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Facilitating Molecular Biology Teaching by Using Augmented Reality (AR) and Protein 

Data Bank (PDB) 

ABSTRACT 

Spatial understanding of molecules in molecular biology provides a better understanding 

of molecules in isolation and relation to their next elements. Augmented reality (AR) has 

recently been developed as a computer interface that enables the users to see the real world with 

virtual objects superimposed on it. We report a method that shows the use of AR and data 

provided from protein data bank (PDB) to facilitate the teaching of macromolecules in biology. 

Users can easily convert the molecules structures obtained from PDB to a 3D format and use it 

with an AR application to study the molecules from different perspectives. A sample of 60 

college students was assigned randomly to one of two conditions namely 2D and AR. At the end 

of the experiment, participants completed a comprehensive test and then a satisfaction 

questionnaire. The results of the study showed a significant difference between 2D and AR in 

satisfaction, the media usability, perception, and apprehension. 

INTRODUCTION 

Creating physical models of macromolecules by using traditional methods such as ball-

and-stick or 3D visualization is quite tricky and time-consuming. Specifically, this might be 

more challenging for students whose spatial abilities favor them less. This inability to recognize 

3D characteristics of a model may affect student task performance and self-efficacy as well. 

Computer self-efficacy (CSE) and other social efficacies affect student satisfaction and 

motivation to regulate their academic success. Bandura (1977) pointed to perceived self-efficacy 

as a factor that may have a direct effect on the choice of activities and eventual success. That is, 

student confidence and the desire to learn computer skills are positively correlated. 

http://www.editorialmanager.com/tech/viewRCResults.aspx?pdf=1&docID=1209&rev=1&fileID=18394&msid={F47F2BA3-F4FE-4951-BE62-781C16C20FBE}
http://www.editorialmanager.com/tech/viewRCResults.aspx?pdf=1&docID=1209&rev=1&fileID=18394&msid={F47F2BA3-F4FE-4951-BE62-781C16C20FBE}
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AR is a variation of virtual reality (VR) where it allows the user to see the real world with 

virtual objects superimposed on it (Azuma & others, 1997).  That is, digital information is 

virtually integrated with real-life information. There are two theories which provide a foundation 

for AR salient affordances: (1) Situated learning theory and (2) constructivist theory. Situated 

learning theory explains that all learning happens in specific context and the quality of the 

learning is the result of aggregation and interaction among different elements within that context; 

mainly social, physical, and cultural (Dawley & Dede, 2014). Constructivist learning theory 

assumes that people construct knowledge based on their prior experiences and their sociocultural 

background and context (Dunleavy, 2014). AR, accordingly, positions the learners within a 

physical and social context, while promoting collaborative and meta-cognitive learning processes 

with multiple modes of presentation and so, aligns well with situated and constructivist learning 

theories (Dunleavy, 2014; Palincsar, 2005). Also, the effects of AR on learner spatial cognition 

have been investigated by researchers. For example, Cheng and Tsai (2014) and Martín-

Gutiérrez et al. (2010) have found improvements in student cognitive attainment in areas that 

have spatial frameworks.  

Currently, schools use limited tools as visual aids to help students better visualize and 

mentally construct complex 3D models. These aids consist of ball-and-stick modeling and 3D 

representation of models using computer animation and simulation. Thanks to computer graphic 

simulation programs and their appearance in the public domain, many of these difficulties have 

been overcome, and it is quite easy now to view and manipulate molecules in various ways. 

Many of these programs (e.g., RASMOL) represent different forms of a model, including 

wireframe, space-fill, α-carbon backbone, strands, ribbons, and cartoons. Other functions provide 

options to color atoms and other subunits to better understand the relationship between structure 
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and function. Users have the opportunity to utilize a mouse to rotate the molecule about any axis 

in the x, y, z plane, zoom molecules, and translate molecules within the x, y plane. However, 

with the pervasive innovation and utilization of virtual reality programs, which provide practical 

applications to visualize 3D models, it is now quite affordable for schools to integrate innovative 

technologies that can make a difference in the instructional domain. The results of the current 

study may help educators and instructional designers adapt and adopt AR as a method of choice 

in learning environments with a spatial framework, such as biology, geography, medicine, 

architecture, to name a few. 

In this study, we present an application that demonstrates the use of 3D macromolecular 

models and AR for research in molecular biology to improve science learning and collaboration. 

The 3D models are produced and integrated into an AR environment to make the interface 

between the learner and physical models more efficient. We have developed a method that 

integrates Molecules from a protein data bank (PDB) generated in PyMOL with an AR system. 

While using this system, the user can easily construct complicated models of proteins and 

interact with them to access information about specific model properties. 

Producing 3D models of proteins (macromolecules) creates opportunities for better 

understanding of the structure of molecular models. Unlike a 2D representation of 

Macromolecules, a 3D model integrated into an AR system can represent not only the visual 

characteristics of a model but also provides modes of interaction through manipulation of that 

model. For this study, students were randomly assigned to two different conditions, namely a 

Traditional 2D tutorial that explains the structure of DNA molecule versus the same tutorial that 

utilizes AR technology, to see if there are significant differences between satisfaction, media 

usability, perception, and apprenhension. 
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METHODOLOGY 

Design of 3D Models 

PyMOL. We used PyMOL (https://pymol.org) primarily to create our 3D virtual models. 

Over the last years, PyMOL molecular graphics system has been used to visualize molecular 

properties. PyMOL is open source software and can be used by all scientists and software 

developers. The system is based on C or Fortran, and its integrated Python interpreter adds 

additional features to it. PyMOL supports a variety of macromolecular representations such as 

wire bond, cylinder, spheres, and ball-and-stick, to name a few. Molecules can be loaded from 

PDB files to generate symmetry-related molecules and with a wizard written in Python one can 

quickly navigate through one or more electron density maps surrounding an atomic model. 

Moreover, PyMOL supports multiple atom selections and selected atoms can be visualized 

directly in the 3D window. Another salient characteristic of PyMOL is molecular editing. 

PyMOL supports molecular editing of a molecule by removing atoms or combining separate 

objects. It also allows growing new molecular structures. For example, to make tyrosine out of 

phenylalanine, one can select the para-hydrogen and replace it with a hydroxyl. 

Through the PyMOL integrated ray-tracing engine, any model displayed in its interface can be 

converted to a publication quality figure including 3D animation of the respective molecules. 

PMV. We used the Python Molecular Viewer (PMV) (http://mgltools.scripps.edu/) to 

create our virtual molecular objects. “PMV is a modular software framework for designing and 

specifying a wide range of molecular models, including molecular surface, extruded volumes, 

backbone ribbons, and atomic ball-and-stick representation”(Gillet, Sanner, Stoffler, & Olson,  p. 

484). A version of PMV namely embedded python molecular viewer (ePMV) can provide 

https://pymol.org/
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molecular graphics directly inside of several 3D animation software packages, such as Blender, 

Cinema 4D, Maya, and 3D Studio Max. We used ePMV available at (epmv.scripps.edu/) and 

installed it in Blender 2.62. Blender (www.blender.org) is released under the GNU General 

Public License (GPL or “free software”). 

PDB files. The Protein Data Bank (PDB) is a depository of information about 3D 

structures of biological macromolecules such as proteins and nucleic acids. This repository of 3D 

Macromolecules is available at (www.rcsb.org) to be downloaded directly into PyMol or as PDB 

extension in Blender software or any other 3D software mentioned above. We have utilized 

PyMOL to import PDB files. Typically, these files can be manipulated in PyMOL to add or 

delete specific molecules to it. The finalized molecule can be saved again under the same 

extension and be imported in Blender software.  The imported Molecule then will be exported as 

an obj. file to be used in an AR environment. 

Augmented Reality Interface 

3D presentation of macromolecules in PyMOL, while greatly more informative than 2D 

drawing, cannot show everything about the structure of Macromolecules. We used AR to 

enhance the properties of our models. Augmented reality enables the user to see the real world 

with virtual objects superimposed on it (Azuma & others, 1997). This immersive environment 

increases the sense of perception and interactivity and is a unique tool for learning molecular 

biology which is very hard to understand from text-based presentations. The AR interface 

combines 2D graphic and 3D virtual models and users can experience this computational model 

through handheld devices such iPhone or iPad. We used the AR interface available at 

www.augment.com. Augment is easy-to-use software that allows users to create extensive AR 

http://www.blender.org/
http://www.augment.com/
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Apps and present 3D content fascinatingly. Figure 1 shows the processing pipeline used to create 

the AR environment. 

Figure 1. The processing pipeline used in AR 

2D and AR Questionnaire  

This questionnaire was designed to tell us how students feel about using the 2D and AR 

research activity programs. Students, for example, were asked about their experience using 

AR/2D software, “my experience with the AR/2D program software was” and answers were 

evaluated through a 5-point Likert scale; “not at all frustrating, slightly frustrating, moderately 

frustrating, very frustrating, and extremely frustrating.” 
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Participants 

Undergraduate and graduate participants were recruited from a four-year Research 

University located in the southwestern region of the United States using announcements placed 

in electronic announcement system or postings within approved departments. A sampling of (N = 

60) undergraduate students were randomly assigned to one of the two conditions. Twenty-nine

participants were assigned to 2D instructional environment, while thirty-one were assigned to the 

AR instructional environment. 

Conditions 

2D. The 2D condition contained interactive elements for students who were assigned for 

this activity. Each student studied the lesson about the molecular structure of DNA and actively 

participated in reading the content. These activities included a drag and drop function in Adobe 

Captivate (Adobe.com). That is, participants recognized and dragged an isolated part of a model 

and dropped it in the correct location.  

AR. The AR condition also contained interactive elements for students who were 

assigned for this activity. Student studied the lesson about the molecular structure of DNA and 

actively participated while reading the content. These activities mostly consisted of drag and 

drop the component of the molecule to its right place and viewing different perspectives of 

molecular models which were not visible in the 2D condition. Students used a handheld device to 

aim at AR targets to move around the object and rotate the objects through the interface of AR. 
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Results 

Our primary objective was to investigate the impact of AR on student satisfaction in an 

environment with a spatial framework such as in biology or biochemistry.  To test this 

empirically, we designed a lesson about DNA structure in 2-Dimensional computer graphic 

environment and AR environment. We use AR as part of class practices to improve student 

attention to macromolecular constructs and stimulate their object-sensitivity using AR. 

Research Question 

RQ1: Does Media (2D or AR) have an effect on student satisfaction, usability, 

perception, and apprehension toward computer technologies? 

Demographics 

Participants in this study were college students from a four-year Research University 

located in the southwestern region of the United States who were enrolled during the spring 

semester. The number of participants in this study was (N = 60). Table 1 shows the age of 

participants in each of the two treatments. The majority of students were 18-29 years old 

(86.7%). The rest fell in 30-49 brackets (13.3%).  

Table 1: Age Frequencies for the Two Treatments (2D and AR) 

Treatments 

Treatment 1 

2D 

Treatment 2 

AR Total 

participants n = 29 n = 31 N = 60 

Age: 

18 - 29 

30 – 49 

26 

3 

27 

4 

53 

7 
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Table 2 summarizes demographic characteristics of the participants in this study. 

Respectively, there were 34 male participants (56.7%) and 26 female participants (43.3%). The 

participants also identified themselves as freshman (n = 24, 40.0%), sophomore (n = 16, 26.7%), 

junior (n = 5, 8.3%), senior (n = 4, 6.7%), college graduate (n = 4, 6.7%), some graduate work (n 

= 1, 1.7%), and post graduate degree (n = 6, 10.0%). In addition, participants also rated their 

computer skills. Collectively, participants self-reported computers skills to be: average (n = 23, 

38.3%), somewhat high (n = 28, 46.7%), and very high (n = 9, 15.0%). Table 4.2 shows these 

frequencies. 

Table 2: Participants Demographic Frequencies on Gender and Level of Education 

Treatments 

Treatment 1 

2D 

Treatment 2 

AR Total 

participants n = 29 n = 31 N = 60 

Gender: 

Male 

Female 

Level of education: 

Freshman 

Sophomore  

junior 

Senior 

College graduate 

Some Post Graduate 

Post Graduate Degree 

Computer Skills: 

Average 

Somewhat High 

Very High 

14 

15 

11 

9 

2 

2 

1 

1 

3 

12 

12 

5 

20 

11 

13 

7 

3 

2 

3 

0 

3 

11 

16 

4 

34 

26 

24 

16 

5 

4 

4 

1 

6 

23 

28 

9 
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Does Media (2D or AR) have an effect on student satisfaction, usability, perception, and 

apprehension toward computer technologies? 

AChi-square goodness of fit test was conducted for both 2D and AR conditions to assess 

student satisfaction, usability, perception, and apprehension toward using AR and 2D in an 

environment with a spatial framework such as in our biology lesson. Table 3 shows that students’ 

overall satisfaction, usability, and perception for using AR tutorial are very positive. 

Table 3: Chi-Square Goodness of Fit- Significance of Question Items Based on the Distribution 

of Selection Made by Students 

Treatments 

Treatment 1 

2D 

Treatment 2 

AR 

AR/2D Questionnaire Chi-square Value P value Chi-square 

Value 

P value 

Satisfaction 11.90 .018* 16.09 .002** 

Usability 11.95 .017* 18.33 .001** 

Perception 9.21 .055 20.37 .000*** 

Apprehension 16.49 .002** 18.80 .000*** 

Note. df = 4. *- significant at p<.05 level; **- significant at p<.01 level; ***- significant at 

p<.001level 

Discussion 

The research question asked whether media (2D or AR) used in this research study had 

an effect on student satisfaction, usability, the perception of use, and apprehension. A 

questionnaire comprised of 4 sections evaluated students’ responses toward the AR and 2D 

tutorials for satisfaction, the usability of features, perception, and apprehension. Chi-Square 

goodness of fit procedure was conducted to determine the significance of question items based 

on the distribution of selections made by students.  Students’ overall positive responses for 

satisfaction level using AR tutorial show that this kind of instructional delivery may be perceived 
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as satisfying for learning content such as DNA molecule that has a spatial framework. The high 

satisfaction level of students using AR indicates that this type of technology may help student to 

cope better with visualization of 3D objects, specifically, students with less visuospatial skills. 

Teo and Zhou (2014) pointed to three factors that may influence individual attitudes toward 

computer and computer use mainly; perceived usefulness, attitude toward computer, and self-

efficacy(CSE). Venkatesh (2000) pointed to other factors that may influence individual attitudes 

toward computer and computer use such as computer playfulness, and computer anxiety. The 

ease of use and playfulness of AR system may also have contributed to students’ high levels of 

satisfaction and intrinsic motivation. Moreover, “It is assumed that the effect on the human mind 

and emotions will be more complete through total sensory immersion” (Holopainen, Mattila, 

Parvinen, Pöyry, &Seppälä, 2018, p.1168). 

On the other hand, the interactivity of students in AR environment showed a high level of 

significance too. Students were asked, for example, about navigation in the AR tutorial, usability 

level in using the AR tutorial, and usability of the AR tutorial regarding general problems and 

responses were very positive. According to Dunleavy (2014), three affordances of AR may add 

to this interactivity; (1) it enables and then challenges, (2) allows for the gamified story, and (3) 

sees the unseen. As stated before, these affordances of AR are in alignment with key elements of 

intrinsic motivation and play a significant role in learning activities (Malone, 1984). Other 

researchers (e.g., Wei, Weng, Liu, & Wang, 2015), too, addressed how students in AR 

environment have been found to be more involved in situated learning activities. Situated 

learning theory and constructivist learning theory are two theoretical backgrounds for AR (Dede, 

2008) and these theories help explain how using an immersive interface such as AR may help 

students to simulate real-world experiences and achieve near transfer (Gallagher, 2011).  The 
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presence level of learners in the haptic virtual environment was examined by previous research 

studies to find out whether individual differences affect the presence level of learners or not. 

Triesman (1964) addressed presence as a way that learners interact with selective information 

which is meaningful to her/ him and respectively, in a comparative study North and North (2016) 

pointed “that participants experienced a higher sense of presence in the Immersive Visualization 

Environment (IVE) experiment when compared with the Traditional Virtual Reality 

Environment (TVRE) experiment, indicating significantly more natural and richer user 

experience through the IVE system’s interface”(p.1). 

Experiential responses to the tasks required in the tutorial phase of the current 

experimental study indicated a low apprehension level, positive perception of the tutorial, and a 

high potential for future use of the AR tutorial technology. Previous research shows that people 

are different in their ability to process mental imagery (e.g., Galton, 1883; Kosslyn, Ganis, & 

Thompson, 2006). The mental disposition of individuals is affected by spatial factors mainly; 

spatial visualization and spatial orientation (Guilford & Lacey, 1974). Respectively, gender 

(Ganley, Vasilyeva& Dulaney, 2014) and socio-cultural factors (Rodic et al., 2015) also 

influence individual’s spatial ability as well.  The spatial skills of individuals to process mental 

rotation and visualization influence their decisions to choose a carrier path in STEM problem 

areas and many computer-based technologies where spatial visualization is essential 

(Stieff&Uttal, 2015). However, the inability of some individuals with less spatial skills may have 

effects on their self-efficacy (Towel et al., 2005) and the incompetency to perform spatial tasks 

may cause some students to withdraw from such activities which may affect their learning 

performance negatively. However, by providing students proper tools and training in spatial 

visualization, we may improve their aptitude and reduce their apprehension level as well. One of 
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these tools is AR, and the low apprehension level of students in current study toward using this 

technology shows us that students are socially connected and engaged in learning activities. 

Moreover, the engagement of the students in learning activities using AR may provide some 

direction as to why using this technology is promising for students. Students rated the use of AR 

technology in the learning environment highly possible. That is, students themselves provide 

feedback and support this kind of technology for future use through social interactivity which is 

in alignment with Bandura’s (1986) social learning theory and Salancik and Pefeer’s (1978) 

social information processing. 
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