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3D printing technology offers the chance to produce very small-scale, complex forms that could
help to improve educational materials for architectural design. In this age of technological advances,
architectural education needs to integrate modern teaching methods that could enhance students’
visual perception. This research thus examined the impact of computational design modeling and
3D printing technology on the spatial cognition of architecture students. It starts with the premise
that the use of the 3D printed models will support design logic and improve the deep understanding
of spatial perception among students. Thirty architecture students were asked about a designed
project realized for the purpose of this study. They were presented both a project designed via
computer modeling software and a printed model of the same project. The outcomes indicate that A rticle History:

the use of 3D printing gave better results in the development of students’ spatial abilities. The

findings also confirm that adopting this technology in the development of teaching tools will — Received: 01  November 2019
enhance students’ spatial perception and extend beyond the seamless materialization of the digital Accepted: 15 February 2020

model which can continuously inform design ideation through emerging perception qualities. .
Published: 01 April 2020

1- Introduction

The use of 3D models in various fields like architecture, urban planning, education, communication, and natural
resource management is becoming more common [1-2]. It is improving quickly toward presenting more realistic
models which enhance user understanding of spatial perception in different areas and can be used as an effective
communication tool among students [3]. Today the focus is more on visualization development through representing
designs using different techniques and technologies.

Although the use of 3D printing is still in its early years in all disciplines, the potential benefits seem to be driving
the technology forward [4]. There is a wide range of views about where this technology altering. Among recent
technological developments, 3D printing has been deemed as one of the most promising. Karlgraad called 3D printing
the transformative technology of the 2015-2025 period [5]. The increase seen in 3D printer use today is aided by the
easy access to this type of technology and on account of the aim of altering the production chain of design, modeling,
and manufacturing [6].

3D modeling techniques have emerged as important core competencies, and innovations developed through the
widespread application of 3D technologies have led to breakthroughs in medical science and machinery automation,
and even in education [7-8]. As designers, manufacturers, and consumers look for ways to address this growing
demand, many are considering the possibilities of 3D printing. Due to 3D printing’s flexibility and relative mobility, it
is speculated that it could help to meet the growing demands of the developing world. It could also help students. We
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should always keep in mind that almost every aspect of such models is driven by software which is entirely surface-
oriented in its underlying mathematics, the very same surface mathematics which is, of course, now also being used in
the machines, making possible new output technologies such as 3D printing, milling, or laser cutting [9]. Accordingly,
this study focuses on the use of both computing design and 3D printing technology to investigate students’ spatial
cognition. A project example designed using Archicad as computer software and a 3D printed model of the same
project example were compared to see the effects of the two techniques on students’ spatial cognition.

2- From Computing Design to 3D Printing

3D visualization on computers enhances the user’s understanding of the spatial and physical environments which
are concerned with different interaction aspects. Recently, most of the 3D models presented in 2D have constraints. In
addition, the methods of teaching with 3D modeling depend on the use of computer programs to guide students in the
construction of spatial perception. However, this method could not effectively support students to attain the needed
results, especially if the projects are complex and detailed. With the development of the technology, however, 3D
printing has been selected as the most effective method for producing the same versions of designs directly from a
digital source [10]. It is a method of additive production in which material layers are placed upon each other to build
an object. Several design technologies have been developed in this domain. Z Corporation has stated that the
increasing popularization of these technologies has had a gradual impact on education [4]. Huang and Tien-Chi
mentioned that the popularization of computer-aided design and computer-aided manufacturing (CAD-CAM) and the
implementation of computer numerical controls (CNC) and robotic arms has significantly improved architectural
design education [11]. On the other hand, as technologies have become increasingly reasonable, technologies for rapid
modeling and customization have begun to receive increased attention as well.

The technology for printing physical 3D objects from digital data was first developed by Charles Hull in 1984 [4].
He named the technique stereo lithography and obtained a patent in 1986. In 1993 the Massachusetts Institute of
Technology (MIT) patented another technology, named “3-dimensional printing techniques,” which is similar to the
inkjet technology used in 2D printers [12]. In 2005, Z Corp launched a breakthrough product, named Spectrum Z510,
which was the first high-definition color 3D printer on the market. Huang and Tien-Chi believe that the broad and
deep impact of 3D printing technology in education has driven the need to help students develop independent spatial
condition [11].

3D printing is one of the leading subjects that could benefit from considering design issues. Few studies in different
research fields are carried out using 3D printing technology and they have many limitations [13]. We can also see that
the resources necessary for fabrication in architectural design are artificial intelligence software and equipment for
digital manufacturing. Digital development and fabrication enhance contemporary architectural design and offer
remarkable potential for a direct connection between the life cycle of a building’s concept, manufacturing, and
development phases. Design and fabrication processes are simplified when structural materials and parts can be
assembled directly from concept drawings, transported to the site, and installed to shape the entire building.
Fabrication applications involve various methods, such as structural steel production, pipe welding, product
prototyping, panel design, and manufacturing [14]. Since 2005, significantly larger 3D printers have become available,
and the costs have also decreased dramatically, mainly due to competition among 3D printing service providers. For
example, a recent survey shows that the number of components manufactured with additive manufacturing processes
has risen sharply in the last few years [15]. Subsequently, this study describes an architectural design studio
experiment developed with the aim of exploring the combined use of computer software and 3D printed model of the
same design to test students’ spatial cognition. The emergence of additive manufacturing and 3D printing technologies
is introducing new skills and opportunities for new teaching practices in a range of subjects and educational settings.

3- 3D Printing in Educational Context

Originally developed in the 1980s in a large number of fields and markets, additive technology is best known
through the example of 3D printing, though bio printing also derives from this technology, allowing the development
of materials triggered by time, light, water, biological behavior, or other energy activation to be essential processes for
achieving desired forms [16]. The integration of this technology with its different techniques into the area of education
may offer new opportunities and teaching practices in various subjects. As a reflection of this, many studies have
investigated these possibilities within many disciplines, but several steps are still lacking to reach the expected results.
Berman notes that technologies for rapid modeling have begun to receive increasing attention in the educational
context with the aim of helping students to learn [17]. The increasing popularization of 3D printing technology has
had a gradual impact on industrial hardware and software, driving changes to educational training operations as well
[6-18]. Teaching 3D modeling using 3D printing technology could facilitate learning in fields ranging from
engineering to design to art [19]. While these technologies continue to progress, there are concerns that the slow
development of education and skills may prevent the adoption of technology on a larger scale [20].
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In universities, 3D printing is notably used in the sciences, where students’ learning process is supported by the
creation of 3D models for experimental tests of materials’ mechanical properties [21, 26]. It is also used for studying
special settings like visual perception and spatial visualization [22]. Improving the spatial visualization ability of
architecture students is a challenge for educational researchers. Many researchers have demonstrated that teaching
with computer-generated design visualizations can provide learners with adequate experiences for the development of
their spatial cognition [23-24]. Learners’ spatial skills are the most important and significant predictor of success in
manipulating objects and interacting with computer-aided design [25]. 3D printed material test models in engineering
curricula have been shown to be acceptable for this purpose. Across various universities, technical experiments have
been integrated into undergraduate research courses [26-27]. Katsioloudis proposed the use of 3D printed models as
teaching aids for engineering and spatial ability, and assumed that they could help to enhance students’ understanding
of modeling tasks [28]. Furthermore, students could gain a better understanding of visual data from 3D printed models
than from other visualization techniques [29-30]. Few studies have examined the effects of computing design and 3D
printing as teaching materials on ability [28]. Therefore, this study explores the impact of integrating 3D printing into
3D modeling techniques on learning outcomes among students of architecture with different spatial perception.

4- Experimental Study

The aim of this study was to investigate how students’ perception improves from working with 3D computing and
stereoscopic representations. We started with the hypothesis that the two different representations of the same real-
world projects can deliver very different sets of spatial information. The overall research objective of the study is to
consider the potential of 3D printing to create novel performative uses of design tools in architectural education.

4-1- Design Process

We designed a project to be used as a research case study. The project is a small exhibition hall of 10x10 m
designed with Archicad computing software (Figure 1). The characteristics of an exhibition hall are appropriate for a
study which focuses on spatial cognition and visual perception. The project was designed to be simple and to focus
more on the research outcomes. However, some details have been added like irregular openings, exterior structure, and
complex roof form to make spatial perception progress and to obtain different results from both computing design and
3D printed model (Figure 2).

Figure 2. Details added within the project (Openings, structure and roof form).
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As long as the 3D printers did not develop the ability to use specific textures and for the aim of making the design
as clear as possible, many examples were created with different textures and colors tones (Figure 3).

Figure 3. Uses of different textures and colours tones on the project.

After finishing the design in Archicad, the project was printed with an Ultimate 3D printer using three basic colors,
red, blue, and yellow, at 1/100 scale. The different colors were used to differentiate the details, aiming for clear spatial
visualization. The print time was about nine hours and thirty-five minutes. The result was a clear printed model
representing the design project. This provided an indication of what to expect during fabrication at real size with
materials defined in the micro-dimension. However, the limitations in the achievable curvature and resolution on
described research prevented the adoption of such techniques considering the level of detail and complexity of the
model. In order to obtain the desired finishing surface, additive 3D printing methods were also discarded (Figure 4).

Figure 4. 3D printed model of the exhibition form via Ultimate 3D printer.

4-2- Participants and Data Collection

A group of thirty students (18 male and 12 female) were randomly recruited from the Architecture Department of
Anadolu University in Eskisehir, Turkey to answer a questionnaire. The students ranged in age between 19 and 21
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(first and second year). Gender composition was not a criterion in this study, because we focused on general outcomes
more than differences in perception. A quantitative study was designed to perform the analysis of their spatial
cognition. Questions were arranged according to the model’s characteristics, general form, wall openings, structure,
and roof form. The possible answers ranged from “very clear” to “not clear.”.

The first step was to show the students the project designed with Archicad from different perspectives. Then the
students were presented with the printed 3D model and they had the chance to hold it, rotate it, and examine it. After
that, they answered a questionnaire containing ten questions about their perception and spatial cognition based on both
computer-aided and 3D printed models. The questions were asked about the project as a whole and the details like
openings, structure, and roof form to specify the enhancement outcomes. This gave them the opportunity to
understand the project and to compare their perception derived from both models. The collected data were analyzed to
assess the effect of 3D printing in enhancing spatial cognition and to find answers to the research questions: Is there
any difference in spatial perception as measured through 3D computer-aided design and 3D printed models? Does 3D
printing aid spatial cognition more than computing design?

5- Results and Discussion

The main purpose of this study was to determine the contribution of 3D printing to students’ spatial perception. In
particular, the study compared the use of two different types of 3D modeling (design via computer software and a 3D
printed model). To facilitate the discussion of the results, some terms have been abbreviated: GF (general form of the
model), DS (details and structure), RF (roof form), NS (number of students), CD (computer design), 3DP (3D printed
model). See Table 1. The study involves the practical application of 3D printing techniques through rapid prototyping
and usable component assembly, as well as 3D visualizations and experiments for checking model properties.

Table 1. Results of the questionnaire (students’ answers).

Model Very clear Partially clear Not clear
CD 3DP CD 3DP CD 3DP
GF 20 27 8 2 2 1NS
DS 12 25 10 3 8 2 NS
RF 7 27 10 2 13 1NS

It was found that the 3D printed model and 3D computer design both provided a clear visualization of the whole
design’s general form (GF) (Graf. 1). However, the majority of the students declared that their perception of the
project’s details and structure (DS) were clearer in the 3D printed model (Graf. 2). The participated students’ spatial
cognition of roof form (RF) was also strongly improved by the 3D printing model (Graf. 3). The important advantage
of using 3D printing as a learning aid is that the opportunity to manipulate a physical object often brought into focus
new elements for assessment that cannot be seen when using computer design (CD) alone.

Graf (1) GF Spatial cognition Graf (2) DS Spatial cognition Graf (3) RF Spatial cognition
30 30 30
25 CD 25 cD 25 cD
3DP
20 3DP 20 3DP 20
15 15 15
10 10 10
5 5 5
0 0 0
Very clear Partially Not clear Very clear Partially Not clear Very clear Partially Not clear
clear clear clear

Figure 5. Descriptive results of the CD and 3DP spatial perception.

Some questions aimed to investigate the positive effects of 3D printing on the students’ spatial perception and to
confirm whether the students agreed that the 3D printing technology enhanced it more than computer-designed
models. The results show that almost all the students agreed that 3D printing positively affected their perception
(Tables 2 and 3). In particular, it was found that the use of 3DP had a positive impact in relation to understanding,
interest, and cognition. They clearly understood that the project was an exhibition hall after examining the 3D printed
model, while many of them did not realize this when viewing the project via Archicad. It should be mentioned that
90% of the students noted that 3D printing strongly affected their perception and spatial cognition, 10% answered that
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they were partially affected, and 96.66% agreed that this technology is needed for their learning (Graf.4 and 5).
Educational tools could be 3D printed to help educators in architecture.

Table 2. Positive effect of 3D printed model on students’ spatial cognition.

Strongly affected Partially affected No effect
3DP Positive effect 27 NS (90 %) 3 NS (10%) 0 NS (0%)

Table 3. 3DP enhances spatial cognition more than CD (Students agreement).

Strongly agree Partially agree Do not agree
3DP>CD 29 NS (96.66%) 1 NS (3.33%) 0 NS (0%)

Interestingly, the results show some differences in using CD and 3DP to attain clear spatial cognition. First of all,
there was a significant difference in the perception of RF, indicating that 3DP is more beneficial for students with very
clear perception (Graf. 6). The same was found concerning the cognition of complex details like openings and
structure. However, the results of using both CD and 3DP as visualization methods for perception of the whole form
were almost identical (Graf. 7 and 8). This suggests that continuous improvement brought on by 3DP cognitive
experience using printed models is needed for understanding complex details of spatial visualization. Students will
need such technology that helps them to interpret complex project forms, especially during the development of
designs. Perhaps beneficial from another pedagogical viewpoint is the integration of 3DP as it can provide
opportunities to practice different learning strengths, like experiential learning and performance. The architectural
disciplines resulting from the incorporation of these technologies into teaching can be identified through promoting
learning, developing skills, and student participation, while increasing the involvement and dedication of teachers.

Graf (4) Positive effect of 3DP Graf (5) Students agreement

= strongly affected = partially affected = no effect = strongly agree = partially agree = Do not agree

Figure 6. 3DP positive effects on students’ spatial perception.

Graf (06) Comparison of students Graf (07) Comparison of students Graf (08) Comparison of students
spatial cognition, between CD and spatial cognition, between CD and spatial cognition, between CD and
3DP (very clear) 3DP (Partially clear) 3DP (not clear)
30 12 14
25 ﬂ\g/e 10 /_10 12
10
20 8
8
15 6
6
10 4
E/@\Q 4
° 2 2
0 0 0
GF DS RF GF DS RF GF DS RF

e CD e 3DP e CD e 3DP e CD e 3DP

Figure 7. Comparison of CD and 3DP in Students’ spatial cognition.
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The most important aspect of this study’s findings is the fact that 3DP encouraged the students to interpret the
model more flexibly than CD. The design system allows for configuration adjustments to be made even if the form is
exactly the same, because 3DP allows variation within certain limits. Therefore, since 3DP is digital, model
production depends on exact parameters and thus each component of the model can be printed with measurements that
are similar but not necessarily identical.

The modernization and transformation of education provide resources for self-directed learning. Therefore, a better
understanding is needed of how to acquire 3DP skills outside the traditional education program, and how to adapt
learning from informal and formal education. While developing the theoretical part to better support this research, it
became clear that there is a lack of research related to 3D models and their ability to enhance spatial cognition and
perception. This research can help in understanding the different types of 3D modeling technology that could be used
in education. With the many design technologies available, students have the chance to design almost any model in a
very short time. This study provides results related to the commonly used method of computer modeling. It is
confirmed that 3D printing technology gives students a better understanding of projects and models; however, more
research in the same area is needed.

6- Conclusion

It is important to know that 3D printing technology is still in its early stages. It is used in different applications
which could help to accomplish and facilitate some educational targets. We believe that 3D printing can support
spatial perception for students better than computer-aided 3D modeling. The printed models can be very beneficial for
architectural design and urban planning, particularly concerning spatial experiences. In architectural education the
creative advantage of using 3D printing is the ease with which special shapes can be made. This eliminates the
boundaries students normally must comply. We made use of computational modeling as well as technologies such as
3D printing. In addition, we learned how those techniques can be integrated into architectural education through an
experimental design with students of architecture. This study investigated the contribution of 3D printing technology
as a teaching model to explore students’ spatial perception. The results indicate that architectural design education can
benefit from the integration of 3D printing into the learning framework. It was found that 3D printing effectively
enhances learners’ spatial cognition and perception and could be a useful teaching tool. The use of both visualization
techniques (CD, 3D) generates a unique perceptual experience that broadens students’ understanding of design
projects, contributing to their cognitive achievements. The findings have also shown that the integration of 3D printing
technology into the teaching process is a means of improving students’ perception. However, these experiments are
still very limited in number and results, in the sense that they do not fully explore the potential of the technology and
its impact on the way we design and make buildings.
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