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a b s t r a c t

This paper investigates whether prompting students to draw their own visual representations enhances
students’ learning from technology-based instructional activities with visual representations. Seventy-
two undergraduate students were randomly assigned to receive an educational technology with (1)
drawing prompts throughout instruction, (2) drawing prompts before and after instruction, or (3) no
drawing prompts. We assessed learning outcomes with respect to instructional effectiveness and effi-
ciency using immediate and delayed posttests. Results on instructional efficiency showed a significant
advantage for drawing prompts. Results on instructional effectiveness showed an advantage at the
delayed posttest for drawing prompts provided throughout instruction, compared to prompts before and
after. Qualitative analyses suggest that adding drawing prompts throughout instruction promotes
drawing quality. In sum, our findings expand theory by suggesting that drawing prompts facilitate visual
sense making of concepts shown in visual representations. Furthermore, we provide practical recom-
mendations on how best to implement drawing prompts with technology-based instructional activities.

© 2017 Elsevier Ltd. All rights reserved.
Many concepts in science, technology, engineering, and math-
ematics (STEM) are visual-spatial in nature. Therefore, students’
learning of domain knowledge in STEM critically depends on their
ability to make sense of visual representations (Gilbert, 2005;
Mathewson, 1999). For example, students learn about atoms in
chemistry with the visual representations shown in Fig. 1. These
visual representations are typically used in instructional materials
such as textbooks, worksheets, and webpages. We refer to these
visual representations as traditional because they are designed and
used by STEM professionals, not generated by students.

Prior research shows that students have tremendous difficulties
in making sense of traditional representations (Ainsworth, 2006;
Rau, 2016). Therefore, an important educational goal in STEM is
to support students' learning with these representations. Much
prior research has investigated how to design instructional activ-
ities that support students in verbally making sense of traditional
representations (Rau, 2016; Rau&Wu, 2015a). For example, adding
self-explanation prompts to instructional activities has been shown
to be particularly effective (Berthold & Renkl, 2009; van der Meij &
de Jong, 2011). Such prompts can ask students to self-explain while
they construct, manipulate, and reason with representations (Rau,
Aleven, & Rummel, 2015b). However, a new line of research sug-
gests that visual-spatial concepts are difficult to explain verbally
(Bobek & Tversky, 2014; Vosniadou, 1994). Instead, instructional
activities that prompt students to engage in visual sense-making
processes may be more effective in supporting students’ learning
with representations (Leopold & Leutner, 2012; Scheiter,
Schleinschok, & Ainsworth, 2017). For example, prompting stu-
dents to draw their own visual representations has been shown to
be effective (Prain & Tytler, 2012; Van Meter & Garner, 2005).
Drawing prompts can simply ask students to draw on paper and
thus are easy to integrate within instructional activities that sup-
port verbal sense-making processes with traditional representa-
tions. Such promptsmay be effective for two reasons. First, prompts
to generate drawings can help students organize visual-spatial
concepts from traditional representations and activate their own
mental models (Brooks, 2009; Van Meter & Garner, 2005). Second,
prompts to revise their drawings can help students revise their
mental models after comparing their drawings to traditional rep-
resentations (Prain & Tytler, 2012; Valanides, Efthymiou, & Angeli,
2013). Yet, prior research has not investigated whether providing
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Fig. 1. Four traditional visual representations of an oxygen atom (from left): Lewis structure, Bohr model, energy diagram, and orbital diagram.
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prompts to generate and revise drawings are effective when com-
bined with typical instructional activities.

To this end, we present a controlled experiment that in-
vestigates whether adding prompts to generate and revise draw-
ings to an educational technology enhances undergraduate
students’ learning of domain knowledge. We situate this experi-
ment in undergraduate chemistry learning because success in
chemistry requires learning with traditional representations and
often involves drawing (Kozma & Russell, 2005; Talanquer, 2013).

1. Theoretical background

In the following, we first review prior research on how students
learn with traditional visual representations and typical instruc-
tional activities that support verbal sense-making processes as well
as recent findings on instructional activities that support visual
sense-making processes. Then, we highlight gaps in prior research
on visual sense-making supports, which we investigate in our
experiment.

1.1. Learning with traditional visual representations in STEM

Prior research shows that students have difficulties in making
sense of how visual representations depict domain-relevant con-
cepts (Ainsworth, 2006; Rau, 2016). Students often focus on irrel-
evant surface features and fail to make connections among
representations (Cook, Wiebe, & Carter, 2008; Kozma & Russell,
2005; Rau, Aleven, Rummel, & Pardos, 2014). For example, when
students use Lewis structures and Bohr models (Fig. 1a and b) to
learn about electrons in atoms, they may focus on irrelevant fea-
tures such as color while failing to attend to relevant features such
as the number and location of dots. Making such connections is
particularly difficult for students with low spatial skills (H€offler,
2010) because it requires students to mentally rotate representa-
tions (Stieff, 2007).

A large body of research has investigated how best to help
students overcome difficulties with visual representations. This
research shows that effective instructional activities support stu-
dents in making sense of how representations depict concepts (for
an overview, see Ainsworth, 2006; Rau, 2016). Cognitive learning
theories (Koedinger, Corbett, & Perfetti, 2012) suggest that
instructional activities should engage verbally mediated sense-
making processes, for instance self-explanation prompts.

1.1.1. Self-explanation prompts that support verbal sense-making
processes

Self-explanation prompts have proven effective in helping stu-
dents engage in sense-making processes (Roelle, Lehmkuhl, Beyer,
& Berthold, 2015; Wylie& Chi, 2014). For instance, self-explanation
prompts can ask students to explain how the spatial arrangement
of electrons around the nucleus explains an atom's properties and
bonding behavior. Research shows that such self-explanation
prompts are especially effective when implemented in educa-
tional technologies that provide adaptive feedback on students' self-
explanations (Rittle-Johnson, Loehr, & Durkin, 2017; Wylie & Chi,
2014). Self-explanation prompts with feedback can help students
focus on relevant visual features shown in representations and
connect features among multiple representations (Berthold &
Renkl, 2009; Rau et al., 2015b).

Self-explanation prompts engage students in verbally mediated
sense-making processes (Koedinger et al., 2012). Such processes
involve verbal explanations of principles that describe how repre-
sentations depict concepts (Chi, Bassok, Lewis, Reimann, & Glaser,
1989). However, a new line of research suggests that verbal expla-
nations may not adequately help students make sense of visual-
spatial concepts shown in representations (Bobek & Tversky, 2014;
Vosniadou, 1994). Specifically, studies show that self-explanation
prompts that support verbal sense-making processes may be less
effective than drawing prompts that support visuallymediated sense-
making processes (Leopold & Leutner, 2012; Scheiter et al., 2017).
1.1.2. Drawing prompts that support visual sense-making processes
Recent research shows that prompting students to draw their

own representations is an effective means to support visual sense-
making processes (Brooks, 2009; Van Meter & Firetto, 2013).
Drawing prompts have been shown to enhance students’ learning
of domain knowledge in STEM (Leutner & Schmeck, 2014; Van
Meter & Garner, 2005) by helping students learn how visual rep-
resentations depict concepts (Prain & Tytler, 2012; Valanides et al.,
2013). In addition, drawing has been shown to enhance long-term
retention of concepts shown in visual representations (Mason,
Lowe, & Tornatora, 2013).

How can drawing help students visually make sense of con-
cepts? According to Van Meter's Cognitive Model of Drawing
Construction (CMDC), students' generation of drawings involves
three iterative phases (VanMeter& Firetto, 2013). In the first phase,
students must understand the drawing task at hand. For instance, a
prompt that instructs students to “draw what comes to mind”
when they think of an atom will direct students to focus on their
mental models, not traditional representations. Prior research
suggests that students do not spontaneously draw (Leutner &
Schmeck, 2014; Van Meter, Aleksic, Schwartz, & Garner, 2006).
Therefore, simply providing paper and pens is insufficient. Students
must receive drawing prompts to help them engage in visual sense-
making processes, discussed in the following two phases.

In the second phase, students generate the drawing. To this end,
students must identify, organize, and integrate relevant informa-
tion about the to-be-learned concepts into a coherent mental
model and then translate it into a visual representation. For
example, to draw atoms, students first determine what concepts
are relevant (e.g., nucleus and electrons), organize information
about the atom by determining how different concepts relate to
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one another (e.g., spatial arrangement of electrons relative to the
nucleus) and integrate it with their prior knowledge (e.g., electron
repulsion). They then translate concepts using pen and paper, for
instance by representing electronmovementwith arrows and lines.
This process helps students internalize and integrate concepts at a
deeper level (Brooks, 2009; Valanides et al., 2013). Prompts to
generate drawings can facilitate this process. Indeed, generate
prompts have been shown to enhance learning outcomes (Van
Meter & Garner, 2005; Zhang & Linn, 2011), particularly if stu-
dents generate high quality drawings in response to drawing
prompts (Scheiter et al., 2017; Schmeck, Mayer, Opfermann,
Pfeiffer, & Leutner, 2014).

In the third phase, students monitor their progress by
comparing and revising their drawings to align with domain-
relevant concepts. For example, a student may notice that his
drawing does not evenly space electrons around the nucleus and
then revise the drawing based on electron repulsion. Because stu-
dents externalize their mental models through generating draw-
ings in the second phase, students can compare drawings with
traditional representations to identify inaccuracies and in-
consistencies within their mental models (Vosniadou, 1994).
Through this process, students can reflect onwhat concepts they do
not yet understand and revise their mental models (Valanides et al.,
2013). Prompts to revise drawings can facilitate this process.
Research has shown that revise prompts can enhance students’
learning of domain-relevant concepts (Prain & Tytler, 2012;
Valanides et al., 2013).
1.2. Open questions about drawing prompts

In the following, we highlight several open questions regarding
how best to implement drawing prompts that support learning
with traditional visual representations.
1.2.1. Combining drawing prompts with traditional representations
Most prior research on drawing prompts has focused on

learning visual-spatial concepts described in text. Particularly, the
effectiveness of generate prompts for learning from texts is well
established (Leutner & Schmeck, 2014; Van Meter & Garner, 2005).
However, only a few recent studies show that generate prompts can
help students learn from traditional representations (Mason et al.,
2013; Zhang & Linn, 2011).

The research on revise prompts has focused more extensively on
learning with traditional representations. However, in these
studies, revise prompts were often confounded with other
instructional activities (Brooks, 2009; Valanides et al., 2013). For
instance, revise prompts could be provided after students watch a
video, role play the movement of atoms, and discuss observations
with their classmates (Prain& Tytler, 2012), whichmakes it difficult
to isolate the effects of revise prompts.

This prior research leaves several questions open. First, research
on generating and revising drawings have mostly been separate
lines of research. To the best of our knowledge, no prior study has
systematically tested the effects of combining generate and revise
prompts. Because both generate and revise prompts support phases
of the CMDC, combining both prompts may be effective in helping
students engage in visual sense-making processes.

Second, prior research has not investigated the nature of visual
sense-making processes for traditional representations. CMDC
suggests that drawing helps students visually make sense of con-
cepts described in scientific text through a process of activating and
reflecting on their mental models. Hence, we expect students to
generate and revise drawings that increasingly align with
traditional visual representations as students align their mental
models with traditional representations. However, onemight argue
that repeated drawing prompts can reinforce inaccuracies in stu-
dents' mental models or increase their tendency to focus on irrel-
evant concepts. Investigating changes in the quality of students’
drawings can provide insight into how generate and revise prompts
facilitate visual sense-making processes.

Third, research on drawings has not considered how drawing
prompts complement typical support for verbal sense-making
processes. To the best of our knowledge, there is only one study
that systematically tested whether drawing prompts enhance
learning from other instructional activities. Zhang and Linn (2011)
found that students who were prompted to generate drawings
were more likely to discuss domain-relevant concepts with peers
and use traditional visual representations to make sense of con-
cepts. These students generated more coherent drawings and
showed higher learning outcomes, compared to students who only
received extra time with traditional representations. Based on this
finding, we hypothesize that drawing engages students in visual
sense-making processes that make it easier to translate visual-
spatial concepts into verbal explanations, thereby enhancing stu-
dents’ learning from instructional activities that engage verbal
sense-making processes, such as self-explanation.
1.2.2. Timing of drawing prompts
Little research has investigated how frequently students should

be prompted to draw.When implementing generate prompts, most
prior studies provided them only once or twice, typically before
and/or after instruction (Bobek & Tversky, 2014; Gadgil, Nokes-
Malach, & Chi, 2012; Mason et al., 2013). A few studies prompted
students to generate drawing throughout the entire instructional
period (Leopold & Leutner, 2012; Schmeck et al., 2014; Van Meter
et al., 2006). Studies on revise prompts have not examined how
the frequency of revise prompts affects students’ learning. How-
ever, correlational analyses within drawing studies show that stu-
dents who draw more frequently show higher learning outcomes
(Davis, 2000; Schank & Kozma, 2002). Therefore, we hypothesize
that providing drawing prompts throughout instruction will yield
higher learning outcomes than providing drawing prompts only
before and after instruction.

Investigating the frequency of drawing prompts poses a meth-
odological challenge for research that tests the effectiveness of
drawing prompts. Some studies that compared drawing to no-
drawing conditions provided additional instructional time for the
drawing conditions to complete drawing activities (e.g., Schmeck
et al., 2014). In such cases, higher learning outcomes in the draw-
ing conditions may be attributed to longer time-on-task. Other
studies controlled for time-on-task by comparing drawing condi-
tions to other time-intensive instructional activities, such as
writing verbal explanations (e.g., Bobek & Tversky, 2014; Scheiter
et al., 2017). However, to the best of our knowledge, no prior
study has controlled for time-on-task by reducing the number of
instructional activities in drawing conditions. Investigating the ef-
fects of reducing other instructional activities will yield recom-
mendations about whether instructors should incorporate drawing
prompts when time is limitedda situation common in classrooms
and other learning environments.
2. Research questions and hypotheses

To address the open questions from prior research, we con-
ducted a controlled experiment that compared three conditions:
(1) drawing prompts throughout instruction, (2) drawing prompts
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before and after instruction, and (3) a control condition without
drawing prompts.We assess learning of domain knowledgewith an
immediate posttest and a delayed posttest given one week after
instruction.Wemeasure instructional effectiveness by learning gains
and instructional efficiency by learning gains while accounting for
time-on-task. We account for time-on-task in twoways. First, at the
level of condition, we control for time-on-task by adjusting the
number of instructional activities such that all conditions spent
about the same amount of time on average across all activities (i.e.,
instructional activities and drawing). To this end, students who
received drawing prompts were given fewer instructional activities
to account for the time they would spend drawing. Second, at the
individual level, we account for time-efficiency with instructional
efficiency measures as proposed by van Gog and Paas (2008)
because students worked on activities at their own pace. We
consider drawing prompts to be effective if they enhance students'
learning gains and efficient if they enhance students’ learning gains
in less instructional time.

Our experiment allows us to investigate the following
questions:

Research Question 1: Do drawing prompts enhance learning
when added to self-explanation prompts that support verbal sense-
making processes with traditional visual representations? Onemay
argue that self-explanations prompts that typically support verbal
sense-making processes are sufficient. Yet, the research reviewed
above suggests that drawing prompts complement verbal sense-
making supports because they help students externalize their
mental models and visually make sense of concepts shown in
representations. As a result, students may be more likely to inte-
grate new concepts from representations into their mental models.
Hence, we test:

Hypothesis 1. Students who received drawing prompts show
higher learning gains than students who received no drawing
prompts with respect to instructional effectiveness (H1a) and
instructional efficiency measures (H1b).

Research Question 2: How frequently should drawing prompts
be provided? In prior research, drawing prompts were provided
either throughout instruction or only before and after instruction
(e.g., Gadgil et al., 2012; Schmeck et al., 2014). Because the fre-
quency of drawings correlates with learning outcomes (Davis,
2000; Schank & Kozma, 2002), additional drawing prompts
throughout instruction may lead to greater learning outcomes.
Hence, we test:

Hypothesis 2. Students who received drawing prompts
throughout instruction show higher learning gains than students
who received prompts only before and after instruction with
respect to instructional effectiveness (H2a) and instructional effi-
ciency measures (H2b).

Finally, to examine how drawing prompts facilitate visual sense-
making processes, we assess changes in the quality of students’
drawings, as measured by alignment with traditional representa-
tions. Because we cannot compare drawings across time for each
condition (e.g., the control condition did not receive drawing
prompts during instruction), our analysis of drawing quality is
exploratory. Specifically, to gain insights into the mechanisms un-
derlying hypothesis 1, we examine whether students who received
drawing prompts generate higher quality drawings than students
who received no drawing prompts during instruction. Moreover, to
gain insights into the mechanism underlying hypothesis 2, we
examine whether students who received drawing prompts
throughout instruction generate higher quality drawings than
students who received prompts only before and after instruction.
3. Method

3.1. Participants

Seventy-two undergraduate students participated in this study
for extra credit in an educational psychology course at a large
Midwestern United States university. None of the students majored
in chemistry. Some students have taken at least one introductory-
level (68.1%) or one intermediate-level college chemistry course
(22.2%).

3.2. Experimental design

Students were randomly assigned to one of three conditions.
Students in the no-prompt condition (n ¼ 24) received no drawing
prompts while working on instructional activities. Students in the
before-after condition (n ¼ 23) received prompts only before and
after they worked on instructional activities. Students in the
throughout condition (n ¼ 25) received prompts before and after as
well as throughout instructional activities. All students sat at a
computer with paper and pens to the right of the computer
throughout the experiment and were allowed to draw
spontaneously.

3.3. Materials

3.3.1. Educational technology: Chem Tutor
Instructional activities were provided via Chem Tutor, an

educational technology for undergraduate chemistry that has been
proven effective for science and non-science majors (Rau & Wu,
2015a). Chem Tutor provided students with interactive instruc-
tional activities on four visual representations of atoms: Lewis
structures, Bohr models, energy diagrams, and orbital diagrams
(see Fig. 1). First, students received an introduction to the repre-
sentations. Then, they worked on two problem sets in which they
used representations to learn about atomic structure. An example
Chem Tutor problem is shown in Fig. 2. First, students identified
properties of the atom and planned the representation by
completing fill-in-the-blank explanations. Next, they used an
interactive tool to construct the representation by selecting the
appropriate number and position of electrons, shells, and orbitals
for the atom. Finally, students made inferences about the atom
based on the representation. For all interactions, Chem Tutor pro-
vided error-specific feedback and on-demand hints (Rau, Michaelis,
& Fay, 2015c).

3.3.2. Drawing prompts
For students in the prompted conditions (before-after,

throughout), Chem Tutor provided generate and revise prompts.
Generate prompts asked students: “Draw what comes to mind
when you think about the concept: ‘atom’.” Generate prompts were
provided at the beginning of Chem Tutor. Revise prompts asked
students: “Review your drawing, labels, and captions. Revise them
as needed.” The before-after condition received one revise prompt
after completing instructional activities in Chem Tutor. The
throughout condition received three revise prompts interspersed
with instructional activities in Chem Tutor. Table 1 shows examples
of drawings students made in response to generate and revise
prompts.

To control time-on-task across conditions, we calculated ex-
pected time-on-task using data from prior studies with Chem Tutor
and pilot studies with eight undergraduates of various majors. We
determined two minutes were needed on average per drawing
prompt to allow students to read the prompt and draw an atom. For



Fig. 2. Example Chem Tutor activity about the Bohr model of oxygen.

Table 1
Example drawings from three students in response to the generate and revise prompts.
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each condition, we then reduced the number of Chem Tutor
problems in accordance with the number of drawing prompts they
received. The no-prompt condition received 92 Chem Tutor prob-
lems, which took students an average of 31 min,1 as conducted in a
1 The no-prompt condition received a set of 36 problems that each requires one
step and, therefore, an additional minute to complete. We provide the average time
to completion because each instructional problem requires a different number of
problem-solving steps, and thus, a different amount of time to complete. We
reduced instructional problems in even numbered sets to balance the pairs of
representations presented.
prior study (Rau & Wu, 2015a). To accommodate two drawing
prompts, the before-after condition received 48 Chem Tutor
problems (corresponding about 26 min). To accommodate four
drawing prompts, the throughout condition received 44 Chem
Tutor problems (corresponding to about 22 min).
3.3.3. Assessments
To assess spatial skills, we used the Vandenberg & Kuse mental

rotation test (Peters et al., 1995). To assess students' learning gains,
we administered three chemistry tests about the structure and
properties of atoms (pre-test, post-test, and delayed-test). We
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created three isomorphic tests that were counterbalanced across
the three test times. Cronbach's alpha showed acceptable reliability
for all three test versions (0.78, 0.65, and 0.64). Each test included
nine reproduction and transfer items. Appendix A provides
example test items. Seven reproduction items assessed concepts
discussed in Chem Tutor using multiple-choice responses. Two
transfer items assessed concepts not explicitly taught in Chem
Tutor using free-response. Two independent coders graded 10% of
the transfer items on a scale of 0 (shows no understanding) to 3
(shows substantial understanding). Grading was highly reliable
(ICC(2, 2) ¼ 0.87 and 0.81, Shrout & Fleiss, 1979). Reproduction and
transfer items were combined into one scale because a factor
analysis showed that items did not load onto separate factors.

3.4. Procedure

Table 2 provides an overview of the procedure for each condi-
tion. The experiment involved two sessions, one week apart. Ses-
sion 1 took approximately 90 min. Students first took the pre-test
and spatial test. Then, they worked with the version of Chem
Tutor that corresponded to their condition. Finally, students
completed the post-test. In Session 2, all students received a
generate prompt and completed the delayed-test.

3.5. Analyses

Instructional effectiveness corresponds to a student's test score,
computed as the proportion of correct answers out of the nine
possible correct answers. We computed instructional efficiency us-
ing Z-standardized test scores and Z-standardized time-on-task for
learning time, as discussed by van Gog and Paas (2008):

Instructional efficiency ¼ ztest score � zlearning time
ffiffiffi

2
p

We computed total time-on-task as the sum of the time students
spent on all Chem Tutor and drawing activities.

To assess the quality of student drawings, we used video re-
cordings to identify when student generated and revised drawings
throughout session 1 and session 2. Because the type of represen-
tations students chose to draw affected which features they drew,
we coded drawings using a two-step process (see Appendix B for
the full coding scheme). First, we categorized the type of drawing by
counting features in the drawing that aligned with the represen-
tations presented in Chem Tutor (Bohr model, energy diagram,
Lewis structure, orbital diagram). Drawings that did not align
with any of the four representations were categorized as “Other.”
Table 2
Overview of the procedure by session and condition.

Condition

Throughout Before-after No-prompt

Session 1 Pre-test X X X
Spatial test X X X
Generate Prompt X X
Introduction X X X
Revise Prompt 1 X
Problem Set X X X
Revise Prompt 2 X
Problem Set X X X
Revise Prompt Final X X
Post-test X X X

One week delay

Session 2 Generate Prompt X X X
Delayed-test X X X
Second, we graded the accuracy of drawing by rating features
shown in the drawing on a scale of 0 (inaccurate) to 4 (accurate).
Two independent coders graded 11% of the drawings using the two-
step process; grading was highly reliable (ICC(2, 2) ¼ 0.98 and 0.91,
Shrout & Fleiss, 1979).

4. Results

Table 3 shows means and standard deviations of test scores by
condition.

We report effect sizes as Cohen's d and hp
2 (Cohen, 1988). An

effect size d of 0.20 corresponds to a small effect, 0.50 to a medium
effect, and 0.80 to a large effect. An effect size hp

2 of 0.01 corre-
sponds to a small effect, 0.06 to a medium effect, and 0.14 to a large
effect. For post-hoc analyses, we used Bonferroni correction of
multiple comparisons and report adjusted p-values.

4.1. Prior checks

First, we checked for differences between conditions on the pre-
test. A one-way ANOVA with condition as the between-subjects
factor and pre-test scores as the dependent measure showed no
main effect of condition on pre-test, F(2, 69)¼ 2.926, p¼ 0.060. Pre-
test scores significantly correlated with post-test (r ¼ 0.633,
p < 0.001) and delayed-test scores (r ¼ 0.472, p < 0.001). Therefore,
we included pre-test scores as a covariate in the analyses of con-
dition effects below. Second, we checked for differences between
conditions on the spatial test using the same one-way ANOVAwith
spatial test scores as the dependent measure. There were no main
effect of conditions on spatial test, F(2, 69) ¼ 0.747, p ¼ 0.478.
Spatial test scores significantly correlated with the pre-test
(r ¼ 0.237, p ¼ 0.045), post-test (r ¼ 0.256, p ¼ 0.030), and
delayed-test scores (r ¼ 0.421, p < 0.001). Therefore, we included
spatial test scores as covariates in the analyses of condition effects
below.

Third, we checked whether students’ chemistry knowledge
improved from pre-test to posttests. A repeated-measures ANOVA
with test-time (pre-test, post-test, delayed-test) as the indepen-
dent factor and test scores as dependent measures revealed large-
sized significant learning gains, F(2, 142) ¼ 57.229, p < 0.001,
hp
2 ¼ 0.446. Post-hoc comparisons showed that students performed

significantly better on the post-test, t(71) ¼ 8.611, p(adj) < 0.001,
d ¼ 0.875, and delayed-test, t(71) ¼ 9.190, p(adj) < 0.001, d ¼ 1.109,
compared to the pre-test. Post-test scores did not significantly
differ from delayed-test scores, t(71) ¼ 2.176, p(adj) ¼ 0.108.

Fourth, we checked whether time-on-task differed between
conditions using a one-way ANOVAwith condition as the between-
subjects factor and time-on-task as the dependent measure. Table 4
shows the mean and standard deviations for total duration of time-
on-task as well as duration for each drawing task within the tutor
by condition. There was a significant main effect of condition, F(2,
69) ¼ 6.566, p ¼ 0.002. Students in the no-prompt condition spent
significantly more time-on-task than students in the before-after
condition, t(46) ¼ 3.585, p(adj) ¼ 0.002, d ¼ 1.009. This difference
in time-on-task resulted from students in the throughout and
Table 3
Means and standard deviations (in parentheses) of students’ test scores by
condition.

Condition Spatial test Chemistry test

Pre-test Post-test Delayed-Test

Throughout 0.64 (0.27) 0.26 (0.17) 0.44 (0.15) 0.54 (0.16)
Before-after 0.70 (0.16) 0.39 (0.16) 0.51 (0.16) 0.51 (0.15)
No-prompt 0.70 (0.18) 0.33 (0.20) 0.49 (0.22) 0.51 (0.21)



Table 4
Mean and standard deviations (in parentheses) of duration for time-on-task (in minutes) and prompts (in seconds).

Condition Time-on-task (minutes) Prompt duration (seconds)

Generate Revise 1 Revise 2 Revise Final

Throughout 53.32 (7.66) 85.54 (45.24) 19.80 (34.45) 18.64 (27.13) 28.32 (31.77)
Before-after 49.95 (7.42) 70.88 (29.66) e e 12.17 (9.99)
No-prompt 58.65 (9.67) e e e e
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before-after conditions taking less time on average for drawing
prompts than expected from pilot tests. Moreover, students in the
before-after condition spent significantly less time on the final
revise prompt than students in the throughout condition,
t(45) ¼ 2.488, p ¼ 0.019, d ¼ 0.720.
4.2. Effects of drawing prompts

To test the effects of drawing prompts on instructional effec-
tiveness, we used a repeated-measures ANCOVA with test-time
(post-test, delayed-test) as the repeated within-subjects factor,
condition as the between-subjects factor, pre-test and spatial-test
scores as covariates, and scores on the post-test and delayed-test
as dependent measures. To test H1a (prompting students to draw
enhances learning gains), we compared the two drawing prompt
conditions to the no-prompt condition. To test H2a (prompting
students to draw throughout instruction more so enhances
learning gains), we compared the throughout condition to the
before-after condition. Fig. 3 provides a summary of the findings.

There was no main effect of condition, F(2, 67) ¼ 1.256,
p ¼ 0.291. However, there was a medium-sized significant inter-
action of test-time with condition, F(2, 67) ¼ 4.201, p ¼ 0.019,
hp
2 ¼ 0.111. Post-hoc analyses showed no differences between

conditions at post-test, F(2, 67) ¼ 0.078, p ¼ 0.925. However, there
was a medium-sized significant difference at the delayed-test, F(2,
67) ¼ 3.881, p ¼ 0.025, hp

2 ¼ 0.104. Contrary to H1a, the throughout
condition, t(48) ¼ 2.100, p(adj) ¼ 0.121, d ¼ 0.614, and the before-
after condition, t(46) ¼ 0.659, p(adj) ¼ 1.000, did not outperform
the no-prompt condition. In support of H2a, the throughout con-
dition outperformed the before-after condition, t(47) ¼ 2.643,
p(adj) ¼ 0.031, d ¼ 0.782. In sum, findings on instructional effec-
tiveness partially support H2a, but not H1a: drawing prompts
throughout instruction are more effective than drawing prompts
before and after instruction, but only at the delayed-test.

To test the effects of drawing prompts on instructional efficiency
(H1b and H2b), we used the same ANCOVA model with efficiency
scores as dependent measures. Fig. 4 provides a summary of the
findings.
Fig. 3. Estimated marginal means for instructional effectiveness at post-test and
delayed-test by condition. Error bars show standard errors. * ¼ p < 0.05.
There was a medium-sized significant main effect of condition,
F(2, 67) ¼ 5.051, p ¼ 0.009, hp

2 ¼ 0.131. In support of H1b, the
throughout condition, t(48) ¼ 3.465, p(adj) ¼ 0.003, d ¼ 0.992, and
the before-after condition, t(46) ¼ 2.599, p(adj) ¼ 0.035, d ¼ 0.757,
were significantly more efficient than the no-prompt condition.
Mean instructional efficiency scores for the throughout (M¼ 0.228,
SD ¼ 0.769) and before-after conditions (M ¼ 0.213, SD ¼ 0.769)
were significantly higher than the no-prompt condition
(M ¼ �0.367, SD ¼ 0.755). Further, there was a medium-sized sig-
nificant interaction of test-time with condition, F(2, 69) ¼ 4.324,
p ¼ 0.017, hp

2 ¼ 0.114. Post-hoc analyses showed medium-sized
differences between conditions at post-test, F(2, 67) ¼ 3.556,
p ¼ 0.034, hp

2 ¼ 0.096, and large-sized differences at delayed-test,
F(2, 67) ¼ 6.372, p ¼ 0.003, hp

2 ¼ 0.160. The before-after condition
was significantly more efficient than the no-prompt condition at
post-test, t(46) ¼ 2.599, p(adj) ¼ 0.035, d ¼ 0.757, but not at
delayed-test, t(46) ¼ 2.401, p(adj) ¼ 0.058. The throughout condi-
tion was significantly more efficient than the no-prompt condition
at delayed-test, t(48) ¼ 3.465, p(adj) ¼ 0.003, d ¼ 0.992, but not at
post-test, t(48) ¼ 1.758, p(adj) ¼ 0.250. Contrary to H2b, we found
no significant differences between mean instructional efficiency
scores for the throughout and before-after conditions,
t(47) ¼ 0.852, p(adj) ¼ 1.000. We also found no significant in-
teractions between these conditions at post-test, t(47) ¼ 0.852,
p(adj) ¼ 1.000, or at delayed-test, t(47) ¼ 0.983, p(adj) ¼ 0.989. In
sum, these findings on instructional efficiency support H1b, but not
H2b: drawing prompts enhance instructional efficiency if prompts
were provided throughout instruction (especially at the delayed-
test) and before and after instruction (especially at the post-test).
4.3. Exploration of drawing quality

To explore changes in drawing quality over time, we analyzed
the types of drawings students generated (Appendix B, Step 1) and
accuracy of their drawings (Appendix B, Step 2). Because the
number of drawings by type and condition was low (n < 5; see
Table 5), we cannot statistically test for effects of condition on
Fig. 4. Estimated mean instructional efficiency at post-test and delayed-test by con-
dition. Estimated means are shown on a standardized scale from �1 to 1. Error bars
depict standard errors. * ¼ p < 0.05; ** ¼ p < 0.01.



Table 5
Frequency of the five types of representations in student drawings by time of prompt
and condition.

Type of Representation Total

Lewis Bohr Energy Orbital Other

Session 1
Before Instruction (Pre-test)
Throughout 1 11 0 0 16 28
Before-after 3 8 0 1 12 24

During Instruction
Throughout 2 7 2 4 1 16

After Instruction (Post-test)
Throughout 1 5 1 3 0 10
Before-after 3 2 0 2 1 8

Session 2 (Delayed-test)
Throughout 3 12 0 2 9 26
Before-after 2 10 0 2 10 24
No-prompt 0 12 0 2 10 24
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drawing quality. Hence, we qualitatively analyze the types and
accuracy of drawings.

With respect to the types of drawings, Table 5 shows that stu-
dents chose to generate a variety of drawing types. At each time of
drawing, students across conditions chose to draw similar types of
drawings. However, when comparing drawings over time, the
throughout and before-after condition seem to generate fewer
“Other” representations from session 1 before instruction to ses-
sion 2.

With respect to the accuracy of drawings, Table 6 shows that
mean accuracy scores differed by drawing type, time of drawing,
and condition. Recall that types differ with respect to how many
conceptual aspects they can depict. Hence, students’ choice for
type of drawing affects the accuracy of their drawings. Qualitative
inspection of total means shows that students generated less ac-
curate drawings when they were first prompted to draw: The
drawings of students in the no-prompt condition in session 2
achieved accuracy scores (M ¼ 1.83) as low as the scores for the
drawings of students in the throughout (M¼ 1.83) and before-after
conditions (M ¼ 1.86) in session 1 before instruction. For the two
prompted conditions, drawing accuracy improved equally over
time in session 1: at the post-test after instruction, accuracy scores
were similar (M ¼ 3.10 for the throughout condition and M ¼ 3.25
for the before-after condition). In session 2, drawing accuracy was
highest for the throughout condition (M ¼ 2.42), lower for the
before-after condition (M ¼ 2.08), and lowest for the no-prompt
condition (M ¼ 1.83).
Table 6
Mean drawing accuracy scores for each type of representation by time of prompt
and condition. Drawing scores range from 0 to 4. Underlined text highlights the
mean score for first drawing prompt for each condition, Test times (pre-test, post-
test, delayed-test) are shown to facilitate analysis of change over time.

Type of Representation Total

Lewis Bohr Energy Orbital Other

Session 1
Before Instruction (Pre-test)
Throughout 4 2.82 e e 1.06 1.86
Before-after 3.33 2.36 e 1 1.17 1.83

During Instruction
Throughout 3.5 2.43 1.5 2.75 e 2.38

After Instruction (Post-test)
Throughout 4 3.4 1 3 e 3.10
Before-after 4 2.5 e 4 1 3.25

Session 2 (Delayed-test)
Throughout 4 3.17 e 2.5 0.89 2.42
Before-after 4 2.3 e 2.5 1.4 2.08
No-prompt e 2.58 e 3 0.7 1.83
5. Discussion

This experiment examined whether adding drawing prompts to
an educational technology that supports verbal sense making of
traditional representations enhances students’ learning of domain
knowledge. We first considered instructional effectiveness, which
controlled for time-on-task at the level of condition by reducing
instructional activities for conditions with more drawing prompts.
With respect to Research Question 1, we compared two experi-
mental conditions in which drawing prompts were provided (1)
throughout instruction and (2) before and after instruction to (3) a
control condition without drawing prompts. Our findings suggest
that providing drawing prompts is not more effective than typical
instructional activities (H1a not supported). With respect to
Research Question 2, we investigated whether the frequency of
drawing prompts affects instructional effectiveness by comparing
the two prompted conditions. Our findings show that, on a delayed
posttest, providing drawing prompts throughout instruction is more
effective than providing prompts only before and after instruction
(H2a partially supported).

Second, we considered instructional efficiency that accounted
for time-on-task at the level of the individual student. With respect
to Research Question 1, our findings show that drawing prompts
enhance instructional efficiency (H1b supported). However,
providing drawing prompts throughout instruction does not
further increase instructional efficiency compared to providing
prompts before and after instruction (H2b not supported).

Finally, we analyzed how the quality of students' drawings
changed over time to gain insights into how drawing prompts
affect students' visual sense-making processes. In support of the
quantitative results, our findings suggest that more frequent
drawing prompts enhance the quality of student drawings over
time and that this effect is prominent after a delay. When receiving
more drawing prompts, students seem to generate drawings that
increasingly align with traditional representations, which may
reflect students’ development of increasingly more accurate and
sophisticated mental models of the domain knowledge.

We now discuss each of our main findings in turn. One of our
main findings is that the frequency of prompts affects instructional
effectiveness: providing drawing prompts throughout instruc-
tiondparticularly prompts to revise drawingsdwas more effective
at a delayed posttest than providing prompts only before and after
instruction. In fact, after one week without instruction, students
who were prompted to draw throughout instruction achieved
higher quality drawings and learning gains at the delayed posttest.
Our results align with prior research suggesting that prompting
students to review their own drawings is effective because it en-
gages students’ mental models with domain-relevant concepts
(Gadgil et al., 2012; Vosniadou, 1994). Recall that students monitor,
compare, and revise their representations in the third phase of the
CMDC (Van Meter & Firetto, 2013). Providing revise prompts
throughout instruction may help students identify and remedy
inaccuracies in their own mental models.

However, these effects were limited to the delayed posttest one
week after instruction. We did not find differences at the imme-
diate posttest. The qualitative analysis of students' drawings cor-
roborates this result. At the immediate posttest, drawing accuracy
was similar for the two prompted conditions. However, at the
delayed posttest, students in the throughout condition generated
more accurate drawings than students in the before-after condi-
tion. We interpret these findings in light of prior research, which
shows that drawing activitiesdby virtue of engaging students
more deeply with the contentdcan increase cognitive load and
interfere with students' immediate performance (Schwamborn,
Thillmann, Opfermann, & Leutner, 2011; Van Meter et al., 2006).
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After a delay, the effects of cognitive load fade, and students’ per-
formance reveals long-term benefits of deep engagement with the
content (Schweppe & Rummer, 2016). A follow-up experiment will
investigate the possible role of cognitive load, which was not
measured in this experiment. However, our findings illustrate that
delayed posttests are useful to reveal the effects of drawing
prompts.

A second main finding was that drawing prompts enhance
instructional efficiency. That is, students who received drawing
prompts showed higher learning gains in less instructional time
than students who did not receive these prompts. Specifically, we
found that while drawing prompts throughout instruction
demonstrated instructional efficiency at the delayed posttest,
prompts provided before and after instruction demonstrated
instructional efficiency immediately after instruction. In accor-
dance with the second phase of the CMDC (Van Meter & Firetto,
2013), we propose that drawing prompts increase instructional
efficiency because they direct students' attention to concepts they
may not yet understand and help them organize relevant visual and
verbal information. This interpretation aligns with prior research,
which shows that drawing prompts guide students’ interactions
with traditional representations in a way that helps them integrate
domain knowledge in their existing mental models (Valanides
et al., 2013; Zhang & Linn, 2011). Our finding extends prior
research by showing that such support for visual sense-making
processes can increase learning from instructional activities that
support verbal sense-making processesdin less instructional time.

These two findings make several contributions to the literature
on learning and instruction. First, our quantitative and qualitative
analyses suggest that students do not revise their mental models
sufficiently unless frequently prompted to do so throughout in-
struction. We propose that revise prompts facilitate mental model
revision, in which students visually make sense of traditional rep-
resentations, compare their own mental models to traditional
representations, and revise their mental models accordingly.
Moreover, we find that the effects of this process may only be
apparent after a delay. Second, our findings show that drawing
prompts are an efficient means to enhance learning from instruc-
tional activities that support verbal sense-making of traditional
representations. We propose that visual sense-making processes
complement verbal sense-making processes, potentially serving as
an intermediate step that helps students translate concepts from
traditional visual representations into verbal explanations. Third,
our experiment expands prior research by stringently controlling
for time-on-task in two ways. We replaced instructional activities
with drawing prompts to address the methodological issue of
adding instructional time for drawing activities. We also controlled
for instructional time by individual students and found that
drawing prompts help students achieve higher learning gains in
less instructional time. Taken together, our findings suggest that
drawing prompts can engage students in visual sense-making
processes that help them learn from instructional activities that
support verbal sense making of traditional visual representations.

5.1. Implications for instruction

Our findings have several implications for instruction. First, our
findings suggest that instructors should add drawing prompts to
instructional activities with traditional visual representations. Our
experiment shows that asking students to draw with generic
prompts to generate and revise drawings with paper and pen can
enhance an educational technology. Such drawing prompts are
easy to add to existing instructional activities.

Second, our findings suggest that instructors should prompt stu-
dents to draw not only before and after instruction, but throughout
instruction. Given that students typically do not spontaneously draw
(Leutner & Schmeck, 2014; Van Meter et al., 2006), our findings
suggest that students benefit from frequent prompts, especially
prompts to revise drawings throughout instruction.

Finally, our findings yield instructional design recommenda-
tions for educational technologies. Replacing instructional time in
educational technologies with drawing prompts throughout in-
struction may enhance students’ learning from educational tech-
nologies. Further, our experiment implemented simple drawing
prompts without guidance on how to draw or feedback on the
drawings. Hence, simply providing generic drawing prompts may
enhance the effectiveness of educational technologies, when
instructional time is limited.

5.2. Limitations and future directions

Our results should be interpreted against the following limita-
tions. First, we tested the effects of drawing prompts in the context
of a particular educational technology. Albeit a realistic and effec-
tive educational technology for learning with traditional visual
representations, future research should investigate whether our
results generalize to other instructional activities that are not
technology based. Second, we conducted the current experiment in
a laboratory setting to increase internal validity, assess drawing
accuracy, and control for instructional time. For external validity,
future research will investigate whether our findings generalize to
realistic educational settings. Third, our experiment focused on a
specific chemistry topic: atomic structure. While atomic structure
is similar to many other STEM topics because it uses multiple
representations that depict visual-spatial concepts, future research
should determine whether our results generalize to other STEM
topics. Fourth, participants were non-science-major undergraduate
students. Their study motivation and interactions with drawing
prompts may differ from students majoring in chemistry or other
STEM domains. Future research will investigate whether the effects
of drawing prompts generalize to other student populations.

Fifth, we conducted a qualitative analysis of drawing quality
between conditions because only a subset of students received
drawing prompts during instruction, and thus our sample of
drawings is too small. Future research will collect a larger sample of
drawings across conditions to assess quantitative changes in
drawing quality. Sixth, we prompted all students to draw before the
delayed posttest to compare drawings across all students. Because
this drawing prompt may affect outcomes for students who were
previously not prompted to draw, future studies will prompt stu-
dents to draw after the delayed posttest. Seventh, increased
retrieval of information, known as the mnemonic effect (Roediger
& Karpicke, 2006), may explain differences in drawing quality be-
tween students who received drawing prompts throughout in-
struction and students who received prompts before and after.
Future studies comparing different timing and types of drawing
prompts will test this possibility.

Eighth, efficiency of drawing prompts that replaced instruc-
tional activities in the educational technology could also be inter-
preted as inefficiency of the replaced instructional activities. We do
not think this is likely because prior research has demonstrated the
effectiveness of these instructional activities (Rau et al., 2015c).
However, future research should test whether decreasing the
number of activities without adding drawing prompts would be
equally efficient.

Finally, we found that providing drawing prompts throughout
instruction was more effective at the delayed posttest compared to
prompts before and after instruction, but not compared to the
control condition. Our results align with a recent study that
compared drawing prompts to self-explanation prompts and found
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no significant differences in learning outcomes because both
instructional activities support sense-making processes (Scheiter
et al., 2017). We also found that students who were prompted to
draw during instruction produced higher quality drawings,
compared to students not prompted to draw. We speculate that
differences in students’ encoding of traditional visual representa-
tions between verbal sense-making processes (e.g., descriptions)
and visual sense-making processes (e.g., imagery) may explain the
drawing outcomes (Schnotz, 2014). The students not prompted to
draw during instruction may have to translate verbal descriptions
of traditional representations into visual imagery, leading to lower
drawing quality. It may be that verbal sense making does not
adequately prepare students for visual sense making of represen-
tations; thus, visual representations must be learned via visual
sense-making processes. A future think-aloud study will examine
these potential processes underlying visual and verbal sense
making with traditional visual representations.

6. Conclusion

Our results show that drawing prompts can enhance learning
with traditional visual representations in an educational technol-
ogy. Our findings suggest that drawing prompts facilitate visual
sense-making processes, which complement verbal sense-making
processes that are typically supported by instructional in-
terventions. We extend prior research by demonstrating the effi-
ciency of drawing prompts when controlling for time-on-task by
replacing instructional activities with drawing prompts. Further,
our experiment suggests that prompts to generate and revise
drawings should be provided throughout instruction rather than
only before and after. Because drawing prompts can be added to
any type of instructional intervention without requiring additional
time, our findings have broad practical implications for classroom-
based instruction.
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Appendix A

Example chemistry test questions.
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Appendix B

Coding scheme for drawings.
Step 1
Code by type of representation that best match the drawing.

Step 2
Code drawing by the accuracy of features shown within each type of representation.

Representation Coding Description Example Notes

Bohr �1 point Incorrect number of shells 2 shells for Hydrogen
�1 point Incorrect number of electrons 13 electrons for Sodium
�1 point Incorrect number of electrons in any shell 4 electrons in the first shell �1 also for missing electrons
�1 point Incorrect pairing of electrons Electrons not paired; electrons paired

when they should be spread out
�1 also for missing electrons

Lewis �1 point Incorrect atomic symbol “S” for sodium
�1 point Incorrect number of electrons
�1 point Incorrect pairing of electrons Electrons not paired; electrons paired

when they should be spread out
Energy �1 point Incorrect number of orbitals/misplaced orbitals 2p before 2s

�1 point Incorrect number of electrons 6 electrons for oxygen
�1 point Incorrect number of electrons in any orbital 6 electrons in 2s
�1 point Incorrect pairing of electrons/spin Electrons not paired; electrons paired

when they should be spread out

(continued on next page)



Step 2 (continued )

Representation Coding Description Example Notes

Orbital �1 point Incorrect number of orbitals 2p orbitals without a 2s orbital
�1 point Misplaced orbitals Orbitals not centered around nucleus
�1 point Incorrect orbital shapes; Inaccurate electron density Overlapping ovals for p-orbitals;

lack of random electrons
�1 point Missing 1s orbital Only p-orbitals There is always an 1s orbital

Other -? points Use all coding for each of the above
types of representation that apply

Wrong shells/electrons OR orbital
shapes/placement for “Jimmy Neutron” atom

Calculate possible points
for each type of representation
and use the best score
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