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Abstract 
Developing an understanding of certain chemistry concepts and phenomena, at the university level (e.g. 
chemical kinetics, chromatography and Krebs cycle), is a complex endeavour. The former is particularly 
applicable to high kinetic microscopic phenomena. Thusly, our objective is the design, implementation 
and evaluation of teaching-learning sequences that utilizes augmented reality; which has been shown 
to facilitate the understanding of complex chemical notions as well as improving visualization 
capabilities. This study employed the Design-Based Research method with three distinct sequential 
phases: a) university textbooks were reviewed and images used within them were evaluated; b) 
teaching-learning sequences with augmented reality were designed and validated; and c) 
aforementioned sequences were implemented and students’ work was collected and evaluated. For this 
last phase, a representation matrix was used as a benchmark. Results suggest that students’ work 
progresses from what can be characterized as iconic descriptions of the presented phenomenon, to 
descriptions that employ grater semantic and semiotic loads. This study concludes that augmented 
reality can improve visualization processes, for it facilitates students’ transitions among macro, micro 
and symbolic levels. This study, thusly, offers possible pointers for the elaboration of teaching-learning 
sequences that integrate scientific disciplines by means of contextualized subject-topics that foster 
learning and the development of scientific competencies such as visualization 
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1 INTRODUCTION  
Teaching and learning science, and in particular chemistry, is a complex undertaking [1]. Students are 
asked to interpret phenomena by means of employing a highly discipline-dependent language and 
through the use of structures that are invisible to the naked eye (e.g. atoms, ions and molecules) [2]. 
For example, it is not rare for students to be encouraged to write chemical equations without teachers 
firstly considering the taxing nature of the activity (related to the needed theoretical knowledge and 
familiarity with the subject at hand). Furthermore, to be better equipped to explain scientific occurrences 
as they manifest in nature, students need to develop a process known as modeling [3]. Modeling, in 
turn, is related with an objective of scientific education; that is, to foster the capacity to use scientific 
knowledge to identify problems, reach conclusions based on solid scientific evidence and communicate 
aforesaid findings so as to aid with the process of making decisions that will inevitably impact the world 
[4]. 

Modeling, however, is no easy feat. Above all, students must be capable of forming mental images of 
particular phenomena, to which they may or may not have been previously exposed to. As an example, 
within chromatography students must be capable of imagining the movements that particles follow, and 
subsequently comprehend and explain causality patterns associated with chromatography. In particular, 
it seems to be specially challenging to link microscopic processes associated with the braking of 
substances with macroscopic effects. Students tend to interpret it in its macroscopic process without 
linking it to the microscopic mechanisms of moles eluding and redistributing themselves. The former 
renders students’ explanations of mathematical expressions related with elution, which links parameters 
such as column, planar, retention, efficiency and expanded bed, inadequate; they tend to invert causality 
patterns which indicates a lack of association between macroscopic and microscopic levels [5]. 

The above example illustrates an essential ability for the adequate understanding of scientific 
phenomena: visualization [6]. It is vital that science education fosters its development; for through it 
students may be capable of constructing causal explanations of scientific phenomena, some of which 
are in fact occurrences that are invisible to the naked eye [7]. 
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In addition to the above, identifying and solving problems is considered as the key stimulus to conduct 
scientific research. Furthermore, during the process of solving problems, conceptual variations arise. 
These are key contributors to the evolution of scientific knowledge (e.g. theories, procedures and 
languages). It is precisely because of the aforementioned, that scientific and technological 
undergraduate programs’ student profiles set problem resolution as a key competence to be developed. 
However, simply designing “good problems” is not enough. They must be designed: a) from an 
interdisciplinary perspective, b) to assure that they provide “authentic” real-world experiences and, c) in 
line with existing problems that distress society. A vital consideration within this influx pertains to the 
following query: how can one provide added value to existing educative materials that are used within 
undergraduate programs? This brief text provides an answer to the former question. 

1.1 Design a Teaching Learning-Sequence (TLS) with external visualizations 
based on augmented reality (AR) 

A lively research area within science education focuses on the designing, implementation and 
epistemological analysis of Teaching-Learning Sequences, TLS [9]–[12]. During the last decades, 
learning has been buttressed by emerging technologies such as mobile computing and augmented 
reality (AR). The latter of these allows for the integration of real-world objects into classrooms settings 
in the form of virtual representations [13], thusly benefiting TLS. Designing a TLS that includes external 
visualizations so as to promote particular capacities requires that cognitive load as well as ontological 
and epistemological underpinnings of scientific knowledge be considered  

1.2 Visualization and teaching of complex phenomena within university 
teaching  

Developing and fostering transversal capacities, such as visualization within science teaching, is 
complex. The latter complexity is in part explained by the fact that students must be capable of 
constructing causal explanations to real world phenomena which are seldom visible to the human eye 
[14]. Students are said to learn science insomuch as they are able to transit between the different modes 
of representation (micro, macro, symbolic) within particular fields of knowledge (i.e. chemistry). As such, 
it is often averred that in order for students to learn science they must develop a metavisual capacity 
[15]. Our research objective was to gather data, as well as generate knowledge, regarding the designing 
of a TLS with AR. Ultimately, this study intends to promote and develop the visualization of 
undergraduate students who are enrolled in programs associated with chemistry (i.e. biochemistry, 
industrial chemistry, and chemistry teaching). 

2 METHODOLOGY 
The design of this research study is framed by an Design-Based Research perspective [16] and is 
distributed in three phases: diagnosis, design and evaluation. 

2.1 Phase 1 Diagnosis 
In order to select the specific topics for the designing of the TLS, the following was considered: 1) the 
nature of the topics. Those that were deep and extensive and that by their own nature required the 
integration of interdisciplinary knowledge (e.g. mathematics, chemistry, biology and physic) were 
favored; for example, separating mixtures. For this particular topic, students face problems when 
attempting to comprehend patterns that are associated with chromatography. Explicitly, there seems to 
be complications when students attempt to make cogent relations between microscopic processes 
related with the separation of substances and the macroscopic effects associated with chromatography 
figures of merit.  

2.2 Phase 2 Designing TLS with AR 
For the design of the TLS, the findings obtained during the diagnosis phase were employed. The 
activities that were ultimately selected aimed at developing problem resolution competencies; where 
students had to transit from concrete aspects to more abstract notions and from simple to complex 
features. In total, the TLS included four activities (Fig. 1). Regarding the inclusion of AR technology, an 
Android Application Package, or APK, was designed. The APK was indexed to Google Play, where it 
can be downloaded and used without any associated costs. The name given to the APK was 
CHROMATOGRAPHY SPECTO© (http://specto.pucv.cl) and it comes with a teacher’s guide, a printed 
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student’s guide (also available in PDF for distribution), and an Android Application Package (APK) to be 
loaded onto any smartphone or tablet device with an Android 4.1 operating system or higher. Once the 
application is downloaded into the device, it is activated via the student’s work guide (see figure 1). 
Particularly for this study, students worked on the comprehension of chromatography. SPECTO allows 
students to visualize content by means of AR, videos, 2D animations, or simulations. 

 
Figure 1. Student working with SPECTO 

2.3 Phase 3 Evaluation 
In order to evaluate the effect of SPECTO and its ability to promote visualization, a battery of instruments 
was utilized. Among them where: a) implementation protocol; b) a guide for the adequate progression 
of implementation sequences before, during and after classroom work; c) a validation protocol for the 
taxonomic categories of representation-visualization; d) a pre-test for each sequence; e) a student 
workbook for each sequence; f) post-test for each sequence; g) a guideline to evaluate accompanying 
students’ graphic representations; h) a guideline to evaluate the TLS; and finally, i) a guideline to 
evaluate the APK. The validation protocol indicated in point C, allows for the adjustment of the 
descriptive levels found within students’ work.  The category’s levels were adapted from Kozma-Russel 
[17] (Table 1). The guideline indicated in point G, allows one to evaluate the quality of 2D images and 
its parallel with the 3D image provided by the application. 

Table 1. Developing presentational competence (From; Kozma-Russel, 2005). 

Levels Description  

One Representation as depiction 

Two Early symbolic skills 

Three  Syntactic use of formal representations 

3 RESULTS 
The data gathered has led to adjustments to the TLS, be it in the duration time of the TLS, the type of 
activities to be performed or the 3D images used. Furthermore, it has also allowed for the foreshadowing 
of future activities, theses and publications.  

In particular, phase three of our study allowed us to produce: 

1 A step-by-step in class protocol which guides teachers through the distinct stages of the TLS. 
This protocol is of special importance for teachers that tend to struggle with the inclusion of 
technology into their classroom activities.   

2 A taxonomy that aids in classifying and evaluating students work.  
3 A pre-test. When this study administered it to its sample population, it was observed that students 

mostly relied on isomorph and iconic descriptions of the observed phenomenon. Descriptions 
were fixed to a single temporal point in time and on physical characteristics. While there were 
rare cases of students that included symbols, these were always circumscribed to a macroscopic 
level. 
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4 Student Workbooks. Because these workbooks contain all work undertaken by students, they can 
be used in any instance and for present or future analysis.   

5 A post-test. Based on this study’s sample population, there was a decrease of level 1 descriptions, 
an increase of level 2 description and an apparent trend to progress towards level 3 descriptions, 
for there was an observed used of formal representations within students work output (Fig. 2). To 
this date, we have not been able to find examples of student productions that reach a higher level 
of representation [17], the latter based on this study’s taxonomy. It can be affirmed, however, that 
students’ representations did progress from simple descriptions of observed objects and 
phenomena to explanations of processes where scientific ideas, models and concepts were used 
as supporting evidence. It can, therefore, be suggested that students shifted from offering 
macroscopic descriptions at the onset of the study, to microscopic explanations by the end of the 
study. Thusly, students were capable of augmenting their level of abstraction and comprehension 
[18]. 

 
Figure 2. Example: Student Production. 

4 CONCLUSIONS 
Our findings indicate that students’ representations progressed from basic descriptions of observed 
phenomena to more complex explanations of processes. It is therefore believed that our TLS does 
develop visualization capabilities. Additionally, students’ drawings show the use of macroscopic, 
microscopic and symbolic levels; which bolsters the notion that our TLS fosters the development of 
visualization capabilities. However, it is vital to increase the sample size and gather new data so as to 
be able to confirm, gain additional knowledge and ultimately generalize findings. 
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