
of specific entities from the 2D entity representation
domain corresponding, for example, to a contour out-
line or to an axis of a geometric feature, to geometric
point spaces of spatial intersections of specific entities
from the 3D entity representation domain, correspond-
ing, for example, to a boundary edge or to a snap point.
For angular dimensions and dimensioning of transitions,
the mapping is based on combinations of the previ-
ously mentioned two mapping scenarios, additionally
considering correspondences to projections of contour
outlines for geometric point spaces of spatial intersec-
tions of specific entities from the 2D entity representa-
tion domain and correspondences to trimmed (implicit)
edges for geometric point spaces of spatial intersections
of specific entities from the 3D entity representation
domain.

4. Example of implementation and use
4.1. Overview

To verify that the classification method, as proposed
within the framework developed, is actually able to deal
with real dimensioning situations, and in order to check
to what extent present commercially available explicit
modeling enabled MCAD systems are capable of sup-
porting real 3D functional dimensioning, we asked col-
laborating partners from industry to provide actual data

and information used in practice, in order to examine real
test cases. The test case example reported in this paper
relates to data and information provided by a partner
company that produces milling machines for woodwork-
ing and marble working. The test case example drafted is
for the spindle of a double-headed machine. The com-
pany has a division entirely dedicated to the design of
spindles, which are one of the most critical components
of a milling machine, because the effectiveness and pre-
cision of the machine relies on the performances and
quality of this device.

For designing this kind of device, the main design
parameters are the spindle power and the rotation speed.
Among the various design constraints, the operative pre-
cision and the milling part accessibility are considered
to be central. In order to balance these central design
constraints, the designer has to find the best compro-
mise between overall dimensions of the assembly and
the component thickness. Smaller dimensions will result
in reduced mass, higher acceleration, and better acces-
sibility to the part to be milled, while decreasing the
risk of obstructions and collisions. On the other hand,
larger dimensions will result in increased mass, improved
robustness, and reductions in vibration and distortion,
while increasing the overall operative precision. Another
aspect to be taken into account while designing this
type of device concerns the configurability of the solu-
tion. Variants of the spindle may be required in order to
operate in different power ranges and at different rota-
tion speeds. In this case, the design process includes a



review of previous solutions, so that the components can
be adapted to suit the new required variant. The pos-
sible changes mainly refer to the length of the bearing
seats, the diameter of the shafts, with particular refer-
ence to the sections where couplings with seals and other
parts are required, the number and dimensions of fix-
ing holes in the flanges, and gaps for the passage of the
lubrication grease. During this review/redesign activity,
it is crucial not to lose the functional requirements of the
components, while also maintaining the original design
intent.

4.2. Application context and settings

In the design solution used as a test example, the assem-
bly includes a gear box, which splits the driving force
onto two separate shafts, by means of spur gears. The
gears are screwed at the extremities of the rotating shafts,
which are guided by oblique ball bearings. Lubrication
is provided by grease, which is contained by lip seals
on rotating parts and O-rings on static couplings. The
entire system is supported by boxes milled from blocks
and turned flanges. The parts are screwed in order to
allow easy disassembly for maintenance and part replace-
ment. Dimensions and tolerances are selected in order
to ensure correct couplings, sufficient clearances between
the parts with relative motion, and adequate force trans-
mission. The required operational precision is guaran-
teed by the optimal rigidity of each single component and
the related quality of the production process, in terms of
manufacturing tolerances and heat treatments.
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The partner company has provided the 3D models
and the related 2D mechanical drawings of the whole
spindle assembly, as well as all the main components.
The assembly is made up of about 175 components.
Most of the components have an axial-symmetric shape.
Hence, a significant number of dimensions are diam-
eter dimensions and dimensions related to height and
location of cylindrical shapes. Due to the relatively large
number of screws in the assembly, a considerable num-
ber of various-sized holes with or without thread can also
be found on individual components, resulting in many
dimensions for thread diameter and length, as well as
location dimensions, with most of these being related to
the hole patterns.

About 90% of the dimensions are linear dimensions.
Angular dimensions are mainly used to locate holes on
circular patterns and for the chamfers. Among the vari-
ous components of the spindle assembly, four have been
selected for the analysis presented in this paper, namely
the body, the bushing, the gear box and the hollow shaft as
shown in Figure 3. To gain insight into and understand-
ing of the main design requirements and constraints,
and determine their relationships with the functional
dimensioning, all 2D technical drawings provided by
the industrial research collaboration partner have been
inspected and analyzed. This process was supported by
several interviews that were conducted with designers
from the company’s spindle design division who were
familiar with the product design. In the next step, using
the framework and classification developed, geometric
elements and their respective representations in 2D and

Hollow shaft

Body

Bushing

Figure 3. Examples of the double head milling machine spindle. From left to right: (a) 3D section of the spindle assembly, (b) individual
assembly components referred to as gear box, body, bushing, and hollow shaft.
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3D were identified in respect to the specification domain
and associated with design intent and mappings of func-
tional dimensions from 2D to 3D.

4.3. Evaluation of individual test cases

In order to better explain the previously described pro-
cess, we will now present and evaluate three different
design situations relating to the selection of different
components, as described earlier. The examples refer to
the grease slots between the hollow shaft and the bush-
ing, the assembly of the grease nipple, and the interface
between the gear box and the upper body. The exact loca-
tions of the components within the assembly, as related to
each individual case, are shown in Figure 4.

Example 1. Grease slots on the bushing part

From a functional point of view, the depth of the slot
(see Figure 5(a)) is a critical dimension, since it controls
the extent of the cross-sectional area for the lubrication
(grease) passage. The designer would determine such
depth carefully in order to allow for adequate lubrication.
This dimension should be maintained even if the diame-
ter of the bushing is modified.

Example 3: gear box-
bearing box interface

If the designer wishes to show this design intent on
the 2D drawing, he/she will explicitly add the slot depth
dimension on an appropriate view of the component (see
dimension 2.75 mm in Figure 5(b)). If we make reference
to the hierarchy of dimensions, as described in Table 1 in
Part 2 of the ISO 14405 standard (cf. [16], Table 1), we
find that this dimension is a linear dimension between
two features of the integral-derived type. The integral fea-
ture is the straight segment representing one of the edges
of the bottom face of the slot. The derived feature is the
intersection point between the projection of the bush-
ing part symmetry axis and the projection of the external
cylindrical surface of the bushing part, which has been
trimmed by the slot. In our proposed classification, this
situation falls into the L2b.BT1 case (see also the table in
the Appendix).

Consider specifying directly in 3D this type of dimen-
sion, as one can easily select the slot edge that represents
one of the two reference elements to define this dimen-
sion (see Figure 5(c)). The other point required is not
explicitly represented in the 3D model. Note that simi-
lar situations occur during the dimensioning of the key
housing, and these situations are akin to case L2b.BI as
listed in the Appendix.

bearing box

i

Example 1:
grease passage &/ =

S

F :
body Y

bushing

hollow shaft

ek ||

Example 2: grease
nipple housing

Figure 4. Annotated cross-section of the spindle along the bottom main shaft with indication of the locations of the three examples

discussed in the evaluation.
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Figure 5. Examples of the grease slots on the bushing part. From left to right: (a) 3D section of the spindle assembly, (b) dimensioning
as used within the original technical drawing, (c) enlarged section of the 2D dimensioning as used within the original technical drawing,

(d) dimensioning as used within explicit modeling in 3D CAD.

At the present stage of 3D explicit modeling system
development, the only possible solution to changing the
slot depth is to position a dimension between the edges
of the bottom face of the two symmetric slots, as shown
in Figure 5(d). However, dimensioning in this manner
is not equivalent to the original 2D dimensioning-based
approach from either the functional point of view or the
design intent representation aspect. This is because there
is a missing point, which has been implicitly defined by
the cylindrical surface and the symmetry axis. In fact,
though, a computational algorithm capable of making
explicit the required point could easily be implemented.
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Example 2. Dimensioning and positioning of threaded
insert for grease fitting installation

For permanent installation of a standard hydraulic grease
fitting (Alemite fitting) in the form of a grease nipple,
a threaded insert, constructed as a rectangular housing
with a threaded hole at its center, is required on the spin-
dle shaft housing, which is the external lower cylindrical
part of the spindle body (cf. Figure 6(a)). From a func-
tional point of view, several dimensions are significant for
the correct dimensioning and positioning of the threaded
insert. The depth of the recess should ensure a surface
that is sufficiently flat to accommodate the grease nipple.

L a02iA

(2X) 1/8 “Gas
20

60

— L inazll

| ooen

Figure 6. Original technical drawing of the spindle shaft housing. From left to right: (a) cross-section of the spindle shaft housing with
complete dimensioning, (b) enlarged section of the original drawing showing details related to dimensioning of the threaded insert.
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This represents a condition, which depends on the width
and the depth of the housing. Such dimensions in turn
are linked to the contour and implicit edges. Note that the
depth of the thread should allow the nipple to be screwed
in place flush with the insert. In case of design variations,
such depth should be editable. The position of the hole
should be fixed from the body end to the implicit axis of
the hole.

As can be seen in Figure 6(b), five values are required
for dimensioning of the threaded insert. Two of them
refer to the thread of the threaded hole ((2X) 1/8” GAS
(1/8”": one-eighth of an inch) is the code containing the
value for the thread diameter, 10 mm is the length of
the thread). Another two values refer to the housing size
(20 mm height, 1 mm depth) and one value refers to the
location of the hole (60 mm).

First of all, the thread dimensions need to be consid-
ered in a manner separate from all the other dimensions
as outlined hereafter. In both 2D and 3D representation,
threaded holes are represented in a simplified way. In 2D,
threaded holes need to be dimensioned by specifying the
thread diameter and length. Note that for certain types
of threads, the thread diameter is specified with a coding
that does not correspond with the actual dimension of
the thread diameter in an explicit and obvious manner.
In 2D, the geometric elements used as reference for the
dimensioning are the geometric entities used for the sim-
plified representation of the thread. In 3D, threaded holes
are usually represented as cylindrical or conical surfaces
that are slicked on the hole surface. Hence, 3D dimen-
sioning of a thread can then be related to the problem
of dimensioning a cylinder or a cone. Currently, most, if
not all, 3D explicit modeling systems consider the thread
as an attribute of the hole, where changes in the thread
dimensions can only be achieved by modification of the
hole diameter. An approach more consistent with the
engineering methodology of dimensioning would be to
consider the hole as an attribute of the thread, because
the thread dimensions are actually the dimensions that
drive the dimensions of the hole (cf. entries L1a.C1 and
L2a.CCl1 in the Appendix).

Now we should consider the location dimension. In
2D this dimension is represented as a so-called two fea-
ture distance between the hole axis and the line represent-
ing the projection of the top face of the body (see again
Figure 6(b)). As the top face and its boundary are explic-
itly represented as geometric entities in the 3D CAD
model, they can be selected directly as a reference. How-
ever, the axis of the hole is not explicitly represented as a
geometric entity in the 3D CAD model. In such cases, the
MCAD system should provide functionality which allows
the axis to be made explicit, rather than just providing
a picking function to infer the axis from the cylindrical

surface (this situation is similar to entry L2b.BI1 as listed
in the Appendix).

Finally, consideration must be given to the two dimen-
sions of the housing for the threaded insert. These specify
its height and depth. In 2D, the height is defined by a so-
called one feature dimension, which is related to the height
of the housing face. In 3D one can use an appropriate
boundary edge of the face to place the dimension (this
dimensioning situation is similar to the dimensioning
exemplified by entry L1a.B1 as listed in the Appendix). In
the case of the depth, the 2D dimension is defined by the
two feature distance between the planar face of the hous-
ing and the cylindrical face of the outer part of the body;,
which in turn, in the 2D view, corresponds to a silhouette
edge. Generally, in such a dimensioning scenario, current
3D MCAD systems do not permit the user to make a ref-
erence to silhouette edges, because they cannot be explic-
itly represented on the CAD model. However, in most
cases, such systems do allow the user to select a polar
point on a circumference, which provides a workaround
in some cases, but not in the one presented here, where
there is no way to place the dimension correctly (see also
entry L2a.BB1 as listed in the Appendix).

Example 3. Interface units screwed between the gear
box and the upper body

In the spindle assembly, two bearing boxes are screwed on
top of the gear box. Screw holes are present in the bearing
boxes and in the gear box. The holes in the bearing boxes
are simple through holes as the ones in the gear box are
blind threaded holes. The holes are located along a circu-
lar pattern, with a non-uniform angular positioning. The
centers of the hole patterns are located along the axis of
the mating cylindrical surfaces on the gear and bearing
boxes (see Figure 7(a)).

In the 2D drawings (cf. Figure 7(b)), the position of the
holes is defined by using dimensioned reference geom-
etry: the diameter of a circumference that defines the
distance of the holes from the center of the pattern (106
mm dimension in Figure 7(b)); and the angular distance
between the lines connecting the center of the pattern
and the centers of two holes (45° and 30° dimensions as
depicted in Figure 7(b)).

Due to the reference geometry, which in this case is not
an explicit element of the component shape, in respect to
the hierarchy of dimensions introduced by the standard,
we consider the diameter of the pattern to be a linear one
feature derived dimension. The pattern diameter dimen-
sion falls into the L1b.CI case as listed in the table in the
Appendix. By following the same approach, we can con-
sider the angular location of the holes to be an angular
two feature derived-derived dimension.
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Figure 7. Location of the connection holes between the gearbox and the upper body. The definition of the position of the holes depends
on several implicit geometries and constructions. From left to right: (a) 3D geometry of the bearing box sub-assembly with cross-section,
(b) section of the original drawing showing the left part of the gear box.

If we look at our representation table, it is easy to say
that this situation refers to an axis-axis condition in 2D
and a derived-derived condition in 3D. However, due to
the particular nature of the shapes that have been ana-
lyzed up to now, at the moment entries related to cases
of angular dimensions have not been developed within
our classification framework. Nevertheless, it is quite evi-
dent that, since the required entities for dimensioning
are derived entities, an efficient framework for direct 3D
dimensioning needs to provide algorithms to identify
and make explicit the geometric elements required as
reference elements for dimensioning.

5. Conclusions

In this paper a novel approach has been presented and
discussed, aimed at translating traditional design intent
representation from 2D into 3D. The route taken to
formulate a framework for defining and implementing
explicit 3D functional dimensioning started with an anal-
ysis of the concepts, criteria, and entities related to func-
tional dimensioning as used traditionally by engineers
in mechanical drawings and specified in the standards
for Technical Product Documentation. Issues of correctly
identifying the elements used in 2D drawings to define
dimensions and their correct mapping into correspond-
ing 3D elements capable of supporting the dimension-
ing definition in 3D were among the central problems
addressed, to conceptualize and implement explicit 3D
functional dimensioning in a syntactically consistent and
semantically sound manner. As became evident during

both theoretical analysis and empirical work, at present
the dimensioning concepts, as defined by the standards
related Geometric Product Specification, and the explicit
modeling functionality available within the MCAD sys-
tem and used as an enabling technology to translate
and implement 3D dimensioning, are neither sufficiently
structured nor coherent enough to allow for sound and
complete 3D functional dimensioning, as traditionally
applied in mechanical engineering.

In particular, it could be shown that several short-
comings of the explicit modeling functionality as pro-
vided within most of today’s MCAD systems are related
to either an incomplete access to, or even the total
absence of, geometric elements such as the referenced
or implicit entities that are required to support 3D func-
tional dimensioning. As could be demonstrated in some
cases, though, modifying or adjusting the definition and
implementation of the dimensioning correspondence
mapping, and the related sets of 3D elements for dimen-
sioning, can overcome the shortcomings arising from the
absence of proper entity access or the actual absence of
elements from the model. However, a more appropriate
and sound solution in this context lies in the efforts to
improve and extend current user interface functional-
ity of commercially available MCAD systems in respect
to their explicit modeling capabilities. This represents a
precondition, necessary for adjusting the current inade-
quate levels of usability and affordance to current needs
in practice, in order to provide a sound and consistent
alternative to feature-based modeling in respect to design
intent representation and preservation. This approach
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will undoubtedly gain further in importance with today’s
increasing demands for cross-platform exchangeable and
re-usable CAD models.
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Appendix

The description of the dimensioning correspondence map-
ping given in this appendix is structured for linear dimensions
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reflecting the classification given in the standard [16] within
the first hierarchical level for cases of one feature, two features,
and transition. It provides details on the domain (a, b) and co-
domain (b, c) of this partial, non-continuous map in respect
to columns as follows. From left to right: (a) entity class of the
2D representation domain (cf. Table 2, Figure 2), (b) concrete
example from the domain of 2D functional dimensioning, (c)
corresponding entity class of the 3D representation domain and
knowledge in the form of know-how on implementing corre-
sponding dimensioning (semantics) by using the functionality
of 3D explicit modeling, (d) corresponding concrete example
from the domain of 3D functional dimensioning, (e) reference
index to unambiguously identify and refer to each single map
specified.

DL1: One Feature

Ref.

Contour

Boundary Edge:
Placed by selecting the edge.

LlaBl

Contour

OF

Implicit Geometry:
Reference to silhouette edge
is not possible.

Placed using two center
points.

Lla.S1

Contour

Construction Geometry: =,
It depends on how the thread
is defined in the 3D model.

Lla.Cl

Pattern

Construction Geometry:
Reference to construction
geometry is not possible.

It is impossible to place the
dimension.

L1b.C1

DL2: Two Features

Contour-Contour

P | \ Boundary - Boundary:
oot y Placed by selecting the edges.

L2a.BB1

Boundary - Implicit:

Contour-Contour

One reference is a silhouette
edge.

Reference to the silhouette
edge is not possible.

Placed using two mid points.

L2a.BS1
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Contour-Contour

Mz

Construction Geometry:
It depends on how the thread
is defined on the 3D model.

L2a.CC1

Contour-Axis

Boundary - Implicit:

One of the references is an
axis.

Reference to the axis is not
possible.

Placed using two center
points.

L2b.BI1

Contour-Point

Boundary - Implicit:

One of the references is an
axis.

Reference to the axis is not
possible.

Placed using two center
points.

L2b.BI2

Contour-Point

Boundary - Pt.Snap:

One of the references is a
snap point of an
approximated geometry.
Placed using two center
points.

L2b.BI3

Contour-
Projection

Boundary - Trimmed:

One of the references is a
portion of geometry that has
been trimmed.

Reference to the trimmed
portion is not possible. It is
impossible to place the
dimension.

L2b.BT1

Axis-Point

Implicit - Pt.Snap:

One of the references is a
symmetry plane.

Reference to the plane is not
possible.

Placed using a mid point and
a center.

L2cII1
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- -1 Implicit - Pt.Snap:

One of the references is an
axis.
Reference to the axis is not
possible.
T One of the references is a
snap point of an
approximated geometry.
Placed using two center
points.

Axis-Point L2c.II2

Implicit - Implicit:

I e | The two references are two
axes.

Reference to the axes is not
possible.

Placed using two center
points.

Axis-Axis L2c.II3

Pt.Snap - Pt.Snap:
it I The two references are
! -I entities of approximated

Point-Point “ geometry. Placed using two
center points.

L2c.114

/i Pt.Snap - Pt.Snap:

Reference to construction
Point-Point | geometry. L2cII5
It is impossible to place the

dimension.

DL3: Transition

Trimmed - Trimmed:
The references are portions of
I | geometry that have been
Projection- | ‘ removed.
Projection Reference to the trimmed

\ / portions is not possible.

It is impossible to place the

dimension.

L3a.TT1

15 Trimmed - Trimmed:

The references are portions of
geometry that have been
Projection- removed.

Projection Reference to the trimmed
portions is not possible.

It is impossible to place the
dimension.

L3a.TT2
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