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Abstract: Learning by drawing is increasingly recognized as a powerful learning strategy that
facilitates knowledge construction and integration. However, research has rarely examined how
technology-supported environments influence students’ use of diagram-based learning strategies. This
quasi-experimental study involved 72 undergraduate students in a pedagogy course. The experimental
group (N=37) used a digital diagramming platform equipped with Al-assisted layout and auto-
generation functions, while the control group (N=35) drew diagrams by hand. Both groups received
instruction and encouragement in using diagrams as learning strategies. The study found that a
technology-supported drawing environment encourages students to use diagrams more
spontaneously and enhances the quality of the diagrams they create. However, this environment did
not make drawing diagrams feel easier. While it improved the visual appeal of the diagrams, it did not
lead to a greater coverage of knowledge points or enhance the accuracy of the meanings conveyed.
Pedagogical implications are offered based on the findings.

Keywords: learning by drawing; technology-supported drawing environments; spontaneous diagram
production; diagram quality; diagram-based learning strategy

1. Introduction

Diagrams are effective tools for visually representing the appearance, structure, or function of
information we are dealing with (Luna-Gijon et al., 2025). Their use spans various contexts, including their
inclusion in essays, reports, and presentations. Recently, the role of diagrams in learning and instruction
has garnered significant attention (Ainsworth et al., 2011; Fiorella & Mayer, 2016; Schmidgall et al., 2019).
Many researchers point out that effectively using diagrams can help students organize and reconstruct
information, thereby enhancing knowledge retention, understanding, and transfer (Fiorella & Zhang, 2018;
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Van Meter & Garner, 2005). Furthermore, diagrams are seen as an efficient means of communication
(Ainsworth et al., 2011; Jackel, 2014; Uesaka & Manalo, 2014). Sometimes, a diagram is worth ten thousand
words (Larkin & Simon, 1987). Effectively using diagrams enables students to explain and share their ideas
clearly and attractively. The problem, however, is that despite the benefits of drawing diagrams as a
learning strategy, students seem to lack the spontaneity to incorporate diagrams into various learning tasks
(Manalo et al., 2019). Students often perceive drawing strategies as high-risk and associate them primarily
with instructional use by teachers (Uesaka et al., 2007). They may worry that engaging in drawing could
hinder task efficiency. A more profound constraint arises from the widespread lack of basic diagram skills
among students, which is often due to the absence of systematic training in educational practices (Manalo
et al., 2019). Many students struggle to create high-quality diagrams, and poor-quality diagrams often fail
to support effective learning (Leopold et al., 2013; Schmidgall et al., 2020). Educators need to pay particular
attention to these issues, as students’ spontaneous use and ability to draw diagrams are essential for
realizing the potential of this strategy to enhance learning achievement.

In recent years, with the development of Information and Communication Technology (ICT), some
diagramming tools (such as XMind, Microsoft Visio, and xGraph) have greatly facilitated the creation of
diagram. These digital tools generally provide basic shapes, online icons, and templates to facilitate
diagramming (Chang et al., 2016; Farrokhnia et al., 2019; Gijlers et al., 2013). In particular, the emergence
of generative Al (e.g., DALL-E 3) enables the rapid generation of relevant diagrams based on users” prompt
(Moundridou et al., 2024). These advancements have created a drawing environment that is entirely
different from traditional freehand drawing. Numerous studies have reported the positive impacts of
technology-supported diagramming on learning. These impacts include cognitive aspects, such as
summarization skills (Hwang et al., 2019) and the ability to organize and connect knowledge (Gurlitt &
Renkl, 2008), as well as affective aspects, including attitudes and learning satisfaction (Hsu, 2019). However,
these studies only focus on the impact of technology-supported diagramming on learning outcomes, while
the influence of technology on the drawing process itself is often overlooked. One key aspect neglected is
students’ spontaneity in creating diagrams, which is essential for realizing the learning benefits of
technology-supported drawing. While technology has made drawing more accessible and can help
compensate for students’ limited drawing skills, some students may struggle with diagramming tools due
to unfamiliarity with ICT, which could hinder their spontaneous use of diagramming strategies. These
worries have been highlighted in research on technology-supported learning (Van De Werfhorst et al., 2022;
Zhou et al., 2024). Additionally, different types of diagrams have specific functions and cater to different
learning objectives. Many drawing tools offer preset templates and elements, allowing users to quickly
create diagrams. While this improves efficiency, it may lead students to choose “easily achievable” types
of diagrams rather than those that could “best express their ideas.” Research in this area is currently limited.
Therefore, this study’s purpose was to explore whether a diagramming tool can enhance students’
spontaneity in using diagrams. Additionally, we will examine how technology-supported drawing
environments influence the types and quality of diagrams created by students compared to hand-drawn
conditions. These explorations will help clarify the advantages and limitations of technology-supported
drawing, providing recommendations for future teaching practices..

2. Literature review

2.1 Benefits and Challenges of Diagram Use by Students

“Learning by drawing” has gained considerable attention in the past few decades. According to Van
Meter and Garner (2005), drawing diagrams is a learning strategy where students convert concepts or
information into visual representations. This transformation enhances knowledge retention,
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comprehension, and problem-solving skills. The mechanisms by which drawing diagrams facilitate
learning are based on theories such as generative learning theory (Wittrock, 1989) and multimedia learning
theory (Mayer & Fiorella, 2021). These theories suggest that encouraging students to translate provided
text into drawings supports understanding by promoting cognitive processes of selection, organization,
and integration. Additionally, drawing has the advantage of integrating verbal and non-verbal (visual-
spatial) information, which helps in constructing coherent mental representations (Shimizu, 2025). Fiorella
and Mayer (2016) portrayed drawing as one of the eight effective methods of generative learning. During
the drawing process, students actively engage with the material instead of passively receiving information.
By using diagrams, learners can organize fragmented information into logical structures, such as mind
maps or flowcharts, which facilitates deeper processing of knowledge. A recent meta-analysis found the
effect size of drawing diagrams to be 0.69 (Cromley et al., 2020), underscoring its potential as a highly
effective learning method.

A persisting problem, however, is the previously mentioned general lack of spontaneity among
students in using diagrams while conducting various learning tasks (Manalo et al., 2019). One reason for
this is students” perceptions of drawing diagrams. They often see diagrams as a tool that only teachers can
use, rather than as part of their own learning strategies. As a result, they rarely use diagrams on their own.
Additionally, many students are unaware of the pedagogical benefits that constructing diagrams offer.
Only when they personally recognize the value of using diagrams are they likely to incorporate them into
their future learning (Manalo & Uesaka, 2014). Another reason is that students lack the necessary skills to
create appropriate diagrams. Although teachers frequently use diagrams to assist with problem-solving
across various subjects in class, systematic training on diagram construction is rarely provided to students.
This lack of training can lead students to invest extra time and cognitive effort in irrelevant processes while
drawing (Leopold et al., 2013) or to use diagrams incorrectly, which fails to support their problem-solving
process (Heckler, 2010; Stull & Mayer, 2007). Consequently, students often view drawing diagrams as an
ineffective strategy and rarely use them.

Based on the findings outlined above, current effective intervention approaches focus on changing
students’ perceptions of diagrams and providing the necessary training. In a study conducted by Uesaka
et al. (2010), they compared the effects of four different intervention conditions: teacher-provided verbal
encouragement (VE) combined with practice in drawing diagrams (PD), VE alone, PD alone, and a no-
intervention group. The study found that the use of diagrams was most effectively promoted when both
VE and PD were provided. They noted that the verbal encouragement from teachers enhanced students’
perception of the usefulness of diagrams, helping them realize that using diagrams to solve problems was
“worth the effort.” Simultaneously, the practice of drawing diagrams equipped students with the necessary
skills to create diagrams, making them feel confident that they “could do it.” Later, in a study targeting
EFL (English as a foreign language) students, Manalo and Uesaka (2016) provided a combined intervention
that included advice on diagram use, instruction, and practice. The results indicated that this approach
effectively increased students’ spontaneous use of diagrams in their written assignments. The effectiveness
of this intervention can be explained through broader theoretical models of innovation acceptance and
adoption (Davis, 1989; Rogers, 2003; Venkatesh & Davis, 2000). In Davis’s (1989) Technology Acceptance
Model (TAM), he explained that perceived usefulness and perceived ease of use are critical factors
influencing an individual’s decision to adopt a new tool or technology. Thus, the intervention by Manalo
and Uesaka (2016) can be interpreted as enhancing students perceived usefulness and perceived ease of
using diagrams, thereby motivating them to adopt and utilize such a strategy. However, a significant
limitation of these studies is that they are confined to hand-drawn conditions, overlooking the influence of
diagramming tools. In recent years, the use of ICT in education has expanded significantly, particularly
with the widespread adoption of digital devices like tablets in both universities and K-12 schools. This shift
has also introduced new tools and opportunities for creating diagrams. Students can create, modify, or

REAL 2025, 10(1) DOI: https://doi.org/10.37906/real.2025.1 3



refine their diagrams more easily using drawing software, which simplifies processes that would be
cumbersome in a traditional pen-and-paper environment (Erdogan, 2009). Therefore, it is essential to
incorporate technology as a significant context when discussing students” spontaneity in using diagrams
and designing effective interventions. These considerations are of great importance for maximizing the
effectiveness of drawing diagrams.

2.2 The Impact of Technology on Diagram Drawing

In the digital age, the way information is presented, transmitted, and communicated in classrooms has
changed dramatically (Terzian, 2019). Today, acquiring classroom information is no longer limited to
paper-based textbooks or static content written by teachers on blackboards. Instead, students can access
and interact with a variety of resources, including graphics, dynamic models, and videos, all available on
personal tablets (Haleem et al., 2022; Timotheou et al., 2023). As previously noted, for diagram drawing,
many digital tools (such as XMind, Microsoft Visio, and xGraph) have greatly facilitated the creation of
diagrams, ranging from providing basic shapes to generative Al based on user prompts (Chang et al., 2023;
Moundridou et al., 2024). Many studies have reported the positive effects of technology-supported drawing
on learning outcomes. These benefits encompass cognitive aspects, such as improved summarization skills
(Hwang et al., 2019) and the ability to organize and connect knowledge (Gurlitt & Renkl, 2008), as well as
affective aspects, which include enhanced attitudes and learning satisfaction (Hsu, 2019).

However, most studies examining the impact of technology-supported drawing primarily focus on its
effectiveness in shaping final learning outcomes, often overlooking its effect on the drawing process itself.
Moreover, these studies typically use text-based learning strategies as control conditions, where students
engage in other learning methods, such as writing summaries or simply reading (Yang et al., 2013; Hwang
et al., 2019). As Leutner and Schmeck (2014) pointed out, it remains unclear whether students learn better
when generating drawings in a technology-supported setting compared to traditional hand-drawing forms.
While technology can reduce the need for drawing skills by providing ready-made elements, it also restricts
students’ potential for free expression. One study by Fiorella and Mayer (2017) examined the use of
drawing strategies in different environments: taking notes on a whiteboard, on paper, and on a laptop
computer. The results indicated that handwritten notes — whether on paper or a whiteboard — encouraged
students to employ more drawing strategies compared to when they took notes on a computer. They
suggested that in restricted environments, such as taking notes on a computer, the frequency of students
utilizing drawing strategies was negatively impacted. Meanwhile, the introduction of technology does not
necessarily make drawing feel easier for students. Those who are unfamiliar with digital tools may need
time to learn and adapt to new technologies (Bahgekapili, 2023; Bazelais et al., 2018). Evidence indicates
that while drawing software can offer various elements and support for creating images, it does not reduce
the perceived difficulty of drawing (Schmidgall et al., 2020). More importantly, many diagramming tools
and platforms often provide a large number of preset templates and standardized elements. This may lead
students to rely heavily on ready-made materials, resulting in overly standardized approaches to diagram
construction. Students might produce diagrams that are easier to generate using technology instead of
those that could best represent their ideas. Recent developments in Al-assisted drawing environments have
further amplified this tendency. Although such systems can enhance visual quality and improve efficiency
through automatic layout and formatting optimization, they may also constrain learners’ creative decision-
making. When students readily accept automatically suggested designs, the reflective and generative
processes essential for learning by drawing may be diminished (Kosmyna et al. 2025; Zhang et al. 2024).
Therefore, while technology-supported drawing environments increase accessibility and visual refinement,
they do not necessarily deepen cognitive engagement or promote meaningful integration of ideas. Given
the limited research in this area, further investigation is needed to clarify how digital and Al-assisted
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diagramming tools influence the drawing process, providing more informed guidance for future
educational practices.

2.3 The Present Study

This study was conducted in a mathematics teacher education course. Although diagramming skills
are crucial for preservice teachers’ professional development, most Chinese universities do not incorporate
systematic instruction on diagram creation in their core curricula. Consequently, the cultivation of these
essential teaching competencies depends entirely on students” independent learning efforts.

We adopted the intervention approach proposed by Manalo and Uesaka (2016), which involves
providing encouragement and subtle suggestions to help students recognize the value of diagramming
strategies. We also offered necessary training in diagramming to equip them with essential declarative and
procedural knowledge. More importantly, we provided the diagramming tool to a subset of students to
observe the impact of this technology on their drawing process. We assessed not only the frequency of
diagram usage among students but also their perceptions of diagrams, including perceived ease of use and
perceived usefulness — two critical factors that influence the adoption of new practices (Davis, 1989).
Furthermore, we evaluated how the technology-supported drawing environment affected the types and
quality of diagrams created by students, as these factors can indicate whether students are producing
diagrams that effectively integrate course content. Specifically, the following research questions guided
this study:

RQ1. Does the technology-supported drawing environment enhance the spontaneity of students’
diagram usage? How does it affect their perceived ease of use and perceived usefulness of diagramming
strategies?

RQ2. How does the technology-supported drawing environment influence the types and quality of
diagrams that students produce?

3. Method

3.1 Participants

Using G*Power 3.1 (https://www.gpower.hhu.de) to calculate the required sample size for subsequent

statistical analyses (e.g., one-way ANOVA, paired-sample t-tests), the parameters were set at a = 0.05 and
power = 0.80 (Faul et al., 2007). The effect size was determined based on previous studies (Manalo et al.,
2019; Manalo & Uesaka, 2016), yielding a required sample size of 70. The participants were undergraduate
students from a public university located in Jiangsu province, China. They were enrolled in a “Pedagogy”
course, which had sessions held every two weeks, totaling six sessions. Each session consisted of four
classes, with each class lasting 45 minutes. A total of 82 students participated in the study, consisting of 35
males and 47 females, all aged between 18 and 19 years. The participants remained in their original class
groups, preserving their natural groupings. One class was randomly assigned to serve as the experimental
group (N = 42), while the other class was designated as the control group (N = 40). The study protocol was
reviewed and approved by the Research Ethics Committee/Institutional Review Board of Anonymous,
Jiangsu, China (Approval No.:072603399). Prior to data collection, all students received an information
sheet and provided written informed consent. Participation was voluntary and had no bearing on course
grades or standing; students could decline or withdraw at any time without penalty. All data were de-
identified before analysis and stored securely in accordance with institutional policies.

3.2 Materials
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The experimental group was given access to an online drawing website called ProcessOn
(https://www.processon.com/diagrams). After registering, students could use the platform for free. Figure
1 includes a screenshot showing the layout of the online drawing website. The website interface is in
Chinese, but key features are labeled with English translations in red text. The environment features a top
menu with options such as File, Edit, Select, View, Background, and functions for sharing, collaboration,
and export. The toolbar provides detailed editing capabilities, allowing users to modify text style, color,
size, and line styles. On the left side of the interface, various images are accessible, including basic shapes,
internet icons, and user-uploaded pictures. Below, there are pre-existing templates for mind maps,
flowcharts, organizational charts, and more. The central area serves as the drawing workspace.
Additionally, the platform includes simple Al-assisted drawing features that offer style and layout
optimization, as well as automatic diagram creation based on user prompts. In an internet-enabled setting,
students can access this environment via laptops or tablets.
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Figure 1. Screenshot of the diagramming tool interface

3.3 Measurements

In this experiment, students were required to submit course notes bi-weekly, which allowed us to
observe the proportion, types, and quality of diagrams they used spontaneously.

Bi-weekly Homework: students were asked to submit an explanatory note every two weeks. They
needed to choose one or two key points they learned in class and explain them. Additionally, they were
informed that their explanations should be sufficiently thorough (i.e., readers should fully understand
them without needing prior technical knowledge and any additional clarification). According to the course
schedule, there were a total of six assignments.

Diagram Perception Questionnaire: We adapted Davis’s (1989) questionnaire, which included 6 items
on perceived usefulness and 6 items on perceived ease of use. All items were presented using a 5-point
Likert-type scale. The Cronbach’s a analysis results were 0.984 and 0.845, respectively, meeting the
required standards.

Diagram Classification Framework: In this study, a diagram was defined as any representation
produced by the students, excluding representations solely in the form of words, sentences, formulae, or
numbers. We referred to some diagram classification frameworks from previous studies (Engelhardt &
Richards, 2018; Manalo & Fukuda, 2021) while also adjusted the categories we used based on the students’
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actual products. For example, if a certain category did not align with any of the students” works, it was
considered for removal. Ultimately, we identified 6 distinct types. Figure 2 provides a brief description and
examples of each type of diagram.
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Figure 2. Diagram Categories that were identified

Diagram Quality Rubric: The design of the rubric was based on previous research (e.g., Manalo &
Fukuda, 2024; Moody, 2007) and was developed in consultation with some experts in the relevant field.
Before formal evaluation, we piloted the rubric to ensure that the scoring criteria were clear and reliable.
The rubric consisted of three evaluation dimensions: Coverage, which assessed whether the diagram
comprehensively included the key points of the course content portrayed; Accuracy, which evaluated the
extent to which the diagram accurately and effectively conveyed the intended meaning of the content; and
Appearance, which examined the overall harmony, layout, and aesthetic appeal of the visual elements. Each
dimension included four scoring levels, with a maximum possible score of 12 points. A detailed version of
the rubric can be found in the Appendix.

3.4 Procedure

As mentioned earlier, the course comprised six biweekly sessions. At both the beginning and the end
of the course, students from both the experimental and control groups completed the diagram perception
questionnaire. Additionally, they were required to submit their course notes every two weeks. During the
first three sessions, the instructor did not provide any guidance or training on diagrams, allowing us to
observe the students’ initial level of diagram usage.

In the fourth session, we conducted an intervention that lasted two class periods (approximately 90
minutes). During this intervention, we introduced both groups to the various applications of diagrams and
used cases to help students understand the difference in explanations when diagrams were used versus
when they were not. This approach was intended to help them appreciate the usefulness of diagrams. We
also introduced students to different types of diagrams and their corresponding application scenarios.
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These steps taken were the same for both the experimental and control groups. However, during the final
practice phase, we provided the experimental group with access to the drawing platform ProcessOn and
offered the necessary operational guidance, enabling them to create specific diagrams using this tool. For
the control group, we presented students with various hand-drawn sketches, including figures of people,
schools, books, and other basic shapes, while also offering related drawing techniques. Students were
encouraged to practice creating these diagrams.

Before the start of each subsequent session (specifically during the fifth and sixth weeks), we
showcased approximately 4-5 high-quality examples from students” homework as feedback. It is important
to note that we informed students that the use of diagrams in their homework would not be included in
their course grades. In other words, students created diagrams voluntarily, rather than for the purpose of
improving their course scores.

3.5 Data Analysis

In the bi-weekly homework assignments, any student who missed three consecutive assignments had
their data excluded from the analysis. Additionally, students who did not complete the required pre-test
or post-test questionnaires were also excluded. Consequently, the experimental group had 37 valid samples,
while the control group had 35 valid samples. The first author and a research colleague, who was initially
unaware of the purpose and details of this study, independently coded the data. Any disagreements were
resolved by a third researcher. The inter-coder reliability for diagram usage, diagram type, and scoring
ranged from 84.5% to 96.9%, indicating a high level of scoring reliability. All data were imported into SPSS
27.0 for further analysis. In addition to basic descriptive statistics, we utilized paired-sample t-tests and
one-way ANCOVA to analyze continuous data, such as students’ perceptions of diagrams and the quality
of the diagrams. For categorical data analysis, we employed Cochran’s Q test and Pearson’s chi-square test.
Specifically, Cochran’s Q test is a statistical procedure used to assess the consistency of proportions across
multiple groups in a dichotomous dataset. It was used to analyze whether there were differences in the
proportion of students using diagrams across multiple assignments (Aslam, 2023). Pearson’s chi-square
test was mainly used to examine whether there were differences in the distribution of diagram types before
and after the intervention.

3.6 Results

3.6.1 Effects of a technology-supported drawing environment on the spontaneity of students” diagram
use

The proportions of students using diagrams in their assignments for the two groups are displayed in
Figure 3 below. Before the intervention (times 1-3), the rate of diagram usage remained relatively stable,
fluctuating around 50%. Cochran’s test indicated no significant changes in the proportion of diagram use
in both groups (p <.05), suggesting that the influence of different content topics on students” diagram usage
was minimal. However, after the intervention, reflected in the 4 assignment, the number of students using
diagrams increased significantly in both groups, reaching 83.8% in the experimental group, while the
control group also showed an increase to 80%. Both groups achieved a significantly higher level of diagram
use compared to the first three assignments (p <.05), indicating that the intervention was effective for both
groups. Finally, we analyzed the assignments from times 4-6 to assess whether students maintained their
use of diagrams. The results showed no difference within the experimental group (Q =1.286, df =2, p > .05),
indicating that the proportion of diagram usage remained stable in this group. In contrast, the control group
displayed a significant difference in the subsequent assignments (Q = 6.118, df = 2, p < .05), suggesting a
significant fading effect. Overall, in the absence of technological support, a combined intervention of verbal
encouragement and teaching diagram skills was insufficient to sustain students’ spontaneous use of
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diagrams. In contrast, a technology-supported drawing environment enhances the likely maintenance of
students’ spontaneous use of diagrams.
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Figure 3. Diagram utilization analysis across assignments
3.6.2 Effects of a technology-supported drawing environment on students’ perceptions of diagrams

The analysis of students’ perceptions of diagrams is summarized in Table 2. The paired sample t-test
results indicate that both the experimental and control groups showed significant improvements in
perceived usefulness (p < .05) and perceived ease of use (p < .05) after the intervention, with the
experimental group achieving particularly significant levels (p < .001). These findings imply that the
intervention was successful in achieving its objectives: it helped students appreciate the value of diagrams
and made them realize that creating such diagrams is not as challenging as they previously believed.

Table 1. Result of the paired sample t-test for students’ perceptions of diagrams

Experimental group(n=37) Control group(n=35)
Variable Pretest Posttest Par Pretest Posttest Pair
1- test t- test
M SD M sD t M SD M sSD t

Perceived 3.58 (.84 4.56 0.53 -6 42%%k 3 7] 0.80 4.17 0.83 -2.28*
usefulness
Perceived 324 049 396 083  -4.86%%* 347 0.88 415 0.81 -2 38
case of use
*p <.05.
** p<.01.
% p < 001

For further analysis, a one-way ANCOVA was conducted to examine the impact of technology
introduction on students’ perceptions of diagrams. The results indicated that neither the pre-test scores nor
the interaction between pre-test scores and group had a significant effect on the post-test scores. Analysis
revealed a significant main effect of group on perceived usefulness, F (1,69) =5.90, p <.05, N?=.08. According
to Cohen (1988), the cutoff values for small, medium, and large effect sizes for n)? are 0.01, 0.06, and 0.14,
respectively. Therefore, the observed effect size is considered moderate. However, for perceived ease of

REAL 2025, 10(1) DOI: https://doi.org/10.37906/real.2025.1 9



use, the main effect of group was not significant, F (1,69) =.571, p = 452, n? = .01. These results suggest that
the technology-supported drawing environment did not make the drawing process easier; instead, its
primary impact was in enhancing students” perception of the value of diagrams.

3.6.3 Differences in diagram types produced through technology and freehand drawing

We analyzed the types of diagrams created by the two groups of students across three assignments, both
before and after the intervention. The results are presented in Table 2. Prior to the intervention, the two
most commonly used diagram types among students were those related to Highlighting and Linking,
which accounted for a large proportion of the diagrams. However, after the intervention, both groups of
students began to create a wider variety of diagram types.

Table 2. Analysis Results of Diagram Types

Experimental group Control group
Diagram types Pre- Post- ¥-test Pre- Post- ¥*-test
intervention intervention Ve p intervention intervention iy p
Depicting 17.734  0.03 1 (1.45%) 6 (6.98%) 9.703 0.084
1(1.61%) 51(5.56%)
G i 1 {1.45% 8 (9.30%
FTOUpIng 1(1.61%)  9(10.00%) (1.45%) (9-30%)
I 0y 5 50
Linking 43 (69.35%) 43 (47.78%) 46 (66.67%) 55 (63.95%)
Scali 1 (1.45% 2(2.33%
caling 1(L61%)  2(2.22%) (1.45%) (2.33%)
Highlight 19 (26.09%, 14 (16.28%
EhE 12 (1935%) 9 (10.00%) (26.09%) ( )
Combinations 2 (2.90%) 1 (1.16%)

4 (6.45%) 22(24.44%)

Further analysis using Pearson’s chi-square test indicated a significant difference in the distribution of
diagram types before and after the intervention in the experimental group, x2 (5) = 17.734, p <.05. In
contrast, no significant difference was observed in the control group, x2 (5)=9.703, p > .05. These findings
suggest that the technology-supported drawing environment encouraged students to produce a more
diverse range of diagrams. Notably, the proportion of diagrams related to Combinations in the
experimental group increased from 6.45% before the intervention to 24.44% afterward. We speculate that
the diagramming platform used in the experiment may have facilitated the creation of more integrative
and structured diagrams.

3.6.4 Differences in the quality of diagrams produced through technology and hand-drawing

To assess changes in students’ diagram drawing performance, we calculated the average scores from the
first three and last three assignments to represent pre- and post-intervention levels, respectively, and then
performed paired-sample t-tests. The results are summarized in Table 3. In terms of overall quality, no
significant changes were found in either group following the intervention (p > .05). Regarding the sub-
dimensions of the quality of the diagrams, students in the experimental group showed significant
improvement in the Appearance dimension of their diagrams (¢ = -3.21, p < .01). In contrast, the control
group demonstrated a clear improvement in the Accuracy dimension after the intervention (¢ = -3.608, p
< .01). For the Coverage dimension, neither group evidenced any significant changes following the
intervention (p > .05).

Table 3. Paired-sample t-test results for diagram quality
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Experimental group Control group
Pre- Post- Pre- Post-

Dimension . . . . Pair t- test . - N Pair t- test
intervention intervention intervention intervention
M SD M sSD t diff. M SD M SD t diff.

Owerall 6.53 207 748 146 -1.97 .. 6.32 203 642 1.29 -0.27 n.s.
Coverage 2.27 093 241 063 -0.64 1.5, 2.50 1.03 224 0.64 117 n.s.
Agccuracy 2.24 072 251 054 -1.59 n.s. 1.95 075 251 044 S3.61FF Post=Pre
Appearance 2.01 070 255 062 -3.21%%  Post=Pre 1.87 0.65 1.67 055 1.22 n.s.

*p< .05

**p<.01.

FE <001

Four separate one-way ANCOVAs (Table 4) were conducted to examine the effect of the drawing
condition (technology-supported vs. hand-drawn) on diagram scores for overall quality and its sub-
dimensions (Coverage, Accuracy, Appearance), treating the corresponding pre-intervention diagram
scores as covariates. All four results indicated that neither the covariates nor their interaction with the
group had a significant effect on the post-intervention diagram scores. The main effect analysis revealed
significant differences in overall quality between the groups, F (1, 53) = 7.840, p <.01, n? =.129. According
to Cohen (1988), this effect size is considered moderate. In terms of specific sub-dimensions, group effects
were not significant for Coverage and Accuracy; however, for the Appearance dimension, the group effect
was significant, F (1, 53) = 30.722, p < .001, n? = .367, indicating a large effect size (Cohen, 1988). These
findings suggest that a technology-supported drawing environment can enhance students’ diagram quality,
primarily by improving the visual aesthetics of the diagrams. However, it does not contribute to increasing
the coverage of knowledge points in the diagrams or improving the accuracy of meaning conveyed.

Table 4. ANCOVA results for diagram quality

Experimental Control group  ANCOVA

Dimension group
Adjusted M Adjusted M F 1 Post hoc
Overall 747 6.43 7.840%* 129 Experimental group=Control group
Coverage 2.42 224 0.002 019 n.s.
Accuracy 2.50 2.52 0.007 001 n.s.
Appearance 2.55 1.67 (). TR 367 Experimental group=Control group
*p < .05
** p<.01.

wE p <001

4. Discussion

This study explored a frequently overlooked issues: the effect of digital diagramming tools on students’
drawing practices. The results suggest that the use of technology in the drawing process brought about
several meaningful changes. It appeared to shift students’ understanding of diagrams, led to more
spontaneous use of diagrams during learning, and contributed to improved diagram quality. The following
discussion will explore these aspects in more detail.

For RQ 1, we found that students in the experimental group maintained a high usage rate of diagrams
after the intervention. In contrast, students in the control group showed a significant increase in diagram
usage immediately after the intervention, but their use of diagrams gradually declined in subsequent
assignments. This suggests that a technology-supported drawing environment enhances students’
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spontaneity in creating diagrams, which aligns with research by Lorenz et al. (2019), where they discovered
that students showed greater engagement when producing computer-assisted drawings. Furthermore, we
found that the technology-supported drawing environment significantly increased students’ perceptions
about the usefulness of diagrams. One possible reason for this is that diagrams created with diagramming
tools appear more visually appealing and realistic, resembling those found in journals and lectures. This
makes it easier for students to recognize the value of using diagrams in their future work. In contrast, hand-
drawn diagrams often look like rough sketches, which, while useful for personal learning, may not
immediately convey their broader value to students. However, in terms of perceived ease of use, a
technology-supported drawing environment did not yield positive effects. This finding aligns with the
study by Schmidgall et al. (2020). In their research, they provided two types of support using tablets: local
support (offering pre-drawn individual shape elements) and global support (providing an overall
background for arranging elements). Their results showed that neither type of support reduced students’
perceived difficulty compared to freehand drawing. There may be two possible reasons for this. From the
perspective of the drawing process itself, van Meter and Garner’s (2005) Generative Theory of Drawing
Construction (GTDC) suggests that the drawing process requires learners to extract key information from
the text and construct a coherent verbal representation of that information. Additionally, they must
integrate this representation meaningfully with non-verbal (visual) representation. This process is
challenging for learners because it involves selecting, organizing, and transforming information. In a
technology-supported drawing environment, even when ready-made shapes and layouts are provided,
students still need to convert textual content into visual representations. They must mentally imagine
complex visuo-spatial objects and their relationships. Furthermore, to externalize these representations,
students need to align the mental images that arise in their minds with the elements and layouts available
on the diagramming platform. This often requires multiple adjustments and transformations of existing
elements and layouts to match their mental image (Kosslyn, 1994). From the perspective of technology
usage, while technology-supported drawing alleviates concerns about drawing skills, the trade-off is that
students must learn to master the technical operations of the tools. Some studies have highlighted issues
such as the extraneous cognitive load associated with human-computer interaction (Skulmowski & Xu,
2022) and computer anxiety (Abdullah & Ward, 2016). These challenges may lead students to perceive
technology-supported drawing as more complex than easy to use.

RQ 2, we found that the types of diagrams students created in a technology-supported drawing
environment differed from those produced in a hand-drawn setting. This finding extends the study by
Manalo and Fukuda (2021), which only examined the types of diagrams generated under hand-drawn
conditions and did not compare them with those created in a technology-supported environment.
Additionally, we observed that students using diagramming tools seemed more inclined to create
Combination type diagrams. Based on the works of students in the experimental group, we speculate that
this may be due to a sense of novelty, prompting them to experiment with the tool’s functionalities. They
frequently added various shape elements to their diagrams and attempted to integrate different templates,
even when some elements were redundant. This tendency was also reflected in our subsequent diagram
quality analysis. Although the diagrams created by the experimental group were visually more refined
than those from the control group, there was no significant difference in terms of coverage or accuracy.
This suggests that while diagrams produced with technology may appear more complex and integrative
of various diagram types, they do not necessarily contain more information or enhance the effectiveness of
information transmission. This finding complements the study by Cromley et al. (2020) and helps explain
why technology-supported drawing does not significantly enhance students’ learning outcomes compared
to hand-drawn diagrams. While diagramming tools improve aesthetics — such as layout and color — they
do not assist students in extracting key information or establishing a strong connection between the visual
elements and the content being conveyed. These processes, which involve deep information processing
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and comprehension, are essential for drawing strategies to positively impact learning outcomes
(Schmidgall et al., 2019; Schwamborn et al., 2010). However, it is important to note that diagrams are not
only intended to facilitate personal learning; they also serve a communicative function (Manalo & Uesaka,
2014). In communicative contexts, visually appealing diagrams can effectively capture the audience’s
attention. From this perspective, diagramming tools offer considerable benefits.

5. Limitations

One significant limitation of this study is that the participants were mainly university students, and the
tasks were informal take-home assignments with no time constraints. These factors may have affected the
results. However, this reflects their authentic diagram usage patterns in natural learning contexts,
especially in homework. Future research could include students from other educational levels, such as
elementary, middle, and high school, and examine the impact of diagramming tools on the drawing process
under more formal task conditions. Additionally, future studies could further identify the challenges
students face when creating diagrams in a technology-supported environment. Methods such as think-
aloud protocols and video recordings could be employed for more in-depth analysis. These investigations
would be valuable for designing effective interventions to help students spontaneously create high-quality
diagrams.

6. Conclusions

Given the educational potential of learning by drawing and the increasing integration of ICT in
classrooms (such as laptops and tablets), this study examined the impact of a technology-supported
drawing environment — specifically a platform for creating diagrams — compared to a traditional hand-
drawn condition. It explored how this environment influenced students’ spontaneity in using diagrams,
their perception of diagrams, and the diversity and quality of the diagrams they created. Overall, the
introduction of technology had a positive effect. It enhanced students’ spontaneous use of diagrams,
making them more aware of the value of diagrams. Additionally, we observed that technology-supported
drawing environments can enhance students’ diagram quality, primarily by improving the visual
aesthetics of the diagrams. However, they do not contribute to increasing the coverage of knowledge points
in the diagrams or to improving the accuracy of meaning conveyed. In future educational practices,
teachers might consider incorporating relevant drawing software when teaching diagram strategies. This
approach can encourage students to apply these strategies more spontaneously. In this process, teachers
should not only focus on teaching operational skills but also guide students on how to extract key
information from the text and choose appropriate visual elements to represent them. The development of
these skills will likely contribute to their future academic and professional success.
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Appendix A

Diagram Quality Rubric

Dimension

Description

Points

Coverage

Accuracy

Appearance

The diagram fully covers all major points of the selected content without any
obvious omissions.

The diagram covers most major points of the selected content. While most
essential aspects are addressed, there may be some minor omissions.

The diagram covers only a small portion of the selected content, with many
essential points and details omitted.

The diagram does not cover any major points and shows no relaticmﬁhip to the
selected content.

All elements in the diagram are accurate and complete, and their relationships
are logical. The diagram effectively conveys the intended meaning of the selected
content.

Most elements in the diagram are accurate and complete. Relationships are
mostly logical, though there may be some minor issues in conveying the
intended meaning of the selected content.

Some elements in the diagram are incorrect or incomplete, and relationships are
unclear or problematic. This causes some confusion in conveying the intended
meaning of the selected content.

Many elements are incorrect or incomplete, and relationships are confusing or
incorrect. This results in a serious misinterpretation of the intended meaning of
the selected content.

The diagram is visually appealing and highly engaging. Colors, text, and shapes
are well coordinated. Labels are clear, and the layout is uncluttered and
aesthetically pleasing, enhancing readability.

The diagram is generally attractive and engaging. Colors, text, and shapes are
maostly coordinated with minor inconsistencies. Labels are mostly clear, and the
layout is mostly uncluttered, with good readability, though a few parts may be
unclear.

The diagram has some visual issues affecting its appeal. Colors, text, and shapes
may lack coordination. Labels may be unclear, and the layout may be somewhat
cluttered. Readability is somewhat low, requiring extra effort to understand.

The diagram is visually unappealing and disengaging. Colors, text, and shapes
are inconsistent or inappropriate. Labels are hard to read, and the layout is
cluttered and confusing. Readability is poor, requiring significant time and effort
to interpret.
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