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3D printing developed as a prototyping method in the early 1980s, yet it is considered as a
21st century technology for transforming digital models into tangible objects. 3D printing
has recently become a critical tool in the geoscience research, education, and technical
communication due to the expansion of the market for 3D printers and materials. 3D
printing changes the perception of how we interact with our data and how we explain our
science to non-experts, researchers, educators, and stakeholders. Hence, a one-day
short course was designed and delivered to a group of professors, students, postdoctoral
fellows, and technical staff to present the application of 3D printing in teaching and
communication concepts in the geoscience. This case study was aimed at evaluating how
a diverse group of participants with geoscience and engineering background and no prior
experience with computer-aided modeling (CAD) or 3D printing could understand the
principles of different 3D printing techniques and apply these methods in their respective
disciplines. In addition, the course evaluation questionnaire allowed us to assess human
perception of tangible and digital models and to demonstrate the effectiveness of 3D
printing in data communication. The course involved five modules: 1) an introduction
lecture on the 3D printing methods and materials; 2) an individual CAD modeling exercise;
3) atour to 3D printing facilities with hands-on experience on model processing; 4) a tour to
experimentation facilities where 3D-printed models were tested; and 5) group activities
based on the examples of how to apply 3D printing in the current or future geoscience
research and teaching. The participants had a unique opportunity to create a digital design
at the beginning of the course using CAD software, analyze it and 3D print the final model at
the end of the course. While this course helped the students understand how rendering
algorithms could be used as a learning aid, educators gained experience in rapid
preparation of visual aids for teaching, and researchers gained skills on the integration
of the digital datasets with 3D-printed models to support societal and technical objectives.
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INTRODUCTION

3D printing is a 21st century technology for transforming digital
models into physical objects. This technology is rapidly evolving,
with more access to 3D printing machines and materials
(Wohlers Report, 2019). This is an innovative tool in medical
(Baden et al, 2015) and biomedical sciences (Hoy, 2013),
engineering (Meyers et al., 2016; Boyajian et al, 2020), and
communication (Baden et al., 2015; Malmstrom et al., 2020).
3D printing revolutionizes how we interact with our data and
how we explain our science to non-experts (Horowitz and
Schultz, 2014). Creating repeatable, tangible models is
emerging in the geoscience education and research as well as
in the related industries, such as petroleum recovery,
groundwater storage, and carbon dioxide sequestration
(Ishutov et al, 2018). One of the biggest advantages of 3D
printing is that all the processes involved in the creation of a
3D object, from generating the design to obtaining the printed
part, facilitate the learning of concepts and tools, which also
develops creativity and communication skills. Earth science data
are often modeled in 3D, and 3D printers can provide this 3D
visualization and tangible aspect of digital data (Figure 1).

3D printing or so-called additive manufacturing of an object
involves deposition of a material layer by layer (Squelch, 2017).
Therefore, this technology enables manufacturing models in
various sizes and proportions (e.g., small objects can be
printed large, so that more details are visible or large objects
can be scaled down, so that one can hold the planet in the hand).
Sustainable learning through a tangible approach is critical for
understanding of complex geologic ideas, where learners can
collect, gather and evaluate information about the exterior of the
model and internal structures (Szulzyk-Cieplak et al., 2014).
Moreover, the same model can be used to communicate these
ideas to others, including non-experts in a technical subject (Dadi
et al., 2014). 3D printing is essential for commination with
impaired people, especially students who require special needs
for education (Kostakis et al., 2015; Jo et al., 2016; Pantazis and
Priavolou, 2017; Koehler et al., 2018). In the Earth science
curriculum, those students can learn common topics such as
volcanoes or plate tectonics by using 3D-printed models in the
classroom or at home. Buehler et al. (2016) demonstrates an
example of a short course for students with intellectual disabilities
in an inclusive context that results in enhancing digital literacy
skills and reducing stigmas about these individuals at a
community level.

Application of 3D printing in high-school education has
already shown enhanced haptic perception of the learning
material. Elrod (2016) emphasized that if 3D printing would
be used in the K-12 environment, students could be better
prepared for careers in emerging fields of technology [e.g.,
science, technology, engineering, and mathematics (STEM
disciplines)]. Schelly et al. (2015) demonstrated that even a 3-
day short course for middle- and high-school teachers from a
variety of disciplines (sciences, engineering, and arts) gained a
high interest in utilizing this technology in their classrooms. Chiu
et al. (2015) presented a successful model for learning, self-
learning, and mastery learning approaches for freshman

3D Printing Short Course for Geosciences
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FIGURE 1| Major benefits of using 3D printing in geosciences. It is useful

for developing creativity and design skills through 3D modeling. 3D printing is a
convenient tool for rapid manufacture of learning and teaching aids. Any 2D or
3D model can be replicated for a better communication, especially

among non-specialists. Any digital data can be reproduced with 3D printing,
even if the physical sample does not exist anymore. Research ideas and
concepts can be repeatedly tested on the 3D-printed samples. All data can be
retrieved or repeated from the digital repositories, which include files of 3D-
printed models.

students with different levels of technological literacy using 3D
printers. Reggia et al. (2015) suggested that providing engineering
students with an opportunity to perform a project-based design
course using 3D printing was an essential curricular element in
many engineering programs. Chien and Chu (2018) proposed
that 3D printing could enable high-school students to improve
their ability to transform from STEM to STEAM (science,
technology, engineering, arts, and mathematics) using 3D
printers and to create a bridging curriculum with respect to
high-school and college students.

Roy and Brine (2017) developed a coursework model to build
intellectual capital for the next generation who would vastly
depend on 3D printing, because they would shape a smart
community in both developing and developed economy
context. Martin et al. (2014) explained an idea of “think
globally, produce locally,” where 3D printing would become
more affordable with the versatility of machines and the
ability to engage students with many different STEM-based
activities. Gatto et al. (2015) showed that engineering
education is on the course of adapting to the social and
industrial revolution brought by additive manufacturing,
because the latter allowed for sharing digital data in
repositories and repeatedly reproducing the data to test ideas
and concepts (Figure 1).

For the geoscience education, not many examples are found
in the literature for using 3D printing in any full-time curriculum
or short courses. Ford and Minshall (2019) demonstrate
how teaching models of terrains, fossils, and mineral crystals
can complement digital models for a better perception of 3D
features. 3D printing is currently used in four geoscience areas,
primarily for research and communication: paleontology,
geomorphology, porous rocks, geomechanics (Figure 2). These
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Paleontology

Geophology

FIGURE 2 | Applications of 3D printing in the geoscience research areas: (A) paleontology, (B) geomorphology, (C) porous rocks, and (D) geomechanics. A blue
chart indicates the characteristics of 3D-printed models that are critical for each of the geoscience areas. Materials used in a specific application have different physical
and chemical properties, which affect the resolution of a 3D-printed model. 3D printer’s hardware and post-processing of 3D-printed models determine the accuracy of
external and internal features. A combination of the three previous characteristics affects the repeatability of a digital design 3D-printed in multiple copies.

Porous Rocks

Geomechanics

3D-printed models help organizing a full description,
classification, and preservation of geologic specimens.
Resolution of 3D printers determines the accuracy of internal
and external features of 3D-printed models and hence affects the
repeatability of the digital design in different materials (Figure 2).
These characteristics are critical not only for creating teaching
aids in the Earth Science curriculum, but also for conducting
experimental research with 3D-pritned specimens (Ishutov et al.,
2018). 3D printing also has value for communication of
geoscience to non-specialist audiences to convey technical
information, to support legal arguments, and to provide
general knowledge of the nature. Currently, there is no
universal short course that can provide fast, but positive
learning experience of digital modeling and 3D printing to
understand and explain geologic concepts among both experts
and generalists.

This course was developed to test how a group of participants
from STEM disciplines, but with various academic backgrounds
could perceive the fundamentals of available 3D printing
techniques and materials and their relative merits. With little
or no prior knowledge of CAD modeling and 3D printing,
participants learnt about applications of 3D printing in studies
of reservoir rocks (Squelch 2017), fossils (Rahman et al., 2012),
geomechanics (Hodder et al., 2018), geomorphology (Hasiuk and
Harding, 2016), and porous media (Ishutov, 2019). This one-day
short course was divided into five modules and involved students,
postdoctoral fellows, technicians, and professors interested in
current advances of 3D printing in research and teaching. In
addition, participants explored the application of 3D printing in a
technical communication. The objectives of the study included: 1)
to evaluate if learners with versatile educational and cultural

backgrounds could perceive the basic concepts of 3D printing
techniques and material properties to provide an assessment of
3D-printed models for research in their respective discipline; 2) to
test if fast learning of CAD modeling and 3D printing could help
the participants utilize 3D-printed models to explain geologic
concepts to generalist audiences; and 3) to prove that 3D-printed
models were effective tools for the geoscience education.

MATERIALS AND METHODS

The short course was designed for the participants without prior
experience of CAD modeling or 3D printing. In addition, the
course was open for students, professors, postdoctoral fellows,
technicians, and research associates from the geoscience and
engineering disciplines. The short course took place at the
University of Alberta, Edmonton, Canada and involved 50
participants. The course learning outcomes were: 1) to
understand capabilities and limitations of different 3D printing
techniques; 2) to demonstrate how to digitally design 3D-
printable models using CAD software, web platforms, and
computed tomography data; 3) to provide the assessment of
digital models and their relative replicas 3D-printed from real
data; and 4) to characterize how 3D printing can increase the
effectiveness of teaching and data communication.

Course Organization and Materials

The short course was organized in five modules: 1) an
introduction lecture on the 3D printing methods and
materials; 2) an individual CAD modeling exercise; 3) a tour
to 3D printing facilities with hands-on experience on model
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TABLE 1 | A brief description of topics covered in each module of the short course.

Module name Brief description

1. Overview of the 3D printing A lecture with slides and animations:
technology e 3D printing history and materials

® Post-processing methods and support material

e Additive manufacturing market and costs

® Applications of 3D printing in industries
An individual exercise on the design of 3D-printable
models using CAD software

e Creating solid and porous shapes

e Prototyping parts

® Exporting 3D-printable files
A visit to the 3D printing facility

® Hands-on experience with 3D printing process
and materials

® Post-processing of 3D-printed models
A visit to the 3D printing facility

e An overview of industrial 3D printers

® | earning about flow and geomechanical tests
on 3D-printed models
Group exercise on comparison of CAD models and
3D-printed parts

® QC analysis of 3D-printed models

® Demonstration of 3D-printed geological models

2. The art of making
3D-printable models

3. Elko garage tour

4. GeoPrint tour

5. Application of 3D printing in
the geoscience

processing; 4) a tour to experimentation facilities where 3D-
printed models are tested; and 5) group activities based on the
examples of how to apply 3D printing in current or future
geoscience research and teaching (Table 1). Each module was
taught by one of the four instructors, and facility tours were led by
four instructors, two instructors per facility. All instructions on
how to complete each module were organized in a digital
e-book (pdf).

Module 1 included a lecture on the history of “rapid
prototyping” and how 3D printing evolved as a tool for
engineering industries. In addition, the workflow of creating a
digital model and transferring it into a tangible object was
covered. The model preparation for 3D printing was
explained with examples of using printing specifications, such
as the thickness of each layer, the vertical and horizontal
dimensions, and the print speed. The lecture also contained
post-processing methods, such as ultraviolet (UV) light curing
or removal of support material that held the internal porous
structure and external elements during printing to avoid
deformation or damage of intricate designs. Instructors
discussed 3D printing methods that differed by power source,
resolution, precision, accuracy, build volume, materials, and
price. The importance and applications of 3D-printed models
were covered briefly for the areas of geoscience and engineering.
At the end of the lecture, participants had a discussion session
with instructors (Figure 3A).

Module 2 involved an individual CAD modeling exercise
using an online platform on laptops or tablets (Figure 3B).
The scale of 3D-printed models varied over the orders of
magnitude: from nanometer-size features to the size of the 3D
printer’s build volume. This activity was aimed at teaching the
participants to create complex geological models (like rocks and
fossils) using common shapes (e.g., cylinders, cubes) or multi-scale

3D Printing Short Course for Geosciences

Aim Duration
To introduce 3D printing methods and materials and examples of their 50 min
use in the geoscience education
To teach basic CAD modeling skills so that participants can use them in 90 min
their respective disciplines
To demonstrate the live process of 3D printing models and to 30 min
understand the workflow of creating a tangible model from a digital file
To show specific applications of 3D-printed models in the geological 30 min
and engineering research
To synthesize all knowledge gained throughout the course to discuss 90 min

how 3D-printed models help specialists and non-specialists to explain,
learn, and understand concepts and phenomena

elements, which were then translated for 3D printing. At the end of
this exercise, participants were able to export their model of choice
for 3D printing and receive at the end of the course.

Module 3 represented a tour to the Elko Engineering Garage
(University of Alberta, Edmonton, Canada) that introduced the
participants to the activities associated with creating and 3D
printing digital designs as well as post-processing of 3D-printed
models (Figure 3C). Participants were exposed a variety of 3D
printers and post-processing tools, as well as they had an
opportunity to investigate a 3D laser scanner. Instructors
made connections of the material covered in the lecture, such
as material properties, 3D printing resolution, and model
dimensions with the real applications in workspace.
Participants were able to observe the 3D printing process of
the digital models that they designed in module 2 and had a
hands-on experience on post-processing their models to make
give them a smooth, finished look.

Module 4 involved a visit to the GeoPRINT facility (University
of Alberta, Edmonton, Canada), where an industrial-grade sand
printer and a high-resolution stereolithography printer were
located (Figure 3D). This tour introduced participants to
two specific 3D printers used for geomechanical and flow
research at Reservoir Geomechanics Research Group.
Participants explored about the differences in material
preparation, printing, and post-processing between these
two technologies.

Module 5 included a group exercise on the comparison of
CAD models for porous rocks, fossils and geomorphic features
with their 3D-printed counterparts (Figure 3E). Participants
assessed the differences in material finishes, accuracy of
external and internal elements, and scales of 3D printing
(using criteria in Figure 2). In addition, there was a discussion
of potential application of 3D-printed models in the geoscience
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FIGURE 3 | Photographs of the short course modules. (A) Module 1
“Overview of the 3D printing technology.” Course instructors presented a
lecture on common additive manufacturing methods and materials and
showed examples of 3D-printed models. (B) Module 2 “The art of

making 3D-printable models.” Participants learned basic skills of CAD
modeling using TinkerCAD. (C) Module 3 “Elko Garage Tour.” Live 3D printing
process was shown to participants. (D) Module 4 “GeoPrint Tour.”
Participants were shown industrial scale printing and experimental program
performed with 3D-printed models. (E) Module 5 “Application of 3D printing in
the geoscience.” Discussion of specific applications of geoscience models in
edication and research.

experiments to validate numerical simulations and complement
existing laboratory tests. Instructors facilitated the discussion of
3D-printing techniques that participants have seen in modules 3
and 4 and how they could be applied to fundamental research in
the areas of multi-phase fluid flow and reactive transport, discrete
fracture  networks, geomorphology, and paleontology
(Figure 3E).

3D Printers and Software

Out of seven ASTM categories of 3D printing, four methods were
shown in this short course: stereolithography, binder jetting, material
extrusion, and material jetting. All 3D printers belonging to these
categories were demonstrated in Modules 3 and 4. Materials used for
demonstration of 3D printing techniques included polymers,
plastics, sand, and resins.

The software used in module 2 for CAD modeling exercises
was Autodesk TinkerCAD (https://www.tinkercad.com). It is a
free online platform that requires only registration with email.
The software used for processing of digital designs before 3D
printing was Autodesk Meshmixer (http://www.meshmixer.
com). It is a freeware that can be installed on most operating
systems.

3D Printing Short Course for Geosciences

Post-Course Questionnaire
The course survey is proved to be one of the effective forms of

analysis of the short course efficiency (Chiu et al., 2015; Schelly
et al, 2015; Meyers et al., 2016; Pantazis and Priavolou, 2017;
Ford and Minshall, 2019; Assante et al., 2020). The surveys are
usually conducted before and after the course to assess how
learning objectives are fulfilled. In each module, the following
criteria were used to build the course evaluation survey:

Module 1:
e fundamentals of 3D printing and its basic operating
principles;
o advantages and disadvantages of 3D printing technologies;
e performance and functional constraints of 3D printing for
specific applications.

Module 2:
e complete 3D-printing sequence of designing, fabricating,
and measuring models;
e source of mismatch between digital and 3D-printed models.

Module 3:

e causes of errors and irregularities in 3D-printed models;
e hands-on experience of 3D printing in class for improved
student understanding of subject matter.

Module 4:

e important 3D printing research challenges;
e resources to support experiments for teaching and
classroom projects.

Module 5:

e understanding if humans learn better when using 3D-
printed models;
e current and future 3D printing applications.

At the end of the course, instructors distributed an
electronic evaluation form to all participants and asked
them to complete it within 1 h. The questions in the survey
were composed in a Google Docs form to allow for anonymous
and individual response from each participant, who was
required to indicate only their academic level. The post-
course questionnaire was segmented into sections: 1) overall
recommendation for the short course; 2) assessment of course
materials (e-booklet, lecture slides, exercise instructions; 3)
course content (cohesiveness of modules, ease of learning the
material, laboratory tours, and visual aids); 4) time spent on
each module; and 5) evaluation of instructors’ teaching
abilities; 6) effectiveness of course learning outcomes.
Section 1 responses were based on Yes/No scale. Responses
in sections 2, 3, 5 were collected using the following scheme:
strongly disagree, disagree, neutral, agree, and strongly agree.
Responses in section 4 were registered using the following
scheme: not enough, adequate, too much, no opinion. The last
section was evaluated using Likert scale out of 5, where a
higher value is a more positive response.
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RESULTS AND DISCUSSION

The short course involved 50 participants from geosciences and
engineering (Figure 4A); it was expected to receive mixed
comments about the course contents and organization of
modules. Nonetheless, 97% of all participants responded that
the course would be recommended to others (Figure 4B). In this
case, others were referred to peer students, colleagues, and other
academic staff. This outcome was positive to propose the course
to various professional organizations as a customized workshop,
e.g., for industry professionals interested in the use of 3D printing
in research and technical communication. The instructors
observed that despite the differences in age and academic
background, the participants communicated with each other in
a friendly manner. Based on the results of the post-course
questionnaire, the short course outcomes were assessed for the
adequacy and organization of the course materials, structure, and
coherence of the course modules, and efficiency of the course
instructors and learning objectives.

Course Materials

An e-book contained a set of short, descriptive instructions with
images and figures about each module (Figure 5) that was useful
to most participants. Course objectives were clear, so that the
short course agenda was understood by learners with different
backgrounds (24 positive responses out of 32 responses in total).
In addition, the survey showed that the e-book was a valuable
component of the course as it helped navigating through activities
and exercises (27 positive responses out of 33 responses in total).
On the other hand, not all participants found the e-book visually
appealing and suggested adding pseudo 3D cartoons that would
visually simplify and outline different 3D printing processes (20
positive responses out of 33 responses in total; Figure 6). Other
comments pointed out on the use of bolded text, underlining or
different colors to highlight the key information in the e-book.
Also, more than half of the class noted that activities were clearly
defined by the instructors and suggested to include more details
about the operation of software as numbered bullet points so
there would be a step-by-step tutorial (21 positive responses out
of 35 responses in total; Figure 6). A few additional notes were
that the introductory lecture slides in module 1 were cohesive
and well organized. For the next run of the course, instructors
will prepare a short workflow with bullet points for each activity
and exercise and will place them in the e-book as a support
material. More images and snapshots will be added for each
activity to allow the participants to navigate between the
exercises.

Course Content

The course content was developed using several approaches:
lecture slides, individual exercises, group exercises, and facility
tours. The majority of the class responded that modules were
cohesive (29 positive responses out of 33 responses in total;
Figure 7). Participants were mostly engaged during the visits
to the Elko Garage and GeoPrint facilities (modules 3 and 4),
because these tours improved their understanding of the 3D
printing process (30 positive responses out of 32 responses in

3D Printing Short Course for Geosciences

A Who attended the
short course?

B Recommend this
course to others?

2

18.2%

@ Undergraduate Student
@ Graduate Student

@® VYes
Postdoctoral Fellow ® No
@ Faculty
@ Support Staff
@ Technician

@ visiting professor
@ Research Associate

FIGURE 4 | Demographics of the short course participants. (A)
Indication of the academic level and/or position. (B) Responses of participants
from (A) to the question: “Will you recommend this short course to others?”

total). Observing the printing methods and interaction with 3D-
printed models provided a motivation for the learners to
incorporate this technology in their research, teaching, or
other activities (29 positive responses out of 34 responses in
total; Figure 7). In addition, the majority of participants could
understand all aspects of digital design, processing, and post-
processing of 3D-printed models via the CAD modeling exercise
(module 2) (31 positive responses out of 34 responses it total).
Instructors observed that even those participants who did not
have any experience with digital modeling of simple shapes could
learn it fast, because at the end of the exercise everyone was on the
same level.

The group exercise involving comparison of digital models
with their 3D-printed counterparts and the discussion of
applications in the geosciences (Module 5) was expected to be
challenging, because the participants were divided into mixed
groups of 10 people to avoid accumulating representatives of the
same department and academic level in one group. E.g., one
group might have consisted of two undergraduate students from
civil engineering and geology, three professors from electrical
engineering, computer engineering and geophysics, three
postdoctoral fellows from mechanical engineering, and
petroleum engineering, and two research associates from
atmospheric science and computer science, respectively. Most
of the class responded positively to such combination of groups,
because it allowed them to share a broader spectrum of ideas
given the versatility of backgrounds (32 positive responses out of
35 responses in total; Figure 7). Some participants responded that
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FIGURE 5 | An example of the module instructions from the course e-book. The full version of the e-book was available for participants a day before the course.
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FIGURE 6 | Responses of participants for evaluation of the course materials, such as e-booklet and slides. All the course activities were described in the e-booklet
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they would prefer to classify the groups by the department, so that
they would share the same interest in 3D printing and might
make the group work more cohesive. This model could be
another option for the group activity, where the groups could
be formed by the department only, but the course contents would
need to be more general, rather than focusing on the geoscience
and engineering applications.

Participants would also asked to have more group activities to
share the knowledge learnt, which confirmed that this intentional
split into mixed groups worked well for leaning the unknown
concepts. A few people were not interested in the geoscience
applications and would have liked to participate in the content
related to their discipline only or in a more generic content. This was
a viable comment, and more than half of the class responded that
they would like to have an advanced 3D printing course to explore
the applications in their relative subjects of interest (26 positive
responses out of 30 responses in total; Figure 7). Perhaps a separate
short course covering specific applications of 3D printing in STEM
disciplines might be developed to satisfy this interest. The most
expected comment was that participants were thinking of getting
their own 3D printer to manufacture models for research, teaching,
and communication.

Each module had a different time period for completion,
because it depended on the speed of the instructor’s
delivery and the pace of participants (Figure 8). It was
designed to spend more time on individual and group
exercises (Modules 2 and 5), so that the pace between the
participants could be averaged as some people needed more
time to learn new tools. In general, almost all learners (29 out
of 33) agreed that the 50-min lecture in module 1 was sufficient
to grasp the main concepts. Some participants (12 out of 33)
noted that they would need more time to go through the
functionalities of the software in Module 2 to complete the
CAD exercises. In future, this module could be timed in a
different way, where the participants would have an extensive,
detailed introduction into the software and then they would be
given a set of exercises to complete. Also, for those who could
complete a mandatory set of exercises faster, additional
activities would be provided. For the group exercises
(module 5), about half of the class completed their
assignments on time, while a quarter of the class felt that
the time could be reduced (Figure 8). To adjust this module,
more exercises would be provided, specifically a small section
discussing case studies in the geoscience.
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Efficiency of Instructors

The next set of questions in the survey was aimed at revealing any
flaws in the style and structure of the instruction. It was found that
the majority of the class was satisfied with the teaching style and
delivery of the modules by instructors (28 positive responses out of
33 responses in total; Figure 9). One participant noted that it would
be useful to have solutions for each exercise, mainly for the ones
related to the group activity. The answers could not be compiled for
each activity as they varied by the group and the amount of material
covered in each case. A few participants would like to have more
one-to-one communications with instructors, but it might not
always possible, given the size of the class and time allocated for
each activity. It is foreseen that the class size will be reduced to have
more time assisting each participant in all activities, even though the
majority of participants (31 out of 33; Figure 9) felt supported
during the course.

The survey showed that instructors were knowledgeable (32
positive responses out of 33 responses in total) and well-prepared
(30 positive responses out of 34 responses in total) for the course,
which fulfilled the course objective of sustainable learning and
communication through tangible models. It is confirmed that 3D
printing promoted the curiosity among the learners and
facilitated an interest in creation of a model simultaneously
with the instructor. Developing creative potential entailed
improving a problem-based approach to demonstrate
theoretical concepts that could be accessible by different
groups of participants. This short course demonstrated that
diverse groups were able to assimilate, apply, and describe new
knowledge more effectively, including collaborative and
individual learning. There is a need in studying how these
methods can complement traditional instruction in terms of
retention of material and motivating learners to study and
develop their communication and problem-solving skills.

Efficiency of Learning Objectives
The course learning objectives were evaluated during interactive
exercises of the course as well as post-course questionnaire. After

completion of each module, participants were asked to complete
the same set of three questions based on the course objectives.
Their responses were averaged using Likert scale, where more
positive responses were approaching 5 and less positive responses
were approaching 1 (Table 2). Participants were scoring how
each of the three objectives was fulfilled when they completed
modules subsequently. It was evident that more confidence was
gained toward the end of the short course when all three course
objectives were assessed (increasing scores from Module 1 to
Module 5 in Table 2). While not all participants had geoscience
background, collaborative learning is proven to be effective in
enhancing creativity and hence enabling a large class to adopt the
new technology. Post-course questionaries demonstrated that
faculty, students, research fellows, and technicians could
effectively work in teams to understand basic concepts of 3D
printing techniques and material properties. They used this
information to provide an assessment of 3D-printed models
and to generate ideas for research in their respective disciplines.

Individual CAD modeling exercise (module 2) helped the
participants understand how geological and engineering
models could be designed and utilized to explain ideas and
concepts to generalist audiences. In module 5, instructors
provided an example of 3D-printed porous rock created from
a digital model (Figure 10). All participants were asked to use this
workflow to characterize how the rock porosity could have been
formed and to explain why the rock grains had angular or
rounded geometry and how they were transported to form a
larger formation. Participants with a geoscience background were
assessing responses of participants that did not have any
background in the geoscience. It was noted that comparison of
images, 3D digital models, and 3D-printed samples altogether
provided better understanding of the rock properties rather
than each model separately. Also. participants with good
technical background in CAD within the team could help
teaching other teammates, providing additional peer learning
element in the process.

Module 5 was very useful for synthesizing previous modules
and providing exercises linking CAD modeling from module 2
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TABLE 2 | Comparison of student responses on fulfiling the course learning objectives.

Objective Module 1 Module 2 Module3 Module4 Module 5
1) To enhance teaching and research endeavors in my respective discipline 4.02 4.39 4.55 4.57 4.84
2) To explain geologic concepts to generalist audiences with no prior knowledge 3.08 3.76 412 4.19 4.79
3) To improve geoscience education by communication with the use of digital and tangible models 2.55 2.82 3.78 3.99 4.01

The same set of questions on how the course objectives were fulfilled were asked after completing each model. The responses were averaged using Likert scale, where 5 is the most

positive and 1 is the least positive.

with 3D printing methods presented in module 1 and materials
observed in modules 3 and 4. Participants were asked to choose
one model for which both CAD and 3D-printed models were
available (Figure 11). Their task was to prepare a 1-min
presentation of the model intended for general audience. The
exercise was aimed at evaluating if 3D-printed models could
improve geoscience learning for non-specialists. This
collaborative learning approach demonstrated that expertise
from students with different backgrounds could contribute to

the cognitive process. Instead of learning under the instructions
of tutors, participants collaboratively worked and learnt together.
Participants noted that those teammates without geoscience
background provided more intuitive and comprehensive
description of selected models. It might be due to the fact that
specialists could not often formulate higher-level explanation of
concepts and phenomena.

Post-course questionnaire showed that 3D printing was an
efficient tool in teaching and communication geological data and
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Optical Imaging

FIGURE 10 | Workflow for generation of 3D-printed samples from digital models. Source data are either optical or CT images of natural rocks (e.g., Berea
sandstone). Images are segmented into pores and grains; the grain volume is transferred to 3D printing software as a CAD model. Selected 3D printer creates a tangible
model layer-by-layer (polymer in this example). Pore space is filled with support material (soft polymer) that is removed by post-processing.

FIGURE 11 | Examples of 3D-printed models used in course exercises. (A) Fossil and rock specimens. (B) Geomorphology and porous models.
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hypotheses to many types of diverse audiences. This study proved
that non-specialists could learn, understand, and explain
scientific concepts without prior knowledge about them. This
finding is important because 3D printing can be used in many
university curricula where students with any background can
learn sciences in any environment. In particular, tangible aspect
of 3D-printed models is vital for the geoscience education where
most of the data are in a 3D format. Future development of the
short course will involve several examples of non-geoscience data
(e.g., engineering, medicine) to challenge participants in
interpretation of concepts that are far beyond their expertise.
This approach will help identifying if 3D-printed models are
useful in communicating more complex phenomena to non-
specialist audience.

CONCLUSION

3D printing is an emerging technology in the geoscience that
provides additional teaching support, enhances technical
communication using visual aids, and enables repeatable
experimentation in research. While the process of
incorporating this technology into the regular curriculum in
academic institutions may take years, short courses can help
this process by improving student and faculty engagement and by
developing skills for a more qualitative knowledge acquisition.
The short course presented in this study was useful for a diverse
group of participants including professors, students, postdoctoral
fellows, and technicians from the geoscience and engineering
disciplines, because it allowed them to communicate geological
concepts using digital models and their tangible counterparts.
Participants demonstrated that this technology allowed them
having the capacity for modification and sharing digital data
and supporting educators who wanted to produce teaching
models without prior expertise and in a rapid manner.

While this one-day short course had five modules, participants
acknowledged that the time spent on each module was adequate
as the modules contained the right amount of instructions and
activities. It was designed in a way that participants would create
their digital model, learn about different 3D printing techniques,
observe how these techniques worked live and how 3D-printed
models were experimented with in the laboratory, and finally 3D
print their own model and discuss its properties. It was noted by
the participants that course materials, such as e-booklet and slides
with instructions, helped them digesting technical information in
a cohesive way.

The main objectives of the short course was fulfilled, because
the majority of participants responded that they would start using
3D printing for their research, teaching, or communication.
Moreover, many participants had an interest in taking an
advanced short course on the applications of this technology
in their respective disciplines and to recommend this short course
to others. Each module can certainly be modified and adjusted
according to the background of the audience. This short course
can be a primer for educators willing to introduce creative
modeling in their teaching schedule and prepare students for

3D Printing Short Course for Geosciences

problem-solving skills using tangible models. Making testable
analogs of natural phenomena for the geoscience researchers is
critical and can be achieved through acquiring CAD modeling
skills in this course. Besides creating visual and teaching aids, this
technology is a powerful tool in communication, as shown in the
short course, because the participants with diverse academic
backgrounds could discuss ideas and concepts without prior
knowledge about them, only using 3D-printed models.
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