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Work-in-Progress: An enriched learning environment using visual and

tactile aids to support inter-domain learning

Abstract

In this paper, we investigate the impact of visual and tactile aids on the teaching and
learning of inter-domain concepts that are related to abstract mathematical models commonly
used in engineering education. The context of this study includes industrial engineering,
engineering management, and systems engineering, in which there are numerous abstract
concepts without physical representations that make it difficult for students to learn. For
example, the inventory positions and their cost consequences lead to complicated derivations
and complex mathematical expressions with embedded abstract insights, but there are no
corresponding physical models like airfoils for aerospace engineering or circuit boards for
electrical engineering. Specifically, in this study, we investigate if and to what extent

meaningful visual and tactile aids help students increase their learning outcomes.

In multiple domains, we are studying to what extent visual and tactile aids of specific
mathematical concepts help students grasp such concepts. The domains in this study include

inventory control, integral calculus, and additive manufacturing (AM).

From the integral calculus domain, students will learn multiple ways to visualize the
inventory positions and their cost consequences for inventory control. For AM, the same
students will learn to produce physical models for these mathematical relationships via AM

technologies. Based on these teaching and learning experiences, we plan to show that the



level of students’ understanding of the inventory models increases with these visual and

tactile aids.

Ultimately, we plan to show how tactile aids produced via AM help students learn the
mathematical concepts of integral calculus. We also intend to demonstrate how this calculus
provides a way to characterize the variations in products manufactured via AM and enhance
the mathematical and statistical aspects of AM for other disciplines. Hence, students’ learning
critically depends on an inter-domain experience consisting of inventory control, engineering

mathematics, and additive manufacturing.

Keywords—Abstract Mathematical Concepts; Visual and Tactile Aids; Learning

Outcomes

Introduction

Students have been characterized by their learning styles which affect their ability to
learn and the teaching modalities that make teaching effective [1] [2]. The Felder-Silverman
model describes learning styles using the dimensions of Active/Reflective, Sensing/Intuitive,
Visual/Verbal, and Sequential/Global [3]. The majority of undergraduate engineering students
were classified as having an Active, Sensing, Visual, and Sequential learning style as shown
in Figure 1, with over 80% of the students indicating that they are visual learners. Kuri and
Truzzi [4] evaluated the learning styles of freshmen engineering students and reported similar

results.
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Figure 1 Classification of undergraduate engineering students learning styles [3]

Active learners prefer applying concepts in activities such as problem solving,
experimentation, and group discussion. Students in the sensing category prefer learning
procedures, methods, and facts. Visual learners need diagrams, physical and graphical
models, and figures to learn concepts effectively. Sequential learners like to see concepts
presented in an incremental well-ordered sequence. Given the high percentage of visual

learners, teaching methods should include frequent use of visual and tactile aids.

In the literature of visual and tactile aids for teaching and learning, there are numerous
studies providing supporting evidence that such aids enhance students’ learning outcomes as
well as possible rationales, for example, aids reduce the burden placed on short term memory

for engineering problem solving.

Abstract concepts without direct physical representations can be found in many

engineering knowledge domains such as industrial engineering, systems engineering, and



engineering management. Domain topics having abstract concepts include supply chains,
enterprise computing, and complex engineering projects. Teaching and learning such
concepts is difficult, because students are not able to retain the concepts’ in long term

memory accurately or for a prolonged period of time.

A typical sequence of learning events in the classroom setting can be described by the

following.

1. Abstract concepts are often derived from complicated mathematical expressions with
solutions implicitly defined by a system of equations and inequalities. To derive
solutions, students are expected to use optimization techniques, differential
equations, or equilibrium methods, and in many cases, numerical, computational, or
simulation steps are necessary.

2. A substantial number of students are unable to explain the meaning of their solutions,
the meaning of the relationships among key parameters of the mathematical models,
and the ramifications and implications from an economical, managerial, or intuitive

viewpoint.

Consequently, we observe that quite a few of our students work hard to derive the correct
solutions analytically, numerically, and/or computationally, but do not understand the
solutions that they have correctly obtained in the second step above. In extreme cases, they

do not know if the solution (obtained through all these numerical and computational steps) is



correct, because they follow the prescribed steps mechanically without intuition or insight.

Under the circumstances described above and based on the literature review shown in the
next section, we believe that visual and tactile aids are promising learning tools. Therefore,

we are interested in the following engineering education research question.

Can meaningful visual and tactile aids help students understand abstract concepts without
physical representations often found in the aforementioned engineering disciplines? If yes, to

what extent?

To address this research question, in the context of inventory models from the inventory
control domain, we propose to construct and analyze evidence-based, in-class examples of
visual and tactile aids that support inter-domain learning as shown in Figure 2. These aids are
expected to help engineering students develop a better understanding of abstract concepts that

are needed in engineering problem solving.



Inventory

3D Physica control 3D Graphical
del models
models
/\/Iathematical mod&
" > ) )
Additive 3D Physical Engineering
Manufacturin models Mathematics
3D Graphical
models

Figure 2 Visual and tactile aids for inter-domain learning

Students will learn multiple ways to visualize the inventory positions in the inventory
control domain along with their cost consequences. At the same time, for the additive
manufacturing (AM) domain, the same students will learn how to produce physical models of
these mathematical relationships via AM technology. We plan to show how tactile aids
produced via AM help students learn mathematical concepts of integral calculus from the

engineering mathematics domain.

The rest of the paper is organized as follows. First, we present a review of relevant
literature. This is followed by the description of the methodology used for this proposed

study thus far. As it is a work in progress, we then outline the future plan for this study.

Literature review

Tactile learning aids have been extensively studied in the literature and have been used

widely. Learners with a tactile preference learn more effectively when they are involved in



making and handling materials (e.g., using sculptures and board games) [5]. Similarly, visual
learning aids have also been explored as Zimmerman and Cunningham [6] conducted
numerical analysis on the visualization effect of computer on building students” knowledge.
For example, Tall [7] found that, when students drew graphs that represented physical shapes,

they developed a better understanding of calculus.

The reason why these approaches are effective may be that visual and tactile aids help
learners offload part of the conceptual processing required to the visuospatial domain, thus

freeing up valuable verbal resources in working memory [8].

In engineering education, there are many examples of visual and tactile aids that have
been used to support student learning. Heath et al. [9] claimed that the visual display of
performance data was important for student comprehension. Chen et al. [10] studied the
effects of using wooden models on student learning in engineering graphics. Students who
used tactile wooden models scored higher on a spatial transformation test than students who
used non-physical visual aids. The efficacy of visual aids on student learning with respect to
learning verbal materials, spatial layout, etc. has been widely studied [11]. In addition, due to
its effectiveness in promoting learning, mathematical educators have advocated for the
increased use of visual and tactile aids in the classroom [12]. However, visual and tactile aids

for abstract concepts in engineering have not been widely adopted.



In industrial engineering, systems engineering, and engineering management domains
which share common interests in topics such as supply chains, the impact of visual and tactile

aids on learning abstract concepts has not been studied.

Work in Progress

Currently, to answer our aforementioned research question, we are in the process of
producing prototype visual and tactile aids which consist of the integral calculus as well as
the solid modeling for actual additive manufacturing later. These aids will be evaluated in the
context of an inventory control course to determine their effectiveness in improving student

learning.

Visual Aids for Integral calculus

We note that integral calculus does resemble additive manufacturing in concept as it
produces 3D volumes using many “thin” layers. For example, the 3D shape shown in Figure

3 can be integrated to determine the volume.
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Figure 3: 3D shape defined by the green surface



We can estimate the volume of that object by adding up cubes, or voxels, of defined
volume that fill that shape [13]. If we only use a few voxels, we get a rough shape for the

visual aid as shown in Figure 4.

Figure 4: Visual aid using voxels to approximate the volume

Generating Tactile Models (for AM)

To create a tactile model that accurately represents a mathematical model, we use a fused
deposition process with acrylonitrile butadiene styrene (a thermoplastic). The fused
deposition process is an additive manufacturing technology that produces 3D solids by
depositing thin layers of plastic, i.e., multiple 2D cross-sections of a computer-aided design
(CAD) model. It should be noted that the resultant 3D representation is an approximation of
the original CAD model and therefore, there will be surface deviations in the 3D solid. To
understand the nature of these deviations, we describe our method for producing the tactile

models.



Given a general functionz = f (x,y), we sample a set of discrete points (x, y, z) by varying
the values for x and y. A surface representing the function is generated by fitting the set of
points using the Scanto3D add-in in SolidWorks. From the fitted surface, a 3D model is
generated to represent an (x, y, z) graph of the function. The model is then converted to an
STL file which approximates the 3D model using a 3D mesh. The STL file is used in additive

manufacturing to create the 2D cross-sections that are used to produce a 3D solid.

Using a mathematical model for a hemisphere, we produced a tactile visual aid with 3D
printing, as shown in Figure 5. This physical model represents the volume of an object and is

expected to help students to learn integral calculus.

a) b)

Figure 5: Hemisphere tactile aid: a) top view b) bottom view

To approximate the volume, as has been explained in the previous section, we produced a

pyramid-shape tactile visual aid with 3D printing, as is shown in Figure 6. Additional visual



and tactile aids like this will be produced in the future for studies that evaluate their impact

on student learning.

a) b)

Figure 6: Pyramid tactile aid a) front view b) back view

Future Plan

With integral calculus based visual aids and the tactile aids produced via additive
manufacturing, we are formulating pre- and post-test questions to evaluate the effectiveness
of the visual and tactile aids in our inventory control course. Examples of our previous

assessments can be found in [14] and [15].

The assessment will be designed in the form of multiple choice questions and integration
of 3D mathematical models to test how well the students learn the related concepts. Students
will be randomly assigned to four groups, those without any aids, those with visual aids,
those with tactile aids, and those with visual and tactile aids. Paired t tests will be used to
determine the statistical significance of the pre- and post-test differences. Cohen’s d will be
used to assess the effect size (small to large). The sample size for students in the required
inventory control course (about 200 students) should be sufficient to demonstrate any

differences between the four groups.



In this study, our goal is to address three types of relevant questions that are related to
our primary research question.

1 To what extent does teaching and learning of 3D printing/additive manufacturing
help students’ learning of additive/integral calculus?

2 To what extent does teaching and learning of additive/integral calculus help students’
learning of 3D printing/additive manufacturing?

3 Do visual and tactile aids from additive/integral calculus and 3D printing/additive
manufacturing help students’ understanding of abstract concepts in industrial

engineering, engineering management, and systems engineering?

Acknowledgement

We would like to thank Erin Starkey and Abigail Zimmerman for their excellent
contribution in integration and calculus, as well as Eric Vereyen, Weston Eugene Berg,
Wesley Nelson and Robert Quiles for their efforts and supports in 3D printing.

Moreover, this material is based upon work partially supported by the National Science
Foundation under Grant No. 1504912. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the authors and do not necessarily

reflect the views of the National Science Foundation.



References

[1] Felder, R.M., and Silverman, L.K., “Learning and Teaching Styles in Engineering
Education,” J. of Engineering Education, Vol. 78, No. 7, 1988, pp. 674-681.

[2] Corno, L., and Snow, R.E., “Adapting Teaching to Individual Differences Among
Learners,” in M. C. Wittrock, ed., Handbook of Research on Teaching, 3rd ed., New
York, N.Y.: Macmillan and Co., 1986.

[3] Felder, R. M., & Brent, R. (2005). Understanding student differences. Journal of
engineering education, 94(1), 57-72.

[4] Kuri, N. P, & Truzzi, O. M. S. (2002, August). Learning styles of freshmen engineering
students. In Proceedings, 2002 International Conference on Engineering Education,
Manchester, United Kingdom, August 18-22, 2002.

[5] ILSA, 2018, “Tactile Learning Strategies for Learners Who Prefer to Begin by Making or
Handling Materials,” Available: International Learning Styles Australia (ILSA),
http://www.ilsa-learning-styles.com/Learning+Styles/Multi-
Sensory+Approaches+to+Learning/Tactile+Learning+Strategies.html. [Accessed
February 5, 2018].

[6] W. Zimmerman and S. Cunningham, “Editor’s introduction: What is mathematical
visualization”, Visualization in teaching and learning mathematics, pp. 1-7, 1991.

[7] D. Tall, “Intuition and rigour: the role of visualization in the calculus”, Visualization in

teaching and learning mathematics, 19, pp. 105-119, 1991.



[8] M. Haugwitz, J. C. Nesbit and A. Sandmann, “Cognitive ability and the instructional
efficacy of collaborative concept mapping”, Learning and Individual Differences, vol.
20, no. 5, pp. 536-543, 2010.

[9] M.T. Heath, A.D. Malony and D.T. Rover, “The visual display of parallel performance
data”, Computer, 28, pp. 21-28, 1995.

[10] Chen, Y. C., Chi, H. L., Hung, W. H., & Kang, S. C. (2011). Use of tangible and
augmented reality models in engineering graphics courses. Journal of Professional Issues
in Engineering Education & Practice, 137(4), 267-276.

[11] L. R. Novick, S. M. Hurley and M. Francis, “Evidence for abstract, schematic
knowledge of three spatial diagram representations”, Memory & Cognition, vol. 27, no.
2, pp. 288-308, 1999.

[12] J. Barwise and J. Etchemendy. “Visual information and valid reasoning. In W.
Zimmerman & S. Cunningham (Eds.)”, Visualization in teaching and learning
mathematics Washington, DC: Mathematical Association of America, pp. 9-24, 1991.

[13] Foley, J. D.; A. van Dam; J. F. Hughes; S. K. Feiner (1990). Computer Graphics:
Principles and Practice Computer Graphics, Addison-Wesley.

[14] K. J. Min, J. Jackman and M. Zugg, “Critical Life-Cycle Decision Making for Projects
under Uncertainty,” Engineering Economy Division, Proceedings of ASEE Annual

Conference & Exposition, New Orleans, Louisiana, 2016.



[15] K. J. Min, J. Jackman and J. Chan, “Visual Models for Abstract Concepts towards Better
Learning Outcomes and Self-Efficacy,” Educational Research and Methods Division,

Proceedings of ASEE Annual Conference & Exposition, Indianapolis, Indiana. 2014.



