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Abstract The goal of chemistry education research is to improve student understanding by 

investigating the theoretical issues surrounding the teaching and learning of chemistry and by 

assessing various teaching techniques or strategies in light of these issues. Visualization techniques for 

the classroom have been proposed in the research literature, but these techniques are often perceived 

as difficult, confusing, or expensive to implement by instructors. Visualization techniques can involve 

the use of physical models, role-playing, fixed computer models, student-generated visualizations, 

animations, and simulations. The use of visualizations in the classroom is believed to promote the 

formation of mental models of particle behavior, thus increasing students’ conceptual understanding. 

Visualizations can be used individually, sequentially, or simultaneously. When used sequentially, the 

order of use must be considered, while simultaneous use requires consideration of the design features 

of the visualizations and where the students focus. Eye-tracking technology can establish the areas of 

student focus. Another consideration is how the visualizations interact with various student attributes, 

such as spatial abilities, which can moderate how students comprehend visualizations. The goal of the 

presentation is to merge research findings and practice considerations in order to promote a smooth 

implementation of visualizations into the classroom.  

 

When considering the use of visualizations in the classroom, it is important to recognize the 

theoretical frameworks of our underlying belief in how learning takes place and to have 

understanding of the difficulty in teaching chemistry. This paper will take a constructivist 

view of learning. This is the belief that knowledge is construction from interactions with 

people and materials, not transmitted; that prior knowledge impacts learning; that learning, 

especially initial understanding, is context specific; and that purposeful learning activities 

are required to facilitate the construction or modification of knowledge structures (Piaget, 

1977; von Glasersfeld, 1995; Osborne, 1983; Bodner, 1986; Johnson-Laird, 1989). Early on 

the belief was that chemistry should be taught algorithmically or that the focus should be on 

mathematical problem solving, which would promote both the understanding of problem 

solving AND understanding of the particulate nature of matter (PNM). However, a number 

of cross-age studies of students who had training in chemistry showed that misconceptions 

concerning the PNM existed at all age levels (e.g., Novick & Nussbaum, 1981; Abraham, 

Williamson, & Westbrooke, 1994). Further, researchers found a gap between students ability 

to respond to algorithmic versus conceptual questions, with a low percentage of students able 

to answer the conceptual questions, often seen by chemists as easier (e.g., Nurrenbern & 

Pickering, 1987; Sawrey, 1990).  



 

This gap in understanding was especially troublesome as chemists usually explain 

experimental results using theoretical explanations that usually involve particles and the 

mathematical description of the phenomena. This difference between chemists and students 

is found in the expert-novice continuum described by J. Larken (1983). Johnstone (1993) is 

known for promoting the idea that chemistry is composted of multiple levels, macroscopic, 

submicroscopic, and symbolic. He further proposed that students have difficulty in 

understanding the different levels of representation and moving smoothly among them, as 

experts do seamlessly. The macroscopic level is the representation of the chemical 

phenomena that students can observe in nature, a demonstration or in the laboratory. The 

submicroscopic level includes representations of particles and their behavior. The symbolic 

level can actually be split into the chemical formula or equations and the mathematical 

representation, giving actually four levels of representation: macroscopic, particulate, 

symbolic, and mathematical. As instructors, we want to move our students towards a more 

expert-like capability to move seamlessly among these levels of representation.  What can 

help students understand the particulate level? 

What is visualization?  The Encarta Dictionary lists these definitions among others: 1) the 

creation of a clear picture of something in the mind, 2) a clear picture of something created 

in the mind, 3) a technique whereby somebody creates a vivid positive mental picture of 

something such as a desired outcome to a problem in order to promote a sense of well-being.  

For our chemistry students, we want them to understand the PNM by being able to visualize 

particle behavior or construct mind pictures of particles. If we want students to build mental 

models of particle behavior, what techniques can we use in the classroom that have research 

evidence of their worth? 

 

In their summary article of research studies, Williamson & Jose (2009) found reported 

techniques that helped students build mental models at both the macroscopic or particulate 

levels.  The techniques to help build particulate mental models included the use of physical 

models, role-playing, fixed computer models, dynamic computer models, student-generated 

depictions, and interactive computer visualizations. Each of these will be discussed. 

 

Physical models have been used in chemistry classrooms for some time.  This involves the 

use of concrete, tangible objects that illustrate the chemical structures/processes at the 

particle level; these have included commercial model kits, food items, balloons, magnets, 

bungee cords, clay, etc. Gabel and Sherwood (1980) found that students must manipulate the 

models, not just watch the teacher. While other studies have found that instructors should 

encourage students to rotate the model to view it from different angles (Gabel and Sherwood, 

1980; Friedel, Gable, & Samuel, 1990). Talley (1973) proposed that models should be used 

throughout the semester to show structure and interactions. Nicoll (2003) warned that 
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students should build the models themselves rather than just be handed one. Researchers 

also found that instructors should encourage students to make connections between the 

model and chemistry concepts, asking why is the model build in a certain way and how will 

the model change in chemical interactions (Ryan & Herrington, 2014; Talley, 1979). Ryan 

and Herrington used magnets to represent the particles in dissolving of ionic substances. All 

studies referenced above found that models aided in understanding of chemistry concepts 

and performance in solving problems. 

 

Role-playing is a technique in which the students and/or the instructor portray particles in a 

reaction or a process. This can be accomplished through acting, drama, skits, dance, etc. 

Space is needed for the role-playing activity, and students must receive positive 

reinforcement for their participation (Battino, 1979). The literature is divided on how topics 

should be generated depending on whether this is a project-based activity or is part of the 

lecture. Battino (1979) proposed that topics to be used for role-playing in lecture must be 

generated by the instructor and incorporated into lecture at multiple times during the 

semester. While Lerman (1986) proposed that the students should generate the topics for 

student projects, but approved by the instructor before students proceed. Both Battino (1979) 

and Lerman (2003) believe that role-playing may increase student interest and retention in 

chemistry. 

 

This technique involves the use of computer images of atoms or molecules whose coordinates 

are static. These images may be rotated, translated across and toward the screen, or may have 

different attributes highlighted. These include programs like Jmol, Spartan, etc.  Researchers 

have found that lengthy student sessions with these programs are not required, especially if 

students work through well-prepared materials (Ealy, 1999; Barnea & Dori, 1999; Dori & 

Barak, 2001). A number of studies report an advantage to having students use a computer 

program showing fixed models over using physical models (e.g., Barnea & Dori, 1999; Dori 

& Barak, 2001).  Dori & Barak (2001) reported that students who use fixed computer models 

gave better explanations of structure than those who used physical models. Springer (2014) 

found significant improvement for students who viewed the manipulation of these fixed 

computer models during lecture. One study compared the use of three particulate fixed 

models on students’ ability to interpret polarity (Host, Schonborn, & Palmerius, 2012). These 

three models were different electrostatic potential representations. While the authors called 

for more studies, they believe that there may be benefits to reducing visual complexity in the 

representations used with students. 

 

When using dynamic computer models, the instructor is using a series of images shown in 

rapid sequence that mimic movement and show a model of the molecular world. This is more 



 

that just rotating or moving a molecule with fixed coordinates as previously discussed.  These 

include ready-for-viewing movies on computers, DVD, or other media. A large number of 

particulate animations depicting chemical processes are available from publishers and are on 

the Internet. Researchers have found that there are benefits for student learning through the 

use of particulate animations. There seems to be agreement that animations can be short in 

duration (Williamson & Abraham, 1995; Burke, Greenbowe, & Windschitl, 1998) and that 

animations must be used consistently during the course of instruction (Williamson & 

Abraham, 1995). Students can make connections between the particulate and the 

macroscopic levels when particulate animation and demonstrations/laboratories/video are 

used conjunctively. By coupling the particulate animations with demonstrations or 

macroscopic representations, students can begin to move across representations (Russell, et. 

al., 1997, Burke, Greehbowe, & Windschitl, 1998). One of the benefits of animations is that 

students seem to create dynamic mental models that are more representative of nature 

(Russell, et. al., 1997; Williamson & Abraham, 1995). All studies cited here reported increase 

conceptual understanding of chemistry concepts after the use of dynamic particulate 

computer models. 

 

Visualization techniques include directing students to create their own particulate 

depictions.  A particulate drawing of fixed images can be done with paper and pencil or with 

a computer program that may optimize angles, but does not use predetermined coordinates 

(e.g. Marvin Sketch, ChemSketch Freeware, ChemDraw). A dynamic particulate depiction 

can be created with storyboards/flipbooks or with a computer program like ChemSense or 

Chemation. Schank and Kozma (2002) proposed that students should be asked to create 

drawings or animations so that students have to examine their understanding of the chemical 

phenomena. It may be hard for the instructor to interpret and grade student drawings 

(Harrison & Treagust, 1998; Kelly et al., 2010).  A detailed scoring rubric may be needed so 

the instructor can look for key things that show student understanding. Harrison & Treagust 

(1998) noted that students should be encouraged to use multiple models or visualization 

techniques for a concept. All studies cited here used student-generated drawings/animations 

to evaluate student conceptual understanding.  

Milne (1999) reported that assigning students to construct a flipbook of a chemical 

reaction worked well and engaged students. Milne’s work was expanded in one study where 

second-semester, general chemistry college students were assigned to create storyboards 

(n=143) or animations (n=157) during a 3-week unit of study on equilibrium (Williamson, 

Watkins, & Williamson, 2013). Each student had two assignments, in which they were asked 

to depict a physical and a chemical equilibrium. These assignments were done such that 

students in the same laboratory class of 24 had different assignments. The physical 

equilibrium was done at the end of week one, while the chemical equilibrium was done at the 

end of week two. The storyboards and animations were submitted and scored using a rubric.  
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Scores on a pre-post content and spatial rotation test were also evaluated. Both groups 

significantly increased in equilibrium conceptual understanding and in spatial rotation 

ability.  However, there were no differences between groups, meaning that with students at 

this level an instructor can let other factors like computer space or grading help decide which 

of the two methods to use.  

 

With interactive computer visualizations, the student sets the variables and directs the 

actions on the screen. Some experts at a National Science Foundation Workshop suggest that 

this type of visualization is most beneficial to students as reported in José & Williamson 

(2005). Interactive visualizations fit well with the philosophy of constructivism (Abraham, 

Gelder & Haines, 2001). Very often these interactive visualizations contain multiple 

representations, like the macroscopic, the particulate and some form of symbolic or 

mathematical. Simple laboratory simulations are at the macroscopic level. In order to 

encourage the construction of particulate mental models of the phenomena being viewed 

AND apply it to other phenomena, at least one representation needs to be at the particulate 

level.  This is the newest area and has the most need for controlled research studies. 

 

Many of the authors cited have called for use of multiple models/visualizations. When using 

multiple visualizations, there are concerns about the order and level to use. Should the order 

of use be sequential or simultaneously? Should multiple representation levels be used 

together?  

 

Valequez-Marcano et al. (2004) looked at the difference in order between a macroscopic 

video and a particulate animation of three fluid experiments. The VA group of college general 

chemistry students (n=90) saw the video followed by the animation, while the AV group 

(n=81) saw the animation followed by the video. These authors found that there was no 

preferred order for students to predict the outcomes of the experiments. The macroscopic 

videos alone (VA) did not evoke maximum performance, probably due to the tenacity of 

alternate conceptions. Likewise, the particulate animations alone (AV) gave similar results, 

perhaps because the animation alone was not enough to enable macroscopic mental models. 

In this study, both types of visualizations are necessary for students to best PREDICT 

outcomes. 

The study was repeated looking for differences in the reason student gave for the 

phenomena in the three fluid experiments (Williamson et al., 2012). The VA group (n= 207) 

was compared to the AV group (n=249). Here the findings showed that both videos and 

animations are needed for maximum percentage of particulate explanations. Further, order 

does matter. The macroscopic followed by particulate gives the best results. This follows 

constructivist views of going from the concrete to abstract.  



 

 

Williamson et al. (2012) also looked at student success in giving particulate explanations for 

the phenomena after viewing a video and animation simultaneously. These results seemed to 

confuse students about the particulate nature of what they are viewing.  Leaving the authors 

to call for more research. When using simultaneous dynamic visualizations, there are at least 

three potential issues. There may be perception difficulties making it hard to observe relevant 

processes as reported by Tversky, Morrison, & Betrancourt (2002). There may be an issue 

with the increased cognitive load, which may place unnecessary or overwhelming cognitive 

demands on the student (Ainsworth, 2006; Mayer & Moreno, 2002). Finally, the ability to 

deal with simultaneous visualizations may be dependent on cognitive abilities, for example, 

spatial ability (Cohen & Hegarty, 2007; Hannus & Hyona, 1999; Mayer & Sims, 1994; Harle 

& Towns, 2011). In addition, there is the problem of being able to detect what part of the 

screen a student is observing when simultaneous visualizations are used without using eye-

tracking technology. 

In a study by Hinze et al. (2013), eye tracking was used with the same macroscopic videos 

and particulate animations used in the previous study by Williamson et al. (2012).  Three 

tests of spatial ability were given to 43 general chemistry students of high and low chemistry 

knowledge.  A mean-split technique was used to group the students into high and low spatial 

ability. Students were shown the equipment for an experiment and were asked to predict the 

outcome by selecting what the flasks would look like at the end of the experiment. Next, the 

video and animation were shown simultaneously, after which students were asked for an 

explanation of the phenomena. This procedure was repeated for all three fluid experiments. 

Results showed no difference by chemistry knowledge, but a significant difference by spatial 

ability. Low spatial ability students preferred to view the particulate animations and more 

often gave particulate explanations, while high spatial ability students spent more time 

focusing on the macroscopic video and more often gave physical explanations. The authors 

proposed that this finding might be due to cueing, that perhaps students understood the task 

to be macroscopic due to the macroscopic nature of the prediction. In a second study, also 

reported in Hinze et al. (2013) the experiment was repeated with a group of 41 general 

chemistry students, who were asked to predict the outcome as before, and a group of 40 

general chemistry students who were simply told that they would be asked to explain the 

scenario after viewing the simultaneous visualizations. Similar results where found. When 

primed with a macro-level prediction task, higher spatial ability students gave less 

particulate-level focus and particulate explanation, as found in the first study. When no 

prediction tasks were given, there was no difference in particulate focus or explanation by 

spatial ability. A low percentage of students gave particulate explanations thoughout the 

studies. This led the authors to conclude that overall, students have difficulty reasoning at 

particulate level when presented with simultaneous dynamic macro/particulate 

representations. 
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The research literature shows that visualization techniques can be beneficial to students; 

therefore is worth the instructor’s time to implement these into the curriculum. What 

considerations should an instructor have when trying to implement visualization techniques 

into the classroom?  

 First, plan where visualization fits into your curriculum.  

 Decide on whether macroscopic, particulate, or both types of visualizations are 

needed.  

 Choose or find visualizations that suit the classroom facilities, the students, and the 

learning objectives of the course. Animations and other materials are available from 

publisher’s ancillaries, online, etc. Be sure to observe copyright rules. Use of 

materials in class is usually allowed if you cite the source and are there is no sale of 

material to students, but check the rules for your locale. 

 Prepare the materials ahead of time. Plan on method of delivery for all activities. 

Prepare chemicals if you are doing a live demonstration as a macroscopic view.  

 Practice the technique before you try to access the website, do a demonstration, etc. 

in class. 

 Recurring usage of visualizations is needed for the maximum student benefit.  You 

can’t use just one animation during the entire term of the class and gain much benefit.  

Visualizations should be used regularly. 

 Use more than one visualization technique.  Consider using physical models, role-

playing, fixed computer models, student-generated visualizations, animations, and 

simulations. 

 Sequential representations in a lesson seem to be useful with some topics.  Consider 

where these may be needed for students to understand all levels of the concept. 

 For sequential visualizations, be aware of order. It seems best to go from macroscopic 

to particulate to symbolic and mathematical with a topic of study (Williamson, 2011). 

 Be aware of the spatial, perceptual, and cognitive load requirements, especially for 

simultaneous visualizations, as more research is needed with simultaneous 

visualizations. 

Finally, it is important to note that the students will quickly judge whether the visualizations 

and emphasis on the different representation levels is an assessed part of the course or simply 

optional enrichment. If instructors want to convey the importance of particulate and 

macroscopic understanding, then questions on these levels must be included in quizzes and 

exams. Both mathematical and conceptual questions at the macroscopic and particulate 

levels should be given.  

The quest to improve student understanding of the macroscopic, particulate, symbolic, 

and mathematical levels is ongoing, adding to our knowledge about techniques that can be 

used in teaching. The research evidence is clear that we need to engage our chemistry 

students to develop their understanding of the particulate nature of matter by helping them 



 

to visualize or develop mental models about chemical phenomena and to help them move 

towards understanding chemistry on all levels.  The use of visualization techniques can 

promote this understanding. 
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