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Free-hand sketching is an essential skill for engineering communication and visualization. Sketching provides many
benefits to engineers. This paper compares two approaches for teaching engineers to sketch. The traditional engineering
approach was compared with an approach borrowed from industrial design, which emphasizes learning to sketch in
perspective. The Perspective approach was expected to provide greater free-hand sketch ability and sketching confidence,
but its impact on spatial visualization has not been explored. Pre- and post-course evaluations measured design self-efficacy
and spatial visualization using the Revised Purdue Spatial Visualization Test and the Mental Rotation Test (MRT). Both
sketching approaches improve MRT scores but had no differences between the groups. For initially low scoring students,
similar trends are observed as when comparing the full sample size. The results show that the Perspective approach adds
additional free-hand sketching skills while preserving the critical impacts on spatial visualization. Across the course, for
both groups, design confidence and expected success both increased with reduced anxiety about doing design. The
Perspective approach is as effective as the Traditional approach while also including additional skills in the same amount of

course time.
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1. Introduction

The ability to generate visual representations is
essential for engineering design [1-5], and as CAD
programs have been developed, it has become easier
to develop computer-generated renderings of a
design. However, CAD has been found to hinder
the design process if used too soon or too often, as it
leads to fixation [2]. A better practice is to use hand-
drawn sketches during the idea generation and
development phase [6, 7]. Other benefits of sketch-
ing involve improved collaboration [8], improved
conceptual understanding [9], and improved under-
standing of ill-defined problems [10]. How well a
design is sketched can also influence how creative
the design ideas are perceived [11]. Finally, sketch-
ing has been found to improve spatial visualization
ability [12, 13]. Despite the many benefits of teach-
ing free-hand sketching to engineers, it is not widely
taught in the engineering curriculum [14]. This study
presents two methods for teaching sketching in
engineering and how the presented curricula can
create more effective engineers.

Traditionally, sketching in the engineering curri-
culum is taught with the purpose of providing
dimensions for a product to be created. This is
accomplished through teaching drafting engineer-
ing drawings using simple isometric and sectional
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views [15]. As CAD has become more prevalent in
Engineering Design courses, these types of sketches
feed directly into CAD drawings. The inclusion of
this type of sketching has been shown to improve
skills such as spatial visualization, but otherwise,
gives the students the same benefits as using CAD
alone. The hypothesis of this paper is that the ability
to generate more realistic sketches of objects can
further improve spatial recognition while also
improving sketching ability more than the tradi-
tional engineering approach. Courses in the Indus-
trial Design curricula have developed pedagogy to
train designers in sketching through the use of
elements such as perspective view, shading, and
ray tracing. According to The Engineer of 2020:
Visions of Engineering in the New Century [16], the
engineering profession must leverage innovative
developments of non-engineering fields, and this
still has not been accomplished. Therefore, in
recent years, instructors in mechanical engineering
have partnered with instructors from Industrial
Design to develop a suitable curriculum to replace
the sketching-based portion of a freshman-level
engineering graphics course. This method of teach-
ing perspective sketching has been introduced in
engineering curricula to allow engineering students
to benefit from the advances made in Industrial
Design education.

* Accepted 12 January 2018.
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1.1 Traditional method

Introduction to Engineering Graphics and Visuali-
zation is a freshman-level cornerstone design course
at the Georgia Institute of Technology in the
Mechanical Engineering Department with the goal
of teaching students to develop and interpret engi-
neering drawings and representations. The first five
weeks of the course are dedicated to drawing and the
remaining 10 weeks are dedicated to solid modeling
using CAD software. In the traditional version of
this course, the sketching portion is primarily
focused on developing engineering drawings such
as those developed for manufacturing purposes.
Two-dimensional and three-dimensional drawings
are created, but three-dimensional drawings are
only isometric. Almost all of the drawings are
done using grid paper and straight-edge tools.
Figure 1 shows an example shown in class on how
to generate an isometric drawing of a complex
shape. Note the use of a straight edge and graph
paper. In general, the drawings in the class are
intended to prepare the students to create compu-
ter-generated solid models in the latter portion of
the course.
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1.2 Perspective method

In recent years, professors in the Mechanical Engi-
neering department at Georgia Tech have worked
with professors from the Industrial Design depart-
ment to implement the method of teaching sketch-
ing used in Industrial Design to the sketching
portion of the Introduction to Engineering Gra-
phics course in Mechanical Engineering. This
method of the class includes teaching techniques
such as thumb-nailing (Fig. 2a), perspective (Fig. 2b
& c¢), primitives, drawing complex shapes in per-
spective, shading (Fig. 2b & c), and ray-tracing to
create shadows that mimic a light source (Fig. 2¢).
Figure 2 shows a series of student work from assign-
ments given throughout the first five weeks includ-
ing (a) thumb-nailing a dorm room object, (b)
drawing primitive basic shapes in perspective
using shading to show surface texture, and (c)
sketching a concept for a product. All of the assign-
ments are presented during the lab session in a
gallery style showcase where all of the students
can walk around and see everyone’s sketches and
provided critiques and praise to their classmates.
This method of the course focuses more on devel-

Outline Figure
And Scaffold
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Fig. 1. Example from Traditional Class on how to draw in isometric view.
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Fig. 2. Example of student work from Perspective method course: (a) thumbnails of a dorm room object, (b) exercise of multiple 3D shapes
in perspective, (c) concept product sketching in perspective with appropriate shadows.

oping the ability to generate realistic renderings of
objects and or ideas using sketching only.

2. Methodology

Both methods of teaching sketching are currently
used in separate sections of the same freshman-level
course in mechanical engineering. To study the
impact of these methods, relevant skills were mea-
sured in students from both versions of the course
over two semesters of the course. In total, 795
students participated in the study, with the vast
majority being mechanical and aerospace engineer-
ing majors. The students completed pre-course and
post-course evaluations using online survey distri-
bution software to determine the impact of the
course. The pre-course evaluation was given
during lab session of the first week of class. The
post-course evaluation was given during the lab
session two weeks before the end of the semester.
Students who did not complete both the pre- and
post-course data collections were removed for ana-
lysis, leaving a sample size of 694. The evaluation
included two scales testing spatial visualization
skills and a design self-efficacy scale.

The two spatial visualization tests were the
revised Purdue Spatial Visualization Test: Rota-
tions (PSVT:R), consisting of 30 untimed questions,
originally developed by Bodner and Guay (1997)
[17] and revised by Yoon (2011)[18], and the Mental
Rotation Test (MRT), consisting of 24 questions
with a time limit of 12 minutes, developed by
Vandenburg and Kuse (1978) [19] and revised by
Peters (1995) [20]. Both tests present the participant
with an object viewed from an initial angle and four
images of similar objects viewed from various
angles. The participant must then select the image
that shows the object from the main image rotated
in space. Each test was analyzed independently, and

participant submissions for each test that did not
complete the evaluation with sufficient effort (left
more than half of the questions blank or gave the
same answer choice for the majority of the ques-
tions) were also eliminated from the analysis. A
three-question survey on effort was included follow-
ing each test. No participants were eliminated based
on the responses to these effort surveys alone. The
eliminations resulted in a sample size of 657 (360
Perspective, 297 Traditional) for the PSVT:R, and a
sample size of 675 (364 Perspective, 311 Traditional)
for the MRT. The spatial visualization data for each
test was analyzed between the two independent
groups of students, Traditional and Perspective.
As spatial visualization skills have been found to
be crucial to success in engineering courses [5, 12],
the spatial visualization data collected pre-course
was also used to determine students who were
initially low-scoring in this skill. Previous work by
Sorby and Veurink (2010) found that students who
scored below 20 significantly benefit from interven-
tion [21]. Based on these findings for the PSVT:R,
students who scored below a 20 were considered
low-scoring, which resulted in low-scoring PSVT:R
designations for 89 students from the Perspective
group (24.7%) and 75 students from the Traditional
group (25.2%). For the MRT, students who scored
in the bottom 33% were considered low-scoring.
The cutoff for these scores was found to be scores
below 11 (of a possible 24) resulting in low-scoring
designations for 118 students from the Perspective
group and 103 students from the Traditional group.
The low-scoring students from each group were
compared.

The design self-efficacy survey, developed by
Carberry, et al. (2010), [22], asked the students to
rate themselves on their confidence in their ability to
conduct engineering design, motivation to conduct
engineering design, expectation of success when
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Table 1. Sample Sizes of Data Groups

Perspective Traditional Total
PSVT:R 360 297 657
Low-Score PSVT:R 89 75 164
MRT 364 311 675
Low-Score MRT 118 103 221
Self-Efficacy 184 159 343

conducting engineering design, and their anxiety
when faced with the task of conducting engineering
design. Unfortunately, we were unable to gather
pre- and post-course data in design self-efficacy
from the first semester, so only data from the
second semester (Npers = 184, Nag = 159) was
analyzed. Sample sizes of both the spatial visualiza-
tion data and design self-efficacy data are summar-
ized in Table 1.

3. Results

To determine if participants in the two groups began
the study statistically equivalent in their spatial
visualization skills, the pre-course surveys were
compared, and the results analyzed using t-tests.
The groups were compared again using the post-
course surveys to determine if there was any sig-
nificant change between the groups. Additionally,
within-subject paired t-test analysis was run to
determine if there was a significant change in the

group.

3.1 Spatial visualization results

A t-test was run between the traditional and per-
spective groups’ results of both the PSVT:R and
MRT. A t-test verified that the groups began with
comparible spatial visualization skills. The t-tests
between the two groups for the pre-course PSVT:R
returned a p-value of 0.73 (t = 0.345, df = 654), and
the t-test for the pre-course MRT returned a p-value

of 0.85 (t =0.193, df = 673). The two groups started
at similar levels.

Post-test scores were compared to determine if
the two approaches had a different impact on spatial
visualization skills. T-tests for post-course scores
indicating no difference between the groups for the
mean (PSVT:R p = 0.40, t =-0.844, df = 654; MRT
p=0.69, t=0.402, df=673). The pre- to post-compar-
ison for the PSVT:R can be seen in Fig. 3. All bar
graphs indicate average scores for the sample and
are shown with error bars indicating +/-1 standard
error.

To determine if the course was improving scores,
a paired t-test for the pre- and post-course was run.
PSVT:R t-tests for both the Traditional group
(p = 0.19, t = 1.32, df = 295) and the Perspective
group (p = 0.280, t = —1.08, df = 359) indicates no
improvements. On further investigation, a ceiling
effect was observed as 29% of the participants
missed 2 or less questions. The pre to post compar-
ison for the MRT can be seen in Fig. 4. Paired t-tests
were also run for both groups for the MRT and
returned a p-value of <0.01 for both the Traditional
(t=-13.9, df = 310) and Perspective (t = -14.9, df =
363) groups, indicating students are on average
improving their MRT scores.

Since a ceiling effect was observed for the
PSVT:R, and to further understand the impact of
the course on students who began with low scores,
the students determined to be low-scoring for each
spatial visualization test were also compared. Com-
paring the PSVT:R means of the initially low-
scoring students in the two groups’ pre-scores
returns a p-value of 0.96 (t = -0.054, df = 162),
and comparing the post-course PSVT:R scores
returns a p-value of 0.17 (t = 1.38, df = 162).
These results indicate that the two groups were
not statistically different at the beginning of the
course or at the end of the course. Comparing the
MRT means of the initially low-scoring students in
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Fig. 3. PSVT pre- and post-course averages.
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Fig. 6. MRT pre- and post-course averages for initially low-scoring participants.

the two groups’ pre-scores returns a p-value of 0.68
(t = -0.408, df = 219), and comparing the post-
course MRT scores returns a p-value of 0.41 (t =
1.38, df = 162). These results again indicate the two
groups were not statistically different at the begin-
ning of the course or at the end of the course. Figure
5 shows the pre to post comparison of the PSVT:R

averages from the initially low scoring students.
Paired t-tests were run to on each group returning
a p-value of 0.01 (t = -2.66, df = 74) for the
Traditional group and a p-value of <0.001 (t = —
5.05, df = 88) for the Perspective group, indicating
that both approaches are improving the students’
PSVT:R scores. Figure 6 shows the pre- to post-
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Table 2. Statistical Analysis Results- Design Self-Efficacy

Between-subject Analyses (t-test)

Pre-course Post-course

t P df t P df
Confidence 0.732 0.23 341 1.25 0.211 341
Motivation 1.83 0.068 341 0.859 0.391 341
Success 0.790 0.43 341 0.514 0.608 341
Anxiety -0.519 0.30 341 1.4 0.162 341

Within-subject Analyses (paired t-test)

Traditional Pre to post Perspective Pre to post

t P df t P df
Confidence -11.6 <0.001 158 -13.58 <0.001 183
Motivation 0.253 0.801 158 1.27 0.204 183
Success -9.040 <0.001 158 -10.09 <0.001 183
Anxiety 3.646 <0.001 158 2.29 0.023 183

comparison for the MRT averages of initially low-
scoring students from each group. Paired t-tests
were run for each group and returned a p-value of
<0.001 for both the Traditional (t =-13.9, df = 310)
and Perspective (t = —14.9, df=363) groups, again
indicating significant improvement..

3.2 Design self-efficacy results

The design self-efficacy scale from both groups was
compared both pre- and post-course using a t-test.
A within-subject paired t-test was also run for each
group. The results of all of these analyses can be
found in Table 2. The average pre- and post-course
ratings of each group can be seen in Fig. 7 and Fig.8.

4. Discussion

The between-subject analyses of all the pre-course
data suggest that the two groups are significantly
similar at the start of the course, and the between-
subject analyses of the post-course data suggest that

the two groups remain significantly similar. There-
fore, the Perspective method of teaching sketching
can be said to be as effective as the Traditional
method for developing the key ability of spatial
visualization and impacting the students’ design
self-efficacy.

Also, the results of the within-subject analyses of
the students suggest that both methods of teaching
engineering graphics significantly increase students’
spatial visualization. The exception is the results of
the PSVT:R analyses, which show no significant
change in ability. However, it can be argued that this
lack of change is likely due to a ceiling effect as there
is a significant increase when looking specifically at
the students who were initially low-scoring. Finally,
both methods can be seen to significantly increase
the spatial visualization skills of students who begin
with lower scores.

The within-subject analysis of the design self-
efficacy survey suggests that both approaches to
the course significantly increase students’ confi-
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dence in being able to conduct engineering design,
increase the student’s perceived ability to succeed in
engineering design, and significantly reduces anxi-
ety associated with conducting engineering design.

All of these findings indicate that the Perspective
method is just as effective as the more traditional
method of teaching engineers how to draw at
developing effective engineering designers while
the Perspective method includes the development
of a new skill of being able to draw realistic dia-
grams. Other studies on the same cohort of students
have found the Perspective method of teaching the
course to increase sketch quality at a significantly
higher rate that the Traditional method [23]. This
ultimately leads to the development of more well-
rounded and capable engineering designers in the
same timeframe as more commonly found curricu-
lum. In conclusion, the results presented in this
study support the notion that sketching continues
to be an essential tool for engineering design, and
continuing research is vital to ensuring the develop-
ment of the most successful method of teaching
sketching to engineers so that we may, in turn,
continue to produce engineers with the tools
needed to be successful.

5. Limitations

There are two major limitations of this study. The
first was that the traditional method was only taught
by one instructor and this instructor did not teach
the perspective method in any of his sections. Due to
this, any differences between the two groups could
be attributed to the instructor and not the method.
Future work should include one of the instructors
teaching the alternative method to ensure the results
are due solely to the method used. The second
limitation is that both versions of the class follow
the same curriculum for the CAD portion of the
class. Therefore, the similar changes for each group

in spatial visualization and design self-efficacy may
be due to the similar portions of each method.
Future work should observe changes in the students
immediately after the sketching portion of the class
to determine what changes are due to the sketching
portion of the class and what changes are due to the
CAD portion.

6. Future work

The main drawback of the Perspective method of
teaching sketching is the lack of faculty with proper
training to teach the course. For the current study,
Mechanical Engineering faculty members were
aided in developing the curriculum and gaining a
greater understanding of the material by instructors
from the Industrial Design department and faculty
with dual appointments in Mechanical Engineering
and Industrial Design. However, many universities
do not have easy access to individuals with this
expertise.

Other drawbacks include the additional time
needed to evaluate student sketches and the desire
to provide reliable evaluations of sketches and
adequate feedback. Most evaluation methods of
the detailed sketches produced in this method are
primarily qualitative and require a trained eye to
direct students on how to best improve. This is
unfeasible for an ever-growing engineering student
population.

In an effort to aid in the implementation of this
method of teaching sketching in engineering educa-
tion, an Artificial Intelligence Sketching Tutor is
being developed in the form of an interactive pen-
and-tablet-based online platform called Sketchtiv-
ity [24]. This AI system would help to supplement
the shortcomings of the Perspective sketching cur-
riculum by providing a series of progressive lessons
based on the proven pedagogy used in Industrial
Design. The system provides immediate feedback to
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students on their sketches by evaluating the data
points of each sketch, determining its error, and
showing the students the correct sketch. The pro-
gram also allows students to see their progress in
sketching skills in several parameters such as speed,
accuracy, and steadiness. The implementation of
such a system would allow an instructor with less
experience in teaching perspective sketching to
present core principles and allow the Al to provide
the needed individual feedback to students. This
would make it possible to teach a skill typically
taught in a studio setting with smaller class sizes to
lecture-style courses with larger class sizes.

As always, continuing research will be greatly
needed to better understand the full impacts of
differing methods of teaching sketching in engineer-
ing education. As the Al sketching tutor is devel-
oped and implemented into courses, observations of
its impacts will be a crucial part of future studies.
Preliminary studies have shown a satisfactory
response from students using the system, but more
work needs to be done in comparing the impacts of
using the Al tutor versus a human instructor.

Another necessary element of future work will be
to continue developing methods of evaluating
sketches. The Al tutor will rely on having a con-
sistent evaluation method in order to return human-
like feedback to students. Preliminary work has
been done to create a quiz and subsequent evalua-
tion metric that could be implemented by an AI [25].
Also, having a more highly-developed evaluation
metric will allow for more research to be conducted
on the linkages between sketching ability and other
design skills such as creativity and idea generation.

7. Conclusions

Sketching is an important, but sometimes over-
looked skill for engineering designers. This paper
presents two different methods for teaching free-
hand sketching in a freshman-level mechanical engi-
neering course at the Georgia Institute of Technol-
ogy. Thefirstmethod teaches traditional engineering
drawing that focus on teaching students to sketch 2D
and isometric views of objects with the use of grid
paper and straight edge tools. The second method
teaches students more advanced sketching techni-
ques typically found in Industrial Design courses
including sketching in perspective and using ray-
tracing to include shadows cast by the object. To
evaluate the impact of thisnewer Perspective method
has on skills that Traditional engineering sketching
curricula have been shown to improve, the spatial
visualization skills of two groups of students, one
taught each method, were evaluated.

The results of the experiment suggest that the
Perspective version of the course increased the

spatial visual skills of students as well as the Tradi-
tional method. This finding shows that the Perspec-
tive method teaches engineering students new, more
advanced, sketching skills without taking away
from the other skills typically gained through
more traditional engineering sketching curricula.
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