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ABSTRACT: This presentation is part of an ongoing research project by the authors looking at
how constraint-based 3D modeling can be used as a vehicle for rethinking instructional
approaches to engineering design graphics. A particular goal is moving from a mode of
instruction based on the crafting by students and assessment by instructors of static 2D drawings
and 3D models. Instead, an approach based on dynamic modeling is proposed. This approach
provides the opportunities for students to learn about geometry through the embedding of
geometric behaviors into models and then testing these behaviors via dynamic change of the
model. An advantage to dynamic modeling is the ability to provide visual embodiment to the
underlying logic of the constraint strategy, providing direct feedback to the student and a
straightforward mechanism for assessment by the instructor. Also, this approach mimics the
real-world activities of engineers and designers executing 'change orders' on their virtual
product models. As such, this approach is better aligned with larger goals of better problemsolving abilities in the technology and engineering workforce. A previously developed taxonomy
of geometric behaviors is used to guide the development of activities that provide an appropriate
range of activities for the students. Example instructional activities will be presented..
I. Introduction
Over the last two years, the faculty in the Graphic Communications program at North Carolina
State University has been integrating constraint-based solid modeling into their introductory
engineering and technical graphics courses 1. While 3D constraint-based modeling has been in
use in industry for more than ten years, it has only been within the last few years that there has
been widespread adoption of these modeling tools at colleges and universities. 3D modeling
tools have been identified as a key component of some areas of engineering education for a while
2
, but it has only been recently that educators have begun to investigate how the newer
constraint-based modeling tools bring a new set of possibilities to instruction 3. Even more
recently, researchers have looked more holistically at how these constraint-based tools can be
effectively integrated into a modern engineering graphics curriculum 1, 4, 5. In looking at the
curricular implications of these tools, it becomes important to identify what are the core concepts
and abilities we intend for students to gain from an introductory course in engineering graphics.
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The knowledge and abilities gained have to be relevant both in the short term for further courses
they will be taking in school and in the long term as life-long learners and productive workers in
industry 6. A particular challenge is to strike a balance between narrowly defined competencies
with particular software tools and larger 'big picture' conceptual knowledge about what drives
this whole class of constraint-based modeling tools. 7, 8 has previously outlined the similarities in
the underlying functionality between the most popular constraint-based tools and their relatively
accessible user interfaces. This trend continues to this day and has largely removed the need to
focus large portions of an engineering graphics course to training on specific software packages

in order to meet industry needs. Working under this assumption, this article will instead focus on
one of the key conceptual areas of modeling that should be emphasized in any modern
engineering graphics curriculum: geometry. That is, a primary instructional goal should be the
development of students' understanding of Euclidean and topological properties of planar and
solid geometry using constraint-based 3D modeling tools.
Applied geometry has been part of engineering design graphics since its inception. Being
applied, however, means that how it is integrated into the curriculum becomes dependent on
what tools are being employed and what the perceived needs are for the students in their future
education and employment. The introduction of constraint-based modeling into the curriculum
means that, once again, there needs to be extensive discussion of how geometry should be
applied in this evolving curriculum 9. This paper will outline how applied geometry can be
integrated into a modern engineering graphics curriculum. This will include the use of geometric
relations within a 3D solid model representing a virtual, engineered product. Of particular
interest is the definition of the size and location of a 'feature' in a solid model relative to its
constituent features or a frame of reference. These goals are addressed within a framework of a
student identifying key geometric features within the virtual product and how this geometry
needs to be controlled in order for the model to be of maximum usefulness in the product
development process.
II. Dynamic modeling
Engineering graphics has, in many ways, struggled with the same issues that technology
education has over the past 40 years. That is, how to move beyond teaching 'craft' with the end
all and be all goal of creating a 'product', to teaching 'process', where how you get to the finished
stage is more important than the product itself 10. In other words, the final product and its
precursor stages become artifacts that represent the problem-solving process of an applied
geometric problem. It is, however, a challenge to come up with modeling problems where a
'good solution' can be assessed by measures other than geometric accuracy 11.
Historically, engineering graphics artifacts turned in as part of coursework are assessed by visual
inspection. This could mean reading dimensions on a multiview drawing or it could be judging
the length, angle, or higher order geometric relations of model elements. Another alternative is
electronic measuring of geometry within the computer model. This still does not get past an
assessment of the model solely based on the final artifact.
An alternative to visual inspection of hard copy printouts or passive inspection on the computer
monitor is active probing of the actual computer model. While complete inspection of how the
entire model has been constructed and constrained can be very time consuming, focused probing
of key features is more effective. Often this probing takes the form of changes of key
dimensional values, revealing how the underlying construction of the model responds to these
changes. This use of 'dynamic modeling' shows promise as a strategy when the goal of
assessment goes beyond geometric accuracy of the final model 1.
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Dynamic models as a strategic instructional goal addresses a number of key issues. First, it
allows for a broader assessment of the modeling problem that encompasses both 'solution' and
'accuracy'. The modeling design process that leads to the solution is embedded in the model by

the way the student chooses to construct their model. These construction decisions are revealed
to the instructor through dynamic modeling activities. Second, these dynamic modeling
activities address the important issue of having instructional activities reflect authentic
professional practice. In this case, dynamic modeling can come in the form of 'engineering
change orders'.
The worth of a model now is based not on a single geometric form, but how well it can be
iterated through a number of configurations as it moves through the simulated engineering
design process. Students now experience the complete cycle of model definition, comparison to
design goals, and modification based on needed changes. The ease of making these geometric
modifications are a primary driving force for industry to adopt these constraint-based modeling
tools, however, many companies will readily admit that their engineers and designers are often
ill-equipped to build robust models that truly capture the geometric design constraints 12.
Successful solutions to modeling problems now hinge on addressing three key elements. First,
the solution will depend on correct initial geometry; this is usually as far as most assignments go.
Second, it will depend on embedding the correct behaviors via geometric constraint definition.
Finally, it will depend on correct translation of the initial design constraints and engineering
change orders into geometric definitions.
This approach, however, is not without challenges. First, can a taxonomy be developed that
identifies the core geometric behaviors that all students should master? Second, given the
inherently open-ended nature of most design problems, can a robust enough set of activities be
developed that allows for assessment within a practical amount of time and with a high degree of
reliability? That is, can modeling problems be designed that have students incorporate these
behaviors in a systematic and controlled fashion. The remainder of the paper will address this
first challenge while indirectly pointing to solutions to the second.
III. Embedding geometric behavior
As mentioned previously, there is a high degree of uniformity of interfaces and modeling tools
across the most popular constraint-based modelers used in instructional settings 7. This
uniformity allows for the definition of a generic model creation process that is applicable in a
wide range of instructional settings. This modeling process is outlined in detail in 13 and will be
used as a basis for the discussion here. Also of note, that while the complete virtual product
definition most always involves the creation of assemblies, instructional constraints usually limit
an introductory course to focus on single part modeling. Still, all part modeling should be done
in the context of knowing that these parts will eventually be part of a larger assembly.
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All model behavior is ultimately based on how the model is constructed. That is, it is based both
on the geometry of the model and on how this geometry is constrained relative to other geometry
or to itself. Behavior reveals itself through how the model changes form when one or more of its
constraints is modified. For example, if the length dimension of a bar is doubled, then how the
holes in the bar change (or don't change) position is based on the behavior embedded in the
model. Model behavior is central to all dynamic modeling activities and correct behavior should
be explicitly defined by the modeling problem. It follows that correct (and incorrect) model
behavior should be clearly identifiable by the student and the instructor assessing the modeling

problem. Which behaviors are central to an introductory engineering graphics course should be
identified and integrated in modeling activities.
These behaviors appropriate to an introductory course might be called 'basic behaviors'. Most all
of these basic behaviors will be based on a single constraint modification that impacts one or two
dimensional constraints or geometric relations. Advance behaviors -- those that are based on
multiple modifications, impact multiple constraints, or involve equation-driven constraints -- are
most likely going to be confined to an advanced course.
Basic behaviors based on geometric relational constraints that students should be exposed to in
an introductory course include:
- Parallelism
- perpendicularity
- horizontal and vertical (based on a global coordinate system)
- symmetry
- same size
- colinearity
- tangency
- alignment/fixing to an existing entity
Dimensional constraints that control behavior students should have experience with include:
- horizontal, vertical, angular, and aligned control of linear location
- size of linear elements
- circular/angular size of radial elements
- location of reference geometry
- internal to sketch (typically size)
- external to existing geometry (typically location)
In order to assure uniformity in behavior in the model, models should be fully constrained. That
is, the geometry of the model should be fully defined via a combination of dimensional and
geometric relational constraints. Allowing geometry to 'float' gives way to the potential for
unpredictable behavior, impacting the ease in which the dynamic modeling assignment can be
assessed. Unexpected behavior, in fact, should be a flag to the student and instructor that the
student has not fully thought through how this model is to behave and how to properly constrain
it so that it exhibits these behaviors under the prescribed conditions. The flip side of this is that
modeling problems need to be designed so that they readily reveal common problems with
embedding behavior via constraints.
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IV. Examples
At NC State, the switch was made from AutoCAD to SolidWorks in the Spring 2001 semester.
The faculty also removed all instrument drawing in the introductory courses. This transitional
period was not easy. One of the biggest challenges was designing new exercises that were
appropriate for the new courses. The previous courses were heavily focused on documentation –
specifically detail drawings. Although several laboratory exercises involved solid modeling in
AutoCAD, most CAD activities involved 2D drawing concepts. The exercises presented here are

designed to utilize the power of the software while introducing students to the concepts presented
earlier in the paper.
Symmetry
When modeling objects, experienced individuals typically recognize lines of symmetry
immediately. Modeling a part with a datum or primary construction plane through the line of
symmetry allows the user to mirror features across the plane of symmetry.
One of the first models students are asked to create in the introductory classes is the ROD
GUIDE (Figure 1). Students are asked to create the initial sketch of the ROD GUIDE by
constructing half of the first profile and then mirroring it about the line of symmetry (Figure 2).
After adding dimensions and relations to fully constrain the sketch, students are then asked to
modify the 3.000 dimension (distance between the top arcs) to check the symmetry relation.

Figure 1. ROD GUIDE.

Figure 2. ROD GUIDE Line of Symmetry.

As is the case in most constraint-based CAD tools, relations (or constraints) often take the place
of explicit dimensions when they are added to a Sketch. In some scenarios, this captures the
intent of the designer, but manufacturers still require explicit dimensions in order to make the
part. In this exercise, the students are asked to model the GUIDE part (Figure 3) in such a
fashion that it is symmetric in Width as well as Depth. They are also asked to make changes to
the model to test the effects of symmetric and non-symmetric conditions.
The objectives for the ROD GUIDE and GUIDE exercises are to:
Create a solid model of the GUIDE that captures the symmetric intent of the designer.
Revise the model by changing specific dimensions.
Break/delete the symmetric relations in order to alter the design intent of the model.
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Figure 3. The GUIDE.
ß

(a)

(b)
Figure 4. Regular Polygons.

(c)
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Regular Polygons
Creation of a regular polygon from scratch in a profile provides an opportunity to explore
symmetry, similar length, and similar angle constraints. Exercises can be designed that explore
the differing solutions (e.g., that vary the number of dimensional constraints versus the number
of geometric relations) to fully constrain the polygon. Also, the types and number of constraints
needed to fully constrain can vary based on the number of sides and can also vary based on
behaviors the polygon needs to be exhibit under modification. Figure 4(a) illustrates starting with
a construction circle and two centerlines. After adding tangent constraints between the circle and
the two lines, the lines are mirrored about the centerlines and the necessary constraints are added
to fully define the polygon as shown in example (b). Another approach, shown in example (c), is
to require only a construction circle and ask the students to determine the number of constraints

required to fully define the polygon. This activity provides an introduction to construction
geometry other than sketch planes and the role it plays in structuring final geometry.
The regular polygon exercise can be done with the polygon being swept out to form one feature
of a multi-feature part representing a standard fastener – a BOLT. Also, an assembly could be
designed requiring a hexagonal feature that was not based on a regular hexagon. In this case, a
student would need to more selectively establish a combinations of equal size, equal angle, or
symmetry constraints. Additional challenge can be added by requiring the hexagonal shape to be
driven by dimensional constraints located on specific faces. The objectives for this exercise are
to:
• create a solid model of the BOLT including constraints that would allow for specific changes
in the model.
• use a circle as construction geometry to assist with constraining the hexagon feature.
• explore alternate methods for constraining the hexagon feature.
• compare their constraint method to the constraints automatically placed with the regular
polygon tool.
Tangency – Breaking and redefining constraints
One of the powerful features of constraint-based programs is the ability to redefine the relations
or constraints. For this exercise, students are asked to model the STOP BASE (Figure 5) and then
make some modifications to the tangent and dimensional constraints on the model. The
objectives for this exercise are to:
• create a solid model of the STOP BASE including constraints that would allow for specific
changes in the model.
• revise the STOP BASE by changing the width of the part.
• break/delete a tangent relation in order to create a completely different part.

Figure 5. The STOP BASE.
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Students are given a step-by-step tutorial of the modeling procedure for the STOP BASE and an
additional handout. The handout includes the objectives for the exercise as well as some screen
captures. For the initial solid model, students are shown the sketch for the first extrusion (Figure
6). They are told to add tangent relations between the vertical lines and the arc and to dimension

the vertical distance by selecting the bottom line and the arc. This allows them to change the
properties of the 2.750 dimension later in the exercise.
The second part of the assignment is to modify the 1.760 width of the part to 2.500. The purpose
of this step is to verify the tangent relations between the vertical lines and the arc in the first
sketch.
The final part of this assignment is to revise the initial sketch of the STOP BASE per Figure 7.
Students are asked to use the Display/Delete Relations command to delete the tangent relations
between the vertical lines and the arc. They also have to change the properties of the 2.750
dimension so that the arc condition is Max instead of Center. The end result is seen in Figure 8.

Figure 6. First Sketch for
STOP BASE.

Figure 7. Part 3 of the
STOP BASE.

Figure 8. Completed STOP
BASE.

Examining the number of constraints present
Examining the number of constraints present in a model gives some insight as to the design
intent of the individual that created the model. As mentioned previously, relations (or
constraints) typically take the place of explicit dimensions, and in doing so, reduce the number of
driving dimensions contained in each sketch. While these may not be the dimensions shown on a
drawing for manufacturing, they are the dimensions that work best with the desired geometric
relations to drive the intended behavior.
Page 8.454.8
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Generally, there is no particular right or wrong way to constrain a sketch. However, it is
important that the user understands the implications for adding certain constraint combinations
and has the ability to determine when the sketch is fully constrained. By capturing specific
combinations of constraints, the student can incorporate desired behaviors into the model.
In these exercises, students are given sketched geometry and asked to dimension the geometry
and label geometric relationships in such a fashion as to make the sketch fully constrained. The
objectives for this exercise are to:
ß Develop a level of familiarity with applying geometric relations.
ß Recognize when a sketch is fully constrained according to design intent.
ß Interpret the effects of specific combinations of dimensions and geometric relations.
Figures 9 and 10 show the sketches that the students are asked to label and dimension. The
students are instructed to draw dimensions on the profiles and to list the geometric relations
being applied as well as the entities to which they were applied.

Figure 9. Sketch for Labeling Constraints.

Figure 10. Sketch for Labeling Constraints.

As the students begin to apply dimensions and relations to the sketches, they have to consider
how they want the geometry to behave and which dimensions they consider important for driving
that behavior. Figures 11 and 12 show examples of the results of this exercise.
In addition to the dimensioning scheme shown in Figure 11, several specific geometric relations
are added to the sketch:
ß A Collinear relation between the two horizontal lines at the bottom of the sketch.
ß An Equal relation between the two horizontal lines at the bottom of the sketch.
ß Tangency relations between the arc and the two adjacent vertical lines.
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Notice that there is no radius dimension given for the arc; it is controlled by the Equal relation
assigned to the two horizontal lines. If the design intent calls for the radius of the arc or the

length of the second horizontal line at the bottom to be given, then the Equal relation has to be
removed.
In addition to the dimensioning scheme shown in Figure 12, several specific geometric relations
are added to the sketch:
ß Tangency relations between the three arcs at the top of the figure.
ß Tangency relations between the line segments and the adjacent arcs at each end.
ß An Equal relation between the two smaller arcs.
ß Symmetric relations between the center points of the two smaller arcs and between the line
segments.

Figure 11. Possible Dimensioning Scheme
for this Geometry.

Figure 12. Possible Dimensioning Scheme
for this Geometry.

Notice that there is no size dimension associated with each line segment or with the second
smaller arc. This is due to the symmetric relations that are being applied, and in the case of the
two line segments, it is due to a combination of the symmetry and tangency relations. In
addition, it is plausible that an angle dimension would be desired to control the orientation
between the line segments. If this is the case, then the Symmetry relations between the smaller
arcs’ center points and between the line segments would have to be removed.
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(a)

(b)
Figure 13. Driving 3D Geometry with 2D Data

(a)

(b)

Figure 14. Modifying the Model and Breaking Constraints
Driving 3D geometry with 2D sketches
Another powerful exercise for students is one where they are required to use 2D sketch data to
drive 3D features. Figure 4 shows an object where the depth of the part is driven by the 60mm
diameter dimension for the cylinder. Figure 13(a) illustrates what happens when the diameter is
changed to 45mm if the correct tangent constraints are present between the horizontal plate and
the cylinder. Figure 13(b) shows the same modification when the student is required to break the
tangent constraint. As with the tangency example above, the spherical surface can be made
tangent to the cylinder (Figure 14a) or not (Figure 14b), depending on how the design
requirements are specified.
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VI. Conclusion
A modern engineering graphics curriculum needs to move beyond the crafting of static models
and drawings derived from these models. To do so begins with a clear taxonomy of geometric
behaviors derived from dimensional and relational constraints applied to the model. Problemsolving oriented modeling assignments that demand dynamic manipulation of the models
provides a vehicle for revealing model behaviors to the students and the instructors assessing the
student work. Assessment based on dynamic modeling assignments provides the opportunity to

judge the quality of the model problem solution both on the modeling process and the end
product.
Increasingly, industrial use of constraint-based modelers depends on the creation of sophisticated
virtual products that represent multiple geometric configurations of current products and the
embedding of geometric behaviors that represent engineering design constraints14-16. 'Smart'
models that reflect critical design constraints allow for rapid creation of new versions of the
product and saves companies considerable time and money. Increasingly, employers will
demand graduating students who are able to create these sophisticated models. For students
learning modeling in this dynamic, problem-based environment there will be the added benefit of
being able to experience engineering design from the standpoint of geometric problem-solving.
This will provide an essential counterpoint to classes engineering students already take where
much of the problem-solving is numerically based.
These changes in the engineering graphics curriculum need to be implemented in such a way that
they not create undue burden on instructors; otherwise, they simply will not be adopted.
Dynamic modeling problems that allow reliable assessment through visual inspection of different
iterations of a model or simple probing of the electronic model are indeed possible. All of the
examples given above demonstrate behaviors that are clearly visible in pictorial views of the
model, either in printouts or on the screen. The key will be to tightly define the design problem
and what constitutes 'correct behavior'. Careful selection of models, geometric definitions, and
required modifications will all result in a quality instructional experience. This does mean a
rethinking of the traditional static model problems employed first in 2D drafting classes and
currently being carried over into 3D modeling classes.
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