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Applying three-dimensional (3D) printing technology to a geoscience classroom provides an alternative way to teach students. This brief report describes an educational innovation for the geoscience classroom by 3D printing technology to develop structural interpretation skill in high education level in Thailand. In comparison to traditional classrooms, this teaching method enables students to more easily comprehend how geological structures and features occur in nature through a project-based learning in seismic interpretation course. 3D printing models are constructed based on student interpretation through three different software packages. The observations in this study indicate that the ability to create the 3D models based on digital seismic data can enhance structural interpretation skill of students. The benefit of freely orientating and viewing in different angles of the 3D models leads to a construction of cognitive abstract space and spatial visualization ability. Therefore, 3D printing technology plays an important role in changing and developing the geoscience education system in Thailand at present and in the future. This teaching method could potentially benefit any science classroom and have applications in other disciplines requiring similar skill.
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INTRODUCTION
In traditional geoscience education, learning activities include lectures by teacher, assigned textbook reading, laboratory exercises, or classroom discussion. Geoscience teaching methods commonly use maps, diagrams, and photographs as the primary learning media to illustrate geological structures. However, flat or two-dimensional (2D) media can potentially limit classroom learning, especially in the case of geoscience education; this is because studying geological phenomena and structures mostly require spatial and object visualization abilities. In addition, images illustrated in textbooks and lecture slides are sometime unrepresented in the real geometries of geological structures (Alcalde et al., 2017). Thus, traditional teaching media cannot always successfully demonstrate the scope and idea of geological structures and features in a three-dimension (3D) view. Nowadays, computer technology offers a more effective teaching and learning experience than that of the traditional classroom. 3D printing technology may facilitate the transformation of geological structures and features into 3D models, which can be used to demonstrate in the geoscience classroom that is easily comparable to textbooks and conceptual structural models. The 3D model helps students to interact with geological structures by allowing them to touch and view from any angle under real-word conditions and helps students acquire spatial visualization of these geological structures (Carneiro et al., 2018). Berra et al. (2014) documented that skill in geological mapping of students is increased after using 3D software packages to model geological bodies. Moreover, 3D geological models have been successfully used in geoscience education in several cases and are suggested to enhance the teaching experience in the future (Caumon et al., 2009; Ward, 2011).
Geoscience is an interpretation-based field of science and requires students to read geological maps, classify Earth materials and interpret structural geology and tectonic setting (Frodeman, 1995). Structural interpretation is a fundamental skill at all academic levels (from students to experts) in this field of science. The teaching and learning of structural interpretation improve not only just the student ability to visualize structures in space but also the spatial distribution of rock layers based on geological data (Carneiro et al., 2018). There are several data types that are used for this purpose, such as core, well, outcrop, and seismic data. However, the data used to interpret geological structures are, often, incomplete in terms of their spatial continuity. Students, therefore, must use their knowledge and spatial visualization skill in the interpretation of data to propose a structural concept model. Seismic interpretation is a fundamental method for understanding geological structures and features by determining the geometry and displacement of seismic reflections in the subsurface (e.g., Rotevatn and Jackson, 2014; Harding and Huuse, 2015; Alcalde et al., 2017; Chenrai and Huuse, 2020). The advantage of seismic data is allowing students to view 3D geometry of geological structures, especially in the case of digital seismic data. Recently, free software that can be easily downloaded for teaching in geoscience has been developed. Using these software packages, seismic data can be interpreted using a personal computer; in other words, geological structures can be viewed and explored simply with the use of a computer monitor. A traditional teaching and learning method in seismic interpretation class involves the use of 2D and 3D diagrams extracted from textbooks for a comparison of the interpreted results. However, when using such software, understanding and interpreting the relationships between subsurface structure, topography, and geological process may be challenging for some students. One reason could be that the geological images displayed on the computer monitor are the 2D and 3D transformations of the structures. These images are often incapable of demonstrating the extent of geological structures in the 3D field and therefore do not lead to the improvement of the student’s spatial visualization skill (Stieff et al., 2005). Thus, it is important for teacher to use new technology that helps in the development of the spatial visualization and structural interpretation skills in their students.
Nowadays, 3D printing technology is becoming increasingly popular in geoscience education system as it allows for the demonstration of various objects in classrooms in a fun, easy to understand, and interactive manner (Horowitz and Schultz, 2014; Hasiuk and Harding 2016; Ford and Minshall, 2017). 3D printing technology allows students to print 3D objects based on geological structures and features to demonstrate complex structures in a comprehensive manner (e.g., Hasiuk, 2014; Hasiuk and Harding 2016; Ishutov et al., 2018). Moreover, combination of visual and touch interaction enables students to understand the difficult concepts underlying geological structures. Notably, 3D printers are gaining popularity all over the world in the field of geoscience education; however, there are only a few case study publications in Thailand. Thus, the current study presents a case study of the effectiveness of 3D printing in demonstrating a variety of geological structures by project-based teaching in the geoscience classroom at Chulalongkorn University in Thailand. Project-based teaching allows students to learn faster through practice and be more productive through a hands-on experience. The use of 3D printing in project-based teaching is reported in numerous articles (Abreu et al., 2014; Carpenter et al., 2016; Ghotbi, 2017; Lin et al., 2018). The aim of the current study is to investigate the potential of 3D printing in the development of structural interpretation skills in students who are at high education level and in supporting innovative ways of geoscience education through project-based teaching.
CLASSROOM STRUCTURE
3D printing technology is ideally suitable for project work or project-based teaching, where learning takes place naturally through practice and experience that comes from doing a project. Students studying at universities are familiar with this type of teaching, where they spend time on group and individual project works. The project output involves the creation of 3D geological structure models based on student interpretation of geological structures and features. Students, then, print out the 3D model to support their own interpretation because multiple concept structural models can be interpreted and created from a single project area. Furthermore, students are then required to present their works including geological structure interpretation, tectonic setting, and 3D model construction in the final project study. This method of teaching is different from the traditional ones that are adopted in the geoscience classroom, as student-centered learning moves power within the learning experience from the lecturer to the student treating the student as a co-creator in the teaching and learning process (Barr and Tagg, 1995).
A 3 -h-per-week course in “seismic interpretation” comprises 1 h of lecture and 2 h of exercise. Every lecture was followed by an exercise, in which the students were asked to interpret seismic data (in the context of geological structure) as a project. The lectures focused on theories and basic seismic interpretation and the exercises on constructivism, social constructivism, and experiential learning. The project involved practice in structural interpretation skill and the development of 3D printing technology using computer-aided software. The students enrolled in this course are third- and fourth-year undergraduate students with a gender-balanced mix classroom and have no previous experience on 3D printing technology. Each student was assigned an individual project and asked to give a short discussion, summary, or progress of the project including concepts of geological structures, 3D geological models, and 3D printing model designs. The development of the teaching with 3D printing technology includes three steps: 1) student project setting, 2) seismic and structural interpretation, 3) model exporting, and 4) student project discussion.
Student Project Setting
In this teaching method, digital datasets of 2D and 3D seismic reflections are used to interpret a geological structure. Different datasets, with different tectonic settings (i.e., extensional, compressional, strike-slip, inversion, igneous intrusion, and salt tectonics), are randomly provided to the students. Data sources include several locations such as New Zealand, Myanmar, Congo, Norway, and Gulf of Mexico in order to allow students to see various types of geological structures. In addition, there are many open source data that can be downloaded (for teaching) at the university level via internet. Students obtain the data to be interpreted in the “SEG-Y” (.segy) format. The quality of the seismic data is good enough for students to interpret geological structures, such as fault, fold, thrust, salt dome, and igneous intrusion. Students are asked, individually, to import seismic data into an interpretation software package and identify a geological structure in the project area.
Seismic and Structural Interpretations
Seismic data can be interpreted with a variety of software including free and commercial packages. Free and open source software called “OpendTect” is used to interpret the seismic data and generate surface models containing x, y, and z data (Figure 1A). Faults and horizons (reference surfaces) are interpreted in this software (Figure 1B). In this study, visualization techniques, including time slices, seismic attributes, and vertical seismic displays, are chosen to visualize the changes in seismic characters across the project area. Seismic attribute techniques, such as similarity and dip attributes, are used for observing a geological structure, especially in cases of fault and fracture. During reconnaissance, fault edges are highlighted by the similarity attribute in the seismic data (Figure 1C). Then, careful horizon and fault picking was performed for all the available seismic data in the project area.
[image: Figure 1]FIGURE 1 | Seismic data are interpreted by using OpendTect software. (A) Reference surface of the geological structure model highlighted in the light green line in Figure 1B. (B) Horizon and fault interpretation in cross section. (C) Fault interpretation on the reference surface.
Model Exporting
Creating a 3D structural model from seismic data is not typically an automated interpretation process but requires multiple steps involving several software packages. The data used in the student projects are in an SEG-Y format, which is not amenable to 3D printing. 3D printing requires the distance data of three axes (x, y, z) to construct a 3D shape, which is usually presented in a wave front object (.obj) or stereolithography (.stl) format. Thus, three software packages are involved in this study to convert an interpreted image from the student projects from .segy to .stl format. The data are firstly imported into the OpendTect software to interpret geological structures in the project area. However, an overlap surface or curvature surface interpreted from a salt dome and an igneous intrusion is sometime problematic, which is seen as gaps or holes in surface models. Thus, these gaps need to be refined in the Midland Valley’s 3D Move software. In addition, the 3D geological structure model exported from the OpendTect tends to be substantially high resolution. This 3D model should reduce the grid resolution within the Midland Valley’s 3D Move in order to reduce file size, making the model available online.
The Midland Valley’s 3D Move software allows basic modifications to be made to the model, such as scaling, rotation, and variable print density and also allows access to the final model configuration preview, as presented in Figure 2A. Then, the model is exported as .dxf format to SketchUp software. The conversion from .dxf format to .stl format can be carried out using the SketchUp software, which is a 3D drawing tool designed for architectural applications. However, it can be used to create a 3D model and convert the geological model into .stl format. It is also capable of adding objects and editing 3D models to construct printable stereolithography models. This is an important process because separate faults, sometime, are needed to stick together or a prop is used as a supporter to keep the surface in position and printable for the 3D model. The final .stl model is then exported for translation into a physical model (Figure 2B). However, many free software packages are also capable of creating and editing 3D models to construct printable stereolithography models. Examples given in this study are based on the student projects using digital seismic data; other software packages can be adjusted for different learning objectives.
[image: Figure 2]FIGURE 2 | (A) 3D geological structure model from 3D Move software. (B) Final 3D geological structure model from SketchUp software.
Student Project Discussion
During the short discussion at the end of the class, students were asked to answer key questions related to the learning objectives of the course that they had understood from the lectures and exercises. The questions were asked to encourage students to apply, summarize, explain, or identify an important aspect or geological structure related to their 3D printing project. For example, the students are asked to identify geological structures and explain how they could demonstrate the geological structure from the project. These questions were used to evaluate the teaching method and its effectiveness in learning. An example of one of the 3D models in .stl format can be found in Supplementary Presentation 1.
OBSERVATIONS AND DISCUSSIONS
From classroom observations, the students were found to be extremely concerned with interpretation of 3D geological structure models. They were highly interested in 3D model interpretation and creation and were found to be willing to spend 60–90 min in the classroom adjusting the overview of the geological structures. Some students spent their free time outside the classroom developing the 3D models as it allowed them to work individually on their personal computers. It seems that the students are better understanding on how geological structure develops through geological times compared to the previous academic year. At the beginning of the structural interpretation, the students usually interpret a simple structure without concerning tectonic concepts. However, when creating the 3D structural model, geological characteristics and the structural geometry became concrete when visualized. This may be due to the fact that the students had to visualize the structure and deformation events by considering spatial continuity in a 3D field during the interpretation. If the interpretation is incorrect, the students were faced with a problem of connecting the structural planes or surfaces such as fault and fold. Thus, they were required to rethink and revise their own concepts of 3D model interpretation. Furthermore, it also appeared that the students were confident drawing these geological structures into seismic data with poor quality seismic area. In comparison to the previous academic year, if students do not know where the problem of the interpretation is, they would not know where they should correct the interpretation. This prevented them from fully understanding the complex geological structure processes leading to misconceptions that hindered the development of their spatial visualization and structural interpretation skills. The students helped each other solve the problems and even discussed the challenges they faced during their projects in classroom. The students seemed to be influenced by the ability to view and rotate the geological structure model from different angles (Figure 3). After printing the 3D models, the students were able to verify the minor inaccuracies in their structural interpretations when the geological structures were provided as 3D models. They were also able to integrate their observations from the dataset into their 3D models during the presentation and discussion sessions. Based on personal interview, the students felt that the benefit of free orientation helped them explain their interpretation in a very easy manner. Thus, cognitive abstract space and spatial visualization ability can be constructed when students need to view the 3D model from different angles (Huang and Lin, 2017). Observations also indicate that the use of the 3D printing model can lead to the enhancement of the structural interpretation skill better than those developed using the traditional teaching method. The current study therefore provides guidance for the development of innovative teaching methods appropriate for the development of students’ structural interpretation skill.
[image: Figure 3]FIGURE 3 | 3D printing model. (A) Plan view location of fault orientations. (B–D) Side view of the 3D model.
The advantage of using 3D printing in geoscience teaching includes improved structural interpretation skill, self-direct learning, and student attitude. In addition, with the use of this technology, students can interpret the various concepts with an increased level of confidence. The disadvantages of this teaching method include the additional time required to develop the 3D structural models, lack of student-to-lecturer interactions, and high cost of the printing models. Furthermore, the method used in this study requires lecturers to have computer and software skills. Additionally, minor faults cannot be added in 3D models owing to the connectivity of the 3D printed area.
However, only a few students participated in this study; thus, the observations may not be representative of a complete quantitative analysis. Furthermore, 3D printing in geoscience education was used in this study to give it a global appeal. For example, there remains a need to perform a study using a group project using 3D printing technology to compare the result obtained in this study. Although the teaching method used in this study provides an innovative way for teaching geoscience to undergrad students, it cannot be used to replace some existing learning objectives such as rock classification and stratigraphy; this limits the utility of 3D printing technology.
The 3D printing models created from student projects have been garnering the interest of teachers and students in geoscience classrooms. Construction of 3D printing models can enhance new teaching methods and present novel models of teaching media. The 3D models will be further tested and refined before giving to public domain, thus being accessible to external lectures, students, and interested people. Although the focus of the current study was only on teaching methods adopted in the geoscience classroom, the findings and observations can also benefit other disciplines that adopt similar learning methods.
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