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“All models are wrong but some are useful.” (Box & Draper, 1987)

“In academic discourse knowing why a wrong answer is wrong can
be just as important as knowing why the right answer is right.”
(Henderson, 2015)

Introduction

Students in chemistry courses encounter visual representations of
chemical phenomena in a variety of forms. Some are static images,
some are dynamic simulations or animations, but most are
attempting to convey the phenomena as scientifically accurately as
possible. The opportunity to critique examples designed to be
scientifically inaccurate is rarely offered to students.

ROYAL SOCIETY

OF CHEMISTRY

Critical consumption of chemistry visuals:
eye tracking structured variation and
visual feedback of redox and precipitation
reactions.

S.J. R. Hansen,*? B. Hu,? D. Reidlova, R. M. Kelly,°S.
Akaygun,® and A. Villalta-Cerdas®

This mixed method study investigation uses eye tracking and qualitative
analysis to investigate the impact of animation variation and visual feedback
on the critique of submicroscopic representations of experimental
phenomena. Undergraduate General Chemistry students first viewed an
experimental video of a precipitation or oxidation reduction (redox)
reaction. Next, they viewed the corresponding animations and were shown
a visualization of where they had looked. Critique of the chemically relevant
features in the animations and viewing pattern were monitored using
participant generated drawings, verbal responses, graphic organizers, and
eye tracking. Viewing and critique of chemically relevant features were
found to increase after engaging with structured animations and visual
feedback. Findings from this study support the use of structured variations
and visual feedback in developing critical consumers of visual information;
empowering students to describe and develop their understanding of
chemical phenomena and become more purposeful visual consumers.

However, there is increasing evidence that contrasting incorrect
and correct examples can support learning outcomes. In an
example from mathematics education, viewers saw incorrect
features based on misconceptions which allowed them to contrast
substantive differences in the examples shown (Grofe & Renkle,
2007). In a study of decimal magnitude, Durkin and Rittle-Johnson
(2012) found incorrect examples helped students focus on the
concepts and differentiate between key features, resulting in more
discussion of the concept being studied.

Henderson (2015) found that the majority of students can engage in
counter-critique (select a wrong image and explain why it is wrong)
arguing that critique needs to play a central role in science
education. By making learning visible and providing students with
justifications for the ideas, we also want them to know why
incorrect ideas are wrong. Students presented with alternative
ideas gain an opportunity to respond to counter arguments and
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rebut alternative ideas. Henderson argues that this shift towards a
more student-centered learning environment can increase
motivation, self-regulated learning, and more accurately portray
the practice of science. Argumentation and critique provide integral
epistemic activities needed for the construction of new knowledge
(Billing, 1996). Throughout this study, participants were never told
which animation was most accurate, nor when they told how they
should look. A key aspect of this study is allowing participants space
to decide (and hopefully question) what they believe and what they
should view.

Instructional approaches that provide opportunities for scientific
argumentation are needed, Faize (2017) suggests asking students to
provide reasons for their claim justify their understanding of the
concept. Critical evaluation of scientific claims helps develop critical
consumers of science and technology information (NRC, 2012), and
extending argumentation and critique to visual representations
offers an opportunity to develop critical consumers of visual
information. Ricky and Stacy (2000) argue that more research is
needed in how to employ metacognitive monitoring in lecture
situations effectively. With animations playing a critical role in
learning science and chemistry (Kelly & Jones, 2008) investigating
the impact of incorrect chemistry animations holds the potential to
greatly benefit students. Previous studies by our research team
investigated how students link experimental evidence to
submicroscopic phenomena and revise their drawings after
watching animations with structured variations (animations-in-
variation). Critique was found to be a powerful teaching tool, giving
students an opportunity to recall prior knowledge, evaluate
evidence, and develop a desire to know the correct answer (Kelly et
al., 2017).

The animations used in this study are designed for students to
engage with the key features of varied animations, to provide
opportunities for them to link experimental observations with the
molecular phenomena. Previous studies with these animations
found students view more features than they mention (Kelly &
Hansen, 2017), therefore eye tracking is a critical tool for tracking
the animation features students attended to visually. Eye tracking
has been used in a variety of Chemistry Education Research studies
and found to compliment other forms of data collection
(VandenPlas et al., 2018).

This study was designed to encourage participant engagement with
the animations through the lens of Higher Order Learning,
specifically Describing, Explaining, Arguing, and Critiquing (Ohlsson,
1995). Participants were asked to explain their understanding of the
phenomena, provide an argument to support their rating of feature

This journal is © The Royal Society of Chemistry 20xx
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accuracy, and critique the varied features as well as their own
viewing pattern. A mixed method approach is key when studying
argumentation because the qualitative analysis provides insight into
the quantitative mechanisms (Schwarz, 2003). For this study the
quantitative mechanisms being investigated are critique of
animation features and viewing feedback.

Theoretical framework

Variation theory is used in this study to document the way
participants critique and view visual representations of
submicroscopic phenomena. Specifically, this includes animations
that differ in their accurate depiction of chemical phenomena and
static images that differ in the overlaid eye-tracking pattern.

In variation theory, critical features are those students are aware of
and notice while ignoring others. Contrast “allows the learner to
create meaning for an object or feature by defining it against things
that are different from it.” Separation of features allows for focus,
varying one while maintaining other features as constant (Bussey
et al., 2013). These critical features are objects that distinguish
different ways of thinking (Runesson and Mok, 2004) and the
animations-in-variation were designed with critical features based
on common student misconceptions (Guo et al, 2012; Kelly and
Hansen, 2017; Kelly et al., 2017) while stylistic features (color, size
of atoms/ions, scale) were held constant. In this study, we call these
varied features chemically relevant features, and they were
identified in previous studies of student misconceptions and build
off prior work from this group (Kelly, 2014; 2017; Kelly et al., 2017).
Researcher Kelly developed these animations-in-variation as groups
of animations that feature a more scientifically accurate animation
paired with two animations that represent common misconceptions
about the reaction phenomena. The features varied between each
animation will be referred to as structured variations or chemically
relevant features in this paper.

Research Questions

The goal of this research is to investigate the relationship between
critique and visual attention to chemically relevant features.
Specifically, the four variables in this study are:
° Independent Variables:
0 Visual attention (from eye tracking).
0 Critique of animation (from written and verbal
responses).
° Dependent Variables:
0  Structured variations (animations-in-variation).
0  Visual feedback (eye-tracking feedback).

J. Name., 2013, 00, 1-3 | 2
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Method

This paper describes a two-phase exploratory study that followed a
pilot study.

Participants

Each group of participants (12 for the precipitation study and 14 for
redox) was composed of unique individuals with data collection
occurring during different semesters. Institutional Review Board
approval was obtained, and their protocols followed during all steps
in this study. Participants were recruited from general chemistry
lecture courses at a large research university in the northeastern
United States. The recruitment pool was consistent with the
university’s demographics, and the majority of the students
enrolled in the general chemistry lecture at this university were
first-year students or first-year post-baccalaureate students.
Participants were selected with no preference for gender, ethnicity,
or previous chemistry background before enrolling in the lecture
course. All participants were over the age of 18 and received a gift
card as compensation for their voluntary participation. Care was
taken to minimize participant fatigue by building in a five-minute
break between the animations in variation and visual feedback with
the entire data collection session lasting 60-90 minutes (each
participant was given as much time as they wanted to describe and
draw their responses).

Eye Tracking

The eye-tracking system used for this study is able to reliably track
pupil movement regardless of eye-color or the presence of contacts
or glasses however participants with a history of epilepsy were
excluded from the study (as eye-tracking equipment has the
potential to trigger photosensitive epilepsy). Some students enroll
in the one-semester laboratory course concurrently while others
choose to take the lab after completing a year of the lecture.
Although it is impossible to recruit an entirely representative study
population, the volunteers for this study were all students
attending a general chemistry lecture and an instructor teaching
redox or precipitation may encounter students with a similar
learning profile in any general chemistry course.

The study took place in a clinical setting with ambient light and
minimal distractions. All visual stimuli were displayed on a laptop
connected to a SensoMotoric Instruments (SMI) REDn 60 Hz eye
tracker, participant responses were recorded using the iPad
application Vittle, which simultaneously records audio and written
responses as well as any erasing and changes made. Data collection
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and analysis was conducted using the SMI iview X screen based
mounting set-up on an integrated monitor. SMI software BeGaze
3.7 and Experiment Center 3.7 were used for the data collection
and analysis. All data was collected using a binocular setting at the
default settings with participants positioned between 60 and 80 cm
from the monitor. A five-point calibration was employed and X/Y
eye deviation accepted at 0.20° and below (or a note was added by
the researcher indicating calibration deviation above this
threshold). All data was collected with a pseudonym, and no link
between individual participants and their pseudonym was
maintained.

Eye tracking can provide insight into how decisions are made (Ryan
2017; Khedher, 2017) and eye tracking is well-established in the
study of how individuals engage with visual stimuli (Holmqvist,
2015). More recently eye tracking has become an established tool
in chemistry education research (VandenPlas et al., 2018). The eye-
tracking system allows the participant to sit comfortably and move
their head freely. To help set the participant at ease interviews
were conducted by an undergraduate student researcher who had
been trained by and worked closely with researcher Hansen.
Although participants knew they were eye-tracked, awareness of
being eye-tracked has been found to only influence less socially
acceptable objects—none of which were included in this study
(Risko and Kingstone, 2011).

Impact of Pilot Study

Qualitative analysis of pilot study transcripts and drawings along
with the quantitative analysis of the eye-tracking data lead the
authors to develop the current interview protocol. The graphic
organizers used in this study (Appendix 1) are based on emergent
themes from the pilot study data.

One big theme in the transcripts was a lack of understanding of
conductivity, as participants struggle to understand what the
conductivity meter is measuring and the role of free ions in
solution. Throughout the pilot study and subsequent phases,
participants were never told which animation was most accurate,
nor when they told how they should look. A key aspect of this study
is allowing participants space to decide (and hopefully question)
what they believe and what they should view.

Data collection
Each data collection session consisted of three parts: experimental
video, animations in variation, and visual feedback (Figure 1).

J. Name., 2013, 00,1-3 | 3
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Fig. 1 Overview of experiment with instrument associated: an experimental video, viewing structured animations, and visual feedback.

Between each part participants were asked to document their
understanding of the chemistry phenomena through drawings,
completing graphic organizers, and/or responding to structured
questions. After calibrating the eye tracker participants viewed a
macro-scale experimental video detailing a redox reaction between
solid copper and aqueous silver nitrate. After viewing the
experimental video, participants were asked to draw then describe
what was happening at the sub-microscopic level during the
experiment. An open-ended drawing prompt provided insight into
the participant’s understanding of the particular level phenomena
(Nyachwaya et al, 2011) and was provided on an iPad the
participant was asked to draw the reaction at the molecular level.
After watching a macro-scale experimental video participants were
given a drawing prompt and asked to construct a submicroscopic
image of the phenomena. Three animations-in-variation were
shown, two that varied chemically relevant features based on
previously studied misconceptions with a third scientifically
accurate animation. Participants were not told which animation was
most accurate. While viewing a static composite image of the
animations participants completed an accurate/inaccurate grid
rating each animation based on experimental evidence from the

This journal is © The Royal Society of Chemistry 20xx

macro-scale video. A short break allowed an opportunity to edit the
initial drawing then participants critiqued their eye-tracking pattern
and viewed the static composite image a final time. To increase the
opportunities for reflection the redox trials included a second
accurate/inaccurate grid rating each animation.

Precipitation Experimental video

The video of precipitation reactions begins with distilled water
being poured into four separate beakers, and then all beakers were
tested with a conductivity tester that displays a scale showing
conductivity. All four tests showed no evidence for conductivity.
Next, the following solids were added to the beakers: silver nitrate,
copper(ll) nitrate, sodium sulfide, and sodium chloride. Each beaker
was once again tested for electrical conductivity with the meter,
and they displayed the highest value—level 10. After that the video
focuses only on solutions 3 and 5. For solution 3, aqueous silver
nitrate and aqueous sodium chloride were mixed in a test tube, and
a white precipitate seemed to form in the previously clear mix. For
solution 5, aqueous copper(ll) nitrate and aqueous sodium chloride
were mixed in a test tube, and no reaction seemed to occur. These
two solutions were then tested for conductivity: solution 3 resulted

J. Name., 2013, 00,1-3 | 4
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in a high 9, and solution 5 resulted in a high conductivity near the
top of the visual scale (Figure 2).

Electrical conductivity test
of resulting solutions

Cu(NOs),(aq) + NaCl(aq)

Fig. 2 The conductivity of solution 5 being tested (no reaction occurs in this
case). The conductivity tester displayed a visual scale. The same conductivity
meter was also used for the redox experiment.

Each reaction was depicted in a separate drawing prompt. The
drawing prompt for solution 3 (Figure 3) showed the formation of a
precipitate while the drawing prompt for solution 5 showed no
visible reaction after the solutions were mixed. Each experiment
included conditions where a reaction occurred and at least one
condition where no reaction occurred.

Aqueous silver nitrate
AgNO;s(aq)

o

Aqueous sodium chloride
NacCl(aq)

START END

Draw a set of pictures that represent the reaction between aqueous silver nitrate and
aqueous sodium chloride at the molecular level.

Fig. 3 The drawing prompt for solution 3, the precipitation reaction that
results in the formation of a precipitate. Both the name and the chemical
formula are provided. The drawing prompt requests the participant draw a
set of pictures showing the reaction at the molecular level.

Redox Experiment

The redox experiment begins with three beakers of water, the
conductivity of each beaker is measured as in the case of the
precipitation reactions (Figure 4).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 The redox experimental video showing a control on the left (copper
wire in water), a reaction in the middle (copper wire in silver nitrate), and a
second control on the right (copper wire in copper(ll) nitrate). Visible
deposition can be seen on the wire in the middle beaker and a timer is
shown on the bottom of the screen to represent time elapsed.

Solid copper(ll) nitrate is added to one beaker and solid silver
nitrate is added to another, the third beaker is left with only water.
The conductivity meter returns and the conductivity of the copper
and silver solution are shown to register a higher conductivity
reading than the water alone. After taking conductivity readings
from the initial solutions, the video shows the addition of copper
wire to each of the three beakers. After a sped up 13 minutes, the
wire in the silver solution has visible deposition while the wires in
the other two solutions remain unchanged (Figure 4). The wire is
removed from each solution, final conductivity readings are taken,
and the wire with deposited metal is zoomed in showing a
silver/black solid that can be brushed off. Only the copper wire
reacting with silver nitrate was featured in the animations-in-
variation. The redox drawing prompt included a start and end
image of the reaction depicted in the experimental video.

Animations in Variation

The accurate animations were developed according to experts’
ideas and representations. The inaccurate animations were created
after extensive research into student misconceptions of the
phenomena and pilot studies were conducted to refine their
presentation. During this development, eye tracking was used to
confirm that viewers were able to visually attend to the chemically
relevant features of each animation (Kelly et al., 2017). Three
animations in variation were created for each chemical interaction
and participants viewed each animation with a short break between
each viewing for writing notes. Each animation varied slightly in
their length but lasted approximately 27 seconds. The color scheme
of each animation was selected to increase access by participants
with color vision deficiency.

J. Name., 2013, 00,1-3 | 5
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Precipitation Animations

All precipitation animations depict two separate solutions
(separated by a bar) that mix when the bar rises. The features
varied in each animation relate to the experimental evidence of
conductivity and the formation of a solid. For solution 3 (the
precipitation reaction that results in the formation of a solid)
animation A is the most scientifically accurate while animations B
and C vary in their depiction of the aqueous and solid species.
Figure 5 shows the start and end frames of each animation for
solution 3. Animations depicting solution 5 (the mixing that
produced no reaction), animation A is again the most scientifically
accurate animation, while animations B and C vary in their depiction
of the aqueous species the pairing of ions. The animations in
variation for solution 5 vary the presence of a reaction, the
depiction of free ions, and the depiction of a reaction occurring or
not. Animation A (the most scientifically accurate animation) begins
with free ions mixing but not resulting in the formation of a
precipitate. Animation B incorrectly shows molecular species at the
start that mix but do not react, resulting in the same molecular
species at the end of the animation. Animation C inaccurately

C:END

shows molecular species that switch anion and cation then
dissociate to accurately represent free ions in mixed aqueous
solutions.

During the experimental video for solution 5, the mixing of these
two solutions did not result in the formation of a precipitate.
Unmixed solutions at the start are shown by two separate spaces
divided by a bar, during the animation the bar lifts allowing the
solutions to mix. Animation A is the most scientifically accurate
representation, showing free ions at the start and end of the
mixing. Animation B inaccurately depicts the starting aqueous ions
as paired up, copper(ll) nitrate is shown with two nitrates paired
with a copper 2+ ion. The aqueous sodium chloride is shown as a
free-floating solid lattice, two sodium and two chloride ions all
lumped together. After mixing this animation shows no change at
all to the depiction of the species in solution. Animation C begins
similar to animation B (all species are paired up), after mixing free-
floating molecular solids are formed then dissociate to results in
free floating ions at the end of the animation. Because this
animation has a middle state, there is an additional frame for

animation C.

A: END

B:END

C: START C:END

Fig. 5 The static image of the start and end frames of the three animations in variation for the precipitation experiments. Solution 3 (the mixing of silver

Page 6 of 18

nitrate and sodium chloride) is on the left and results in the formation of a precipitate. The static composite images for solution 5 (the mixing of copper(ll)
nitrate and sodium chloride) are on the right. Unmixed solutions at the start are shown by two separate spaces divided by a bar, during the animation the
bar lifts allowing the solutions to mix. Animation A is the most scientifically accurate representation of the phenomena for both solutions and depicts free
ions in solution that form a solid crystal lattice (solution 3) or remain free floating (solution 5).
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Redox Animations

The redox animations varied in their depiction of the aqueous ions
and the composition of the silver solid deposited on the wire
(Figure 6).

Fig. 6 The static image of the start and end frames of all three redox
animations in variation. Animation C is the most scientifically accurate
animation showing free ions in solution and silver solid forming when
copper 2+ becomes aqueous.

These features link to experimental evidence shown before the
animations. Specifically the conductivity evidence can be explained
by free ions in aqueous solution, the color change of the silver
solution can be explained by the presence of free copper 2+ ions,
and the depositing of metal onto the wire can be explained by silver
solid. Animation C (the bottom images) is the most scientifically
accurate while animations A and B are less scientifically accurate in
their depiction of the ions in solution and the solid deposited.
Animation A is less chemically accurate in that the aqueous species
are depicted as molecular in nature. Animation B also shows
aqueous molecular species and adds the inaccuracy of nitrate
depositing as a solid along with silver atoms. Animation C is the
most scientifically accurate representation of the depicted redox
reaction. After watching the animations participants were given an
accurate/inaccurate grid (Figure 7) and asked to select the most
accurate animation. The precipitation reaction tool focuses
participant’s critique of the animation accuracy to four aspects: the
species ratios, free ions, the representation of the solid, and
whether or not a reaction occurred. The redox grid focuses on:
deposition of silver solid, solution color change, and conductivity
evidence.

This journal is © The Royal Society of Chemistry 20xx

Experiment 3 Experiment 5
Please write “A” for accurate or “I” for inaccurate

A B Cc A B c

(How things come

Ratios together)

Floating stuff

Solid stuff

Reaction occurs (or not)

Please write “A” for accurate or ‘I’ for inaccurate

FEATURE Animation A Animation B Animation C

Stuff on the wire

Color change

Conductivity evidence

Fig. 7 The accurate/inaccurate grid for the precipitation reactions on top
with the grid for the redox reaction on the bottom. Each was phrased to
minimize the reliance on chemistry vocabulary.

Visual Feedback

Visual feedback was created by exporting an inverse opacity image
(recorded fixations are translated into shading, areas viewed more
are darker leaving areas not viewed undarkened) for each
participant’s viewing of the static composite images then importing
it into a new eye-tracking experimental file. Figure 8 is an example
of eye-tracking feedback stimuli. Participants were given a short
explanation of the image and allowed to ask questions if they did
not understand the visualization. The interviewer explained that the
depth of shading indicates the amount of viewing recorded with
light gray areas briefly reviewed and darker black areas viewed
longer.

-

C:START C:END

Fig. 8 An example of an inverse opacity image created to show where the
participant had viewed (darkened areas) leaving areas unviewed visible. This
participant did not spend much time viewing the end frame for animation C
in the bottom right.

J. Name., 2013, 00, 1-3 | 7
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Results and discussion

Impact of structured variations and eye-tracking feedback on
visual attention

For this study, we were only interested in which features were
attended to when viewing the sub-microscopic representations of
atoms/molecules/ions (chemically relevant features). By calculating
the percentage of fixations among each of the chemically relevant
features we were able to account for variations in the length of
each animation and ignore any viewing of the white space or
glances away from the screen. Eye-tracking data for all three
viewings of each animation were aggregated together. Areas of
interest were defined for each reaction and the total number of
fixations over all three animations were totaled then converted to a
percentage (e.g. the total fixations for all nitrate ions in all three
viewings of animation A were summed then divided by the total
fixation time in all three viewings of animation A for nitrate,
chloride, sodium, and silver). Figure 9 shows an example of the
areas of redox areas of interest and percentage fixations for each
participant viewing a single animation. Due to decreased tracking
reliability for select trials (eye-tracking data below the threshold of
detection for a single participant viewing a specific stimuli) the
number of samples in each analysis varies slightly. Rather than
discard an entire participant the data recorded for each stimuli was

1% .
P TR = i . & S
1
. - X g - |
i I
- L ] - L = E ] » = L] - L] C L]

Particigars

% Fixations in Redox Animation C

analyzed. One area of interest in each animation was selected as a
proxy for the variation between animations, the incorrect
animations were selected for the static images. For solution 3
nitrate behavior changes between animations A and B, in animation
A the nitrate is a free ion after mixing but nitrate inaccurately pairs
with sodium in animation B. Sodium was selected to analyze the
change in viewing between animations B and C because sodium
formed a free floating molecule in animation B but returned to
being accurately represented as a free floating ion in animation C.
Overall a positive trend was observed in viewing varied features
between animations-in-variation (Figure 10 and Table 1). When the
nitrate shifted behavior between animation A and B in solution 3
the average percentage viewing increased. This trend extends to
the static composite images for the animations viewed after visual
feedback. After eye-tracking feedback the average percentage
viewing for the inaccurate animations increased, participants
looked at the variations in the static images more after being shown
where they initially looked. Because each species varies in the role,
time on screen, and space occupied in the stimuli the data was
analyzed using t-tests looking at changes in viewing before and
after viewing feedback.

Animation C chemically
Relevant Features

Fig. 9 Visual attention to chemically relevant features in animation C, the most scientifically accurate animation in the redox experiment. The x-axis on the
graph is participant number (52-65) while the y-axis is percentage fixations to chemically relevant features. The right image shows the areas of interest

analyzed. Each chemically relevant species was grouped together (e.g. all nitrate fixations were summed and divided by the total fixation time in the AOIs)

resulting in four areas of interest for the redox animations.

This journal is © The Royal Society of Chemistry 20xx
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27 2 Redox inaccurate
28
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32 : before
33 Fig. 10 Average change in viewing varied features for between animations and the static composite images before and after feedback. The upward trend
34 shows an increased attention to chemically relevant features after each intervention (varied animations or visual feedback).
35
36 Because no species are chemically equivalent we feel the most inaccurately pairs with nitrate in animation B then accurately
37 meaningful comparison is the change in viewing of that remains a free ion in animation C. The variation in sodium
38 particular species rather than comparing between species. Each behavior resulted in a significant increase in viewing this species.
39 species plays a unique role in each redox/precipitation reaction. In the redox animations statically significant changes were
40 Additionally, the species in the redox animations are not on the observed between animations B and C with an increased
41 screen for the same amount of time, nor do they occupy equal viewing of water molecules (gain = 19.5); t(13) =4.57, p =
42 space on the screen. This is why multiple t-tests were selected 0.00011. Animation C is the most scientifically accurate redox
43 as the method of analysis, there are only two groups being animation with water molecules interacting with the free ions in
44 compared at any time (the before viewing and the after solution, a feature that was varied between animations B and C.
45 viewing). Statistically significant changes in average viewing When viewing the static images statistically significant changes
2? were observed for the average gain in viewing nitrate (gain = were observed for the composite images of solution 3
48 17.8) between animations A and B; t(10) = 2.50, p = 0.021. precipitation reaction (gain = 17.7); t(9) = 3.38, p = 0.0033. A
49 Viewing of the sodium ions between animations B and C in significant gain was also observed after visual feedback for the
50 solution 3 increased (gain = 39.1) significantly also; t(11) = 7.42, inaccurate animations in the redox reaction (gain = 18.01); t(11)
51 p =<0.00011. This change in viewing occurs after the sodium =4.31, p=0.00028.
52
53
54
55
56
57
58
59 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9
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t df Sig. (2 tailed) Mean Difference
solution 3 nitrate AB 2.50 10 0.021 17.8
sodium BC 7.42 11 <0.00001 39.1
solution 5 sodium AB 1.12 9 0.28 5.6
chloride BC 1.63 9 0.12 7.4
redox nitrate AB 1.61 13 0.12 8.5
water BC 4.57 13 0.00011 19.5
solution 3 inaccurate 3.38 9 0.0033 17.7
solution 5 inaccurate 0.67 9 0.51 4.43
redox inaccurate 4.31 11 0.00028 18.01

Table 1 Statistical analysis for average viewing between interventions. Statistically significant results are bolded.

Showing participants animations-in-variation draws their
attention to the varied features in the animation. Because these
features were selected based on misconceptions, this
instructional approach is causing participants to visually engage
with a visual representation of the misconception. When
participants increased their viewing of the static images of the
inaccurate animations after feedback they were again visually
engaged with representations of misconceptions when selecting
the most accurate animation.

This visual engagement is a vital step in getting participants to
critique inaccurate animation features and evaluate animation
features with regards to experimental evidence.

“It shows | didn’t look much in the middle
area of C, | thought | did but maybe | guess
| would have looked there now.”
Participant 36 reflection on eye-tracking
feedback.

Throughout the interviews participants told us they stopped
looking closely once they found an animation that matched their
understanding of the phenomena, seeing an increase in the
inaccurate animations suggest participants are looking more
closely at animations they may have dismissed upon seeing an
inaccurate feature. They are becoming more critical of the
features represented within each animation-in-variation and
looking at the differences, not just stopping once the most
accurate animation is selected.

This journal is © The Royal Society of Chemistry 20xx

“I missed some molecules on the far right”

Participant 55 reflection on eye-tracking
feedback.

Sample Individual Viewing Patterns Over the Experiment

Viewing for participant 32 (Figure 12) shows shifts in viewing

pattern over the animations and still images. Participant 32
shifts visual attention between the nitrate and sodium with

minimal focus on the cations. After visual feedback this

participant shifts the focus from the nitrate to the chloride.

AOI Group

“I remembered chloride ions were usually

larger...It’s interesting to see where you’re

cutting corners as far as your focus, focusing
on one part of the larger picture and thinking
you’re getting the entire picture.” Participant

32’s reflection when viewing eye-tracking
feedback.

Timeline of Study

cl

A B C
[ Sol'n 3: AgNO, + NaCl ani.

A B (&
Sol'n 5: Cu{NQ), + ZNaCl ani.

Rxnl  Rxn2 |

—T 100%

- 80%

- 60%

- 40%

still still

Stimuli

20%

0%
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Fig. 12 Shifts in viewing chemically relevant features for participant 32
over the entire precipitation experiment. Percentage fixations per AOI
group are charted over the course of the study. This visualization
highlights differences in viewing between AOI group and stimuli (e.g. in
solution 3 this participant attended to nitrate when viewing animations
A and B but shifted their visual attention to the sodium for animation C).

Participant 34 viewed the chloride more in the initial animation
then shifted viewing to the sodium and nitrate then finally back
to the chloride for the final animation (Figure 13). Similar to

participant 32, 34 recorded minimal fixation time on the cations.

“I saw patterns - tended to concentrate on
the top portion; | didn’t actually look at the
entire thing which made me rethink how
much | was actually looking at...” Participant
34’s reflection when viewing eye-tracking
feedback.

Timeline of Study

100%

80%

60%

40%

AOI Group

20%

0%

Rxnl  Rxn2
still still

A B C
Sol'n 3: AgNO, + NaCl ani.

Sol'n 5: Cu[NO;), + 2NaCl ani. |
Stimuli

Fig. 13 Shifts in participant 34’s viewing of chemically relevant features

over the precipitation experiment. This participant focused on chloride

in animation A of the first reaction then shifted to viewing the sodium

for animation C.

Impact of structured variations and eye-tracking feedback on
critique of animation accuracy

Critique of animation accuracy was assessed by analyzing the
animation selected as most accurate and the score on the
accurate/inaccurate grid. Additional consideration was given to
any edits made to the submicroscopic drawings.

Animation Selected as Most Accurate and Accurate/Inaccurate
Grid Rating

As participants watched the animations in variation many told
us that their first instinct was to accept what they saw as
correct. It was after features varied that participants became
critical of the way those features were presented. This was
reflected in the verbal responses collected; participants said

This journal is © The Royal Society of Chemistry 20xx
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they trusted what they were shown even though they knew they
were critiquing them, it was only after they were forced to
select between variations that they questioned which was most
accurate. When selecting the most accurate precipitation
animation (rating each feature of the animation as accurate or
inaccurate with respect to experimental evidence), 58% selected
the correct animation for solution 3, while 83% selected the
correct animation for solution 5. The correct animation was
selected the most for each animation set. Greater detail was
revealed when the accurate/inaccurate grid was scored (Table
2).

After viewing visual feedback of the animations-in-variation two
participants shifted their selection to the correct animation. To
better understand the reasoning for each selection, the
accurate/inaccurate grids were scored for correct rating. This
additional analysis increased the dimensions being considered
to 12 for the precipitation animations and 9 for the redox
animation, as each rating of accurate/inaccurate was scored
individually. A slight gain was observed for the redox reaction
scores after critiquing visual feedback. Participants in the redox
experiment scenario used the accurate/inaccurate grid before
and after viewing visual feedback (Table 2). As a result, the
number of correctly marked answers increased from 5.0 + 2.1 to
5.6 + 1.8. Although this gain in the selection of the accurate
animation and accurate/inaccurate score is not significant, the
increase suggests participants are not disadvantaged by viewing
visual feedback, and additional studies with visual feedback are
warranted.

Chemical Reaction A B C Average

A/l Grid
Score

Precipitation Solution 3 8* 3 1 8.8+2.5

n=12

Precipitation Solution 5 10* 0 2 7.4+2.0

n=12

Redox after variations 6 3 5* 5.0+1.8

n=14

Redox after visual 5 2 7* 5.6+2.0

feedback

n=14

Table 2 Choice of most scientifically accurate animation-in-variation.
*The most scientifically accurate animation is marked with an asterisk.

J. Name., 2013, 00, 1-3 | 11
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The greatest gain in correct accurate/inaccurate rating was seen
with animation C (Figure 14). The number of participants
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correctly identifying the scientifically accurate animation
increased slightly from 5 to 7 (Table 2).

Accurate/inaccurate score per animation after visual feedback

Number of Participants

| l
0

-2 -1 0

1

Gain difference in score

“ Animation A
“ Animation B

~ Animation C

Fig. 14 Gain in accurate/inaccurate rating of animation features on the A/I grid for redox animations before and after visual feedback.

Edited Submicroscopic Drawings

Three of the twelve precipitation participants changed their
drawings as a result of seeing the animations-in-variation. All
three shifted their drawings to resemble the correct animation
(Figure 15). The scientific accuracy of participant drawings were
evaluated based on the features of the animations varied in this
study (e.g. free ions, if a reaction takes place, representations of
reactants and products). Three researchers evaluated each
drawing and wrote a short description of the drawn features
then the researchers discussed how each was classified until a
consensus was reached. These three participants changed their
drawings to be more scientifically accurate without being told
which animation was the most accurate. Participant 28 changed

This journal is © The Royal Society of Chemistry 20xx

only one of their drawings but modified it to show all free ions
with no reaction occurring for solution 5 of the precipitation
reaction. Bringing this drawing change together with the eye-
tracking evidence (Figure 15) we see that participant 28 focused
primarily on the start frames of reactions A and B. The
participant shifted their viewing to the solid floating product in
the start frame of animation B, the middle frame of animation C,
and the end frames of animations A and B. The new areas
viewed differ in the portrayal of paired versus free ions. After
considering this new viewed visual information the participant
edited their drawing to the more scientifically accurate portrayal
of free ions in solution after no visible reaction was observed at
the macroscopic level.

J. Name., 2013, 00, 1-3 | 12
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In the case of participant 29, the drawings show the before and
after images for solution 3. This participant initially drew a
reaction of molecular aqueous species with all species as
molecular pairs at the end. After watching the animations-in-
variation, both participants changed the initial aqueous species
to being free ions but left the final spectator ions as bond in
molecular pairs. In the bottom set of images for participant 29,

C: START C:END

this time the participant changed the molecular aqueous species
to free ions at both the start and end of the mixing. The bottom
four images are the start and end drawings by participant 36,
after seeing the animations in variation they changed their
drawings to show nitrate as polyatomic and they shifted the
silver chloride precipitate to a solid lattice at the bottom of the
solution.

C:START C:END

Fig. 15 Initial and final drawings of solution 5 by participant 28 (top) with the initial viewing (bottom left) and viewing of eye-tracking feedback (bottom

right). Seeing where they looked resulted in new areas viewed and a more scientifically accurate submicroscopic drawing

Similar to the precipitation experiment, only two participants of
the 14 chose to edit their drawing after watching the animations
in variation.

Although only a few participants in each group (five of the 26
total participants) chose to edit their drawings (Figure 17),
participants who did not edit their drawings critiqued incorrect
aspects of the drawings that were varied in the animations. This
suggests that these participants may have changed their

This journal is © The Royal Society of Chemistry 20xx

representation of the incorrect features after watching the
animations-in-variation, if the interview required a new drawing
instead of offering an opportunity to edit the previous drawing.
These correctly edited drawings suggest participants became
more critical of their representations after viewing the
animations-in-variation. Thus, shifting the protocol to require a
new drawing may lead to additional corrections, than those
observed from voluntary editing.

J. Name., 2013, 00, 1-3 | 13
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Fig. 16 Initial and final drawings for participants 28, 29, and 36.
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Fig. 17 Submicroscopic drawings for the two participants in the redox experiment who edited their drawings of the phenomena. The initial drawing made by
participant 55 (top left) and the final drawing made after viewing animations in variation (top right). The bottom two drawings are from participant 59 with
the bottom left drawn initially and the bottom right was the final edited drawing after viewing animations.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 14



Page 15 of 18

oNOYTULT D WN =

59

Conclusions

Viewing structured variations in precipitation and redox
animations support critique and viewing of chemically relevant
features. As chemically relevant features vary in accuracy,
participants can notice the shifts and reconsider the link
between the macroscopic experimental evidence and the
submicroscopic representations. Presenting animations with
structured variations (based on misconceptions) makes
participants confront contradicting ideas and forces them to
examine which they consider most accurate. This shifts away
their initial instinct to accept what they are shown, creating a
need to critique, reason, and explain the presented chemical
phenomena. Thus, students shift from simply learning what we
want them to know, to a critical view of what is presented to
them. Presenting students with visual feedback of their viewing
creates an opportunity to make behavior accountable and opens
the door to more purposeful viewing of chemistry animations.
Static images with overlaid eye-tracking patterns are easily
interpreted by general chemistry students with minimal
guidance. Viewing this feedback helps students shift their visual
attention pattern, makes them critical of their viewing behavior,
and modestly makes their critique of animation features more
accurate.

“I got to compare the different
possibilities ...I was able to think about
and reflect on the outcome of the actual
experiment.” Participant 28 reflecting on
their study participation.

Critiquing the chemically relevant features of the animations
resulted in more accurate drawings with regard to the
chemically relevant aspects of the animations in variation.
Animations are useful tools but they are inherently flawed in
that they are representations. Being able to critique
representations of chemical phenomena in light of experimental
evidence moves our students towards more critical consumers
of visual information. The following quote exemplifies the
impact of the animations-in-variation on student’s
metacognition and self-reflection in light of the depiction of a
submicroscopic chemical phenomena.

“I guess the most helpful part was from
the animations, that | got to compare
the different possibilities and that
allowed me to... from the different

This journal is © The Royal Society of Chemistry 20xx
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possibilities | was able to compare them
and think about how they would reflect
like in the, how the... how they reflect in
the outcome of the actual experiment.”
Participant 28

Limitations

The primary limitation of this study is that each participant was
only able to engage with one experimental condition. Due to
time constraints we were unable to have the same participant
engage with all treatment options. As a result, the most
scientifically accurate animation appeared in a different viewing
order for each part of this study. Similarly, the animations were
lettered prior to data collection and the most scientifically
accurate redox animation was viewed last while the most
scientifically accurate precipitation reaction was viewed first. In
future studies we hope to randomize this order and recruit
participants for multiple sessions, allowing for the same
participant to engage with all treatment options.

During the viewing of the static images, participants often
shifted their viewing back and forth between the computer
screen displaying the image and the iPad showing the
accurate/inaccurate grid. This look away behavior decreased
eye-tracking ratio for the viewing of static images; future studies
should be designed to minimize this effect by dedicating
separate time to the task of viewing versus completing the grid
or shifting the grid to the eye-tracking computer screen. Shifting
the accurate/inaccurate grid to the eye-tracking screen would
have the added benefit of linking specific feature critique (rating
of accurate/inaccurate) to specific viewing areas on the stimuli
viewed.

Changes in viewing after visual feedback was analyzed using
composite images without visual feedback, because the visual
feedback obscured only the areas previously viewed the
participants were able to see the areas not previously viewed.
This visual presentation was chosen to encourage participants
viewing of new areas on the stimuli but limits the data analysis
to the two viewings of the static images. This data analysis was
chosen to allow all areas in the image equal viewing time during
data collection but does omit analysis of areas viewed during
visual feedback, the assumption is that participants view all
areas unobscured during the visual feedback. Additional trials
are needed to analyze the areas viewed during visual feedback

J. Name., 2013, 00, 1-3 | 15
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or present the visual feedback without obscuring previously
viewed areas.

To facilitate eye-tracking data collection participants were
interviewed individually. Although clinical studies allow
controlled investigations into participant behavior, the goal of
this research is to develop instructional tools to be used in
classroom settings. This disconnect between the clinical and
naturalistic environments is a limitation to the study. Current
iterations of this research are shifting to include multiple
participants and opportunities to discuss their critique of the
animations and feedback.

Implications

This research represents a shift in how students are used to
learning and some participants may be uncomfortable
confronting their own misconceptions but liking instruction does
not equal learning from it (Adams, 2014). If we are to help our
students develop their chemistry thinking and critical thinking
skills it is imperative they become critical consumers of
information. Learning to discern the useful aspects of a
representation from the stylistic or inaccurate features holds the
potential to empower chemistry learners. Taking time in an
introductory chemistry course to ask students to critique
animations and viewing patterns creates an opportunity for
students to voice their understanding of the visuals without
being told what to think or view. In recitation or small group
discussion sessions students could critique the animations and
debate the accuracy of the features based on experimental
evidence. Researcher Kelly polls large lecture classes regarding
the accuracy of the structured animations. Researcher Villalta-
Cerdas uses the animations in homework assignments. Using
these tools, space is created for students to voice their
perspectives and learn by critiquing. Eye-tracking feedback could
be used in one-on-one sessions to help students reflect on their
visual engagement with animations used in a chemistry course.
In a small group or lecture course contrasting viewing patterns
could be used to spark a discussion about the features of a
visual and the information that can be gleaned from features in
that chemistry visual.

The use of animations-in-variation and visual feedback hold the
potential to increase participant critique and visual attention.
Using these instructional strategies in individual, small group,
and classroom settings holds promise for increasing student-
centered learning and metacognitive monitoring in chemistry
classrooms.

This journal is © The Royal Society of Chemistry 20xx
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By critiquing animations and viewing patterns, students have
the opportunity to articulate and consider their thinking, and at
the same time engage in authentic scientific reasoning.
Additionally, instructors can gain insight into how their students
construct knowledge when making links between
submicroscopic representations and experimental evidence of
chemical phenomena. If all models are wrong chemistry
students need opportunities to evaluate the aspects that are
useful and become critical of visual information they consume.
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Appendix 1: Graphic Organizer provided for students to organize their notes while watching the animations.

Please list aspects of each
animation that are

ACCURATE/INACCURATE

Evidence of a reaction taking place

Conductivity evidence

Accurate

Inaccurate

Link to download animations:

http://www.sjsu.edu/people/resa.kelly/general_chemistry_animations_and_videos/index.html
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