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Abstract
Chemistry laboratory courses are essential for developing exper-
imental skills, yet students face challenges with pre-laboratory
activities and materials due to the lack of details and changing
environments. This study identifies these challenges and suggests
design implications for future systems to help students understand
and plan chemistry laboratory experiments: addressing missing
details, reflecting real lab environments, and facilitating active plan-
ning and execution. Based on these findings, this study developed
ChemLab Planner, a web-based tool that converts text-based lab
manuals into an interactive, timeline interface. The system breaks
down procedures into substeps to provide detailed descriptions
that meet student needs, adapts procedures to actual lab condi-
tions, and supports team-based planning and execution. These fea-
tures directly address the identified challenges, enabling students to
prepare for experiments effectively. Building upon traditional pre-
laboratory materials, ChemLab Planner offers a scalable approach
to help laboratory understanding and planning, exemplifying the
role of computer-aided tools in chemistry laboratory education.

CCS Concepts
• Human-centered computing→ Human computer interac-
tion (HCI); • Applied computing → Education; Interactive
learning environments.
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1 Introduction
Chemistry laboratory courses are fundamental to undergraduate
chemistry education, equipping students with experimental skills
and reinforcing theoretical knowledge. However, insufficient pre-
laboratory activities and materials often leave students struggling,
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resulting in incomplete experiences that fail to meet the course
objectives. With advances in educational technology, web and XR-
based tools have emerged to enhance comprehension by recreating
experimental experiences. While these technologies improve under-
standing, they often overlook challenges in actual laboratory work,
such as planning experiment sequences and adapting to changes
in procedures. This gap highlights the need for solutions that help
students navigate actual experiment tasks.

This research is motivated by the need for an effective solution
to support students in understanding and planning chemistry labo-
ratory experiments. By identifying student challenges and percep-
tions of pre-laboratory activities, this study suggests design impli-
cations for systems that enhance experiment preparation. Through
this process, this research aims to design and implement an edu-
cational tool that addresses the students’ challenges in chemistry
laboratory courses. Specifically, this research aims to answer the
following research questions:

(1) What challenges do students face in pre-laboratory activities
for chemistry laboratory courses?

(2) What design implications can inform the development of a
tool to assist students in understanding and planning chem-
istry laboratory experiments?

(3) How can a system be designed to address these challenges
while incorporating the identified design implications?

2 Related Works
2.1 Chemistry Laboratory Education
Laboratory courses are an important part of undergraduate STEM
education. Chemistry laboratory courses play a crucial role in de-
veloping students’ experiment design abilities, understanding of
laboratory equipment, and adherence to safety measures essential
in the field [6, 7, 11, 24]. Schlesinger identified the primary goals of
laboratory education as illustrating classroom principles through
material engagement, fostering an appreciation of science’s reality,
making scientific facts memorable, and providing hands-on training
in laboratory methods [17].

Preparation before conducting experiments is critical for en-
suring safety and improving experimental accuracy and academic
performance. Pickering [15] highlights that students who famil-
iarize themselves with experimental processes in advance are bet-
ter equipped to approach laboratory work with confidence and
precision. Consequently, pre-laboratory activities, such as writing
pre-reports or completing quizzes on experimental methods, have
thus become standard practice in chemistry laboratory courses to
enhance student engagement and understanding [2]. Among the
various materials used in laboratory courses, lab manuals serve as
the primary resource for experiment instruction and preparation. A
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Section Example Questions and Agreement Statements

General Information What chemistry-related lab courses have you completed?
Pre-laboratory Material Provision How often were [experiment videos] provided in your chemistry lab courses?
Pre-laboratory Material Helpfulness How helpful was the [lab manual] for understanding the experiment beforehand?
Experiment Understanding After [completing the required preparation], I understand the experiment well.
Lab Manual Sufficiency The lab manual provides a sufficient explanation of [the purpose of the experiment].
Lab Manual Challenges [Omitted steps in the manual] make the experiment hard to understand and plan.
Lab Environment I often participate in experiments as part of a group of two or more members.

Table 1: Survey Structure. Example questions and statements are in the right column, where brackets indicate variables.

survey of American Chemical Society-accredited programs found
that 91% of institutions rely on step-by-step laboratory guides, re-
flecting the traditional lab format [1].

Despite these efforts, challenges remain in preparation for lab-
oratory work. Traditional lab manuals often lack sufficient detail
or fail to adapt to the dynamic nature of laboratory environments.
Moreover, while student perceptions and understanding of chem-
istry experiments have been studied for assessment purposes [22]
or to evaluate overall course satisfaction [16, 20], limited attention
has been given to identifying specific challenges students face with
experiment preparation. This work aims to identify these challenges
and improve pre-laboratory resources to better support learning.

2.2 Computer-aided Chemistry Laboratory
Education

Research has explored computer-aided tools to enhance students’
understanding of chemistry laboratory procedures. Shelby and
Fralish [18] showed that integrating experiment videos with in-
teractive quizzes on platforms like Edpuzzle enhances student ex-
periences and performance in biochemistry labs. Similarly, stud-
ies [14, 21] highlight the positive effects of videos and interactive
materials on student motivation and performance. Additionally,
several works [12, 13, 19, 25] have utilized simulations and vir-
tual or mixed reality to replicate lab experiences. Flesch et al. [9]
demonstrated how virtual pre-laboratories in hypothetical condi-
tions improve understanding of analytical chemistry.

While videos and simulations are valuable supplements, their
adoption is often constrained by cost [3], as producing andmaintain-
ing these media for each experiment [4] can be resource-intensive.
Moreover, many existing tools primarily focus on replicating ex-
perimental experiences, which may not fully address the students’
challenges in planning actual experiments. Recognizing this gap,
this work aims to design a tool that supports students in plan-
ning experiments without requiring experiment-specific content
generation, thereby providing greater scalability and adaptability.

3 Methods
3.1 Survey
A survey was conducted to identify the challenges faced by un-
dergraduate students in chemistry-related laboratory courses. A
total of 62 undergraduate students with experience in these courses
participated in an online survey, exceeding the required sample size
of 43 calculated using a priori power analysis in G*Power [8, 10]
(effect size = 0.25, 𝛼 = 0.05, power = 0.95). Of the participants, 27

identified as female and 35 as male, with ages ranging from 18
to 28 (M = 22.44). The majority of participants were enrolled in
chemistry-related majors, including Materials Science and Engi-
neering (n = 19), Chemical and Biological Engineering (n = 16),
Chemistry (n = 7), and Chemical Engineering and Materials Science
(n = 2). Others included Nuclear Engineering, Medicine, Pharmacy,
Chemistry Education, General Studies, and Economics. Participants
completed 1 to 7 chemistry-related lab courses (M = 2.58), including
General Chemistry, Materials Science, Biochemistry, and Chemical
Process Labs.

Participants completed a survey comprising four open-ended
questions and 39 Likert-scale questions, each rated on a 7-point
scale, to assess their experiences in chemistry-related laboratory
courses as in Table 1. Friedman tests were used to analyze differ-
ences in responses across grouped questions, and post-hocWilcoxon
signed-rank tests [23] with Bonferroni correction [5] were applied
to determine the significance of pairwise comparisons. The survey
required approximately 10 minutes, and each participant received
a compensation of 5,000 KRW. As all the participants were Ko-
rean, questions were presented in Korean to ensure clarity and
accessibility for participants.

3.2 Interview
Follow-up interviews were conducted with five survey participants
to gain deeper insights into the rationale for their survey responses.
The interviewer and each participant reviewed the survey responses
together, and the participant was asked to elaborate on their an-
swers, provide clarifications and examples, and suggest improve-
ments. Each online interview lasted approximately 30 minutes, and
each participant received a compensation of 10,000 KRW. All human
studies included in this work were approved by the Institutional
Review Board of Seoul National University.

4 Results
4.1 Pre-laboratory Activities and Materials
4.1.1 Provision of Pre-laboratory Activities and Materials. Based on
related works [2, 15], key experiment preparation activities and ma-
terials were identified as reading lab manuals, watching experiment
videos, attending lectures, taking quizzes, and writing obligatory
pre-reports. Participants rated how often these activities or mate-
rials were provided in their courses on a 7-point Likert scale (1 =
Never, 7 = Always). Lab manuals were the most frequently used,
with 79% selecting "Always" and 98% providing positive ratings
(5-7). Pre-reports ranked second (47% "Always," 77% positive), while
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Figure 1: Provision of Pre-laboratory Activities andMaterials

Figure 2: Perceived Helpfulness of Pre-laboratory Activities
and Materials

lectures, videos, and quizzes were less frequent (refer to Figure 1).
Additional materials mentioned in short-answer responses either
matched predefined categories or reflected personal strategies be-
yond course resources.

4.1.2 Perceived Helpfulness of Pre-laboratory Activities and Materi-
als. Participants rated the helpfulness of experiment preparation
activities and materials for understanding and planning experi-
ments on a 7-point Likert scale (1 = Not Helpful at All, 7 = Very
Helpful, N/A = No Experience). While helpfulness ratings generally
aligned with usage frequency, experiment videos were perceived as
highly helpful despite lower usage rates, receiving the most ’Very
Helpful’ responses (44% for understanding, 48% for planning, refer
to Figure 2). Friedman tests revealed significant differences in the
perceived helpfulness of materials for both understanding (𝜒2 =
26.76, p = 2.222e-5) and planning (𝜒2 = 41.14, p = 2.519e-8). Ex-
periment videos were significantly more helpful than quizzes and
pre-reports for understanding and more helpful than all other mate-
rials for planning. Quizzes were significantly less helpful compared
to lab manuals, experiment videos, and pre-reports for understand-
ing and less helpful than all other materials for planning.

During interviews, participants elaborated on their preferences
for specific materials. Two participants (I1, I2) favored experiment
videos over lab manuals, citing detailed explanations absent in
manuals. Three participants (I2, I4, and I5) emphasized pre-reports’
value in active planning. They explained that writing pre-reports
allowed them to identify gaps in their knowledge and engage deeper
with the materials.

4.2 Student Perspectives on Lab Manuals
4.2.1 Perceived Sufficiency of Lab Manuals. Participants evaluated
the sufficiency of lab manuals, the primary preparation material, on
a 7-point Likert scale (1 = Very Insufficient, 7 = Very Sufficient) in
aspects such as procedures, purposes, principles, safety, equipment,

Figure 3: Perceived Sufficiency of Lab Manuals

Figure 4: Challenges with Lab Manuals

and result interpretation. A Friedman test revealed a significant
difference in the perceived sufficiency of lab manuals across these
aspects (𝜒2 = 90.96, p = 4.226e-18). Explanations on result interpre-
tation and equipment usage were perceived as significantly less
sufficient than all other aspects (refer to Figure 3).

4.2.2 Challenges with Lab Manuals. To identify challenges asso-
ciated with lab manuals, participants rated their agreement with
various challenges on a 7-point Likert scale (1 = Strongly Disagree,
7 = Strongly Agree). Overall, 53% agreed that planning an experi-
ment solely with labmanuals is difficult (8% strongly, 8%moderately,
37% slightly, refer to Figure 4). In addition to challenges identified
in 4.2.1, new issues such as environment mismatch and missing
steps were identified.

A Friedman test revealed a significant difference in the perceived
challenges associated with lab manuals across different aspects (𝜒2
= 97.47, p = 3.567e-18). Lack of explanation on result interpretation
was the most significant challenge. During the interviews, many
(I2, I3, I4, I5) reported relying on external resources, such as prior
examples shared by peers or seniors, internet searches, textbooks,
or academic papers, to understand how to interpret results. En-
vironment mismatch and lack of equipment explanation were the
second most significant group of challenges. Participants (I1, I3,
I4) noted that outdated lab manuals often conflicted with actual
laboratory setups. Specific examples included different equipments
(P48, I1, I3), the use of different solvents (I4), and instances of bro-
ken equipment (P3, P20, P48, I2). I5 reported time mismatches, with
manuals assuming longer durations than allocated class time, lead-
ing to rushed procedures. Participants also emphasized the lack of
explanations on using equipment, such as statistical programs (I1)
or the buttons on complex chemical engineering process equipment
(I2). Missing steps and lack of principle explanation formed the third
group of challenges. I2 explained that manuals often oversimplify
procedures, stating, "The manual will simply say ’create a vacuum
to separate the solution’—it’s hard to imagine what I would have to
do with only this explanation.” Participants (I2, I3) also noted that
the principles behind experiments are disconnected from the proce-
dural steps, making it difficult to understand their relevance. While
short-answer survey responses mostly aligned with the predefined
challenges from the Likert scale questions, additional challenges
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Figure 5: Change in Understanding Across Different Stages

Figure 6: Laboratory Course Environment

were also identified, including poor readability and inconsistencies
between lab manuals and other resources.

4.3 Insights into Laboratory Environments
To explore how students progress through laboratory courses, par-
ticipants evaluated their understanding of the experiment at four
stages: before preparation, after preparation (pre-laboratory activi-
ties), after experimenting, and after writing the report, on a 7-point
Likert scale (1 = Do Not Understand at All, 7 = Fully Understand).
While understanding improved after preparation, most responses
remained in the ’somewhat understand’ category, highlighting the
need to enhance comprehension during the preparation phase (refer
to Figure 5).

Participants were also asked about their laboratory environments
on a 7-point Likert scale (1 = Not True at All, 7 = Very True). Most
reported conducting experiments in teams with shared equipment
and minimal plan modifications during experiments. Notably, 89%
referred to the lab manual during experiments (refer to Figure 6). Al-
though most participants did not report time shortages, interviews
revealed that students adjust plans to finish early (I2) or employ
systematic planning by dividing tasks among team members to
improve efficiency (I3).

4.4 Design Implications
Despite being the primary resource for preparing chemistry labo-
ratory experiments (4.1.1), 53% of participants found lab manuals
insufficient for planning (4.2.2), highlighting the need to bridge
this gap. Educational tools should offer generalizable and scalable
support to enhance preparation using lab manuals. Drawing from
survey and interview insights, this study suggests design implica-
tions for developing an educational tool to enhance lab preparation.

Addressing Missing Experimental Details in Lab Manuals.
Lab manuals often lack detail in result interpretation, equipment
usage, experimental principles, and procedural details. Surveys
and interviews revealed that participants frequently consult on-
line resources for clarification. To address this, the system should
integrate external academic resources (as proposed by I1, I4) and
explain underlying principles to bridge theory and practice (I2, I3,
I4). Additionally, it should supplement missing procedural steps
with detailed descriptions.

Reflecting Actual Laboratory Environments. Participants
explained that mismatches between lab manuals and actual setups
caused by outdated materials or last-minute changes are a signif-
icant challenge. The system should be able to provide updated
procedures reflecting current equipment and conditions. Addition-
ally, it should account for group dynamics and shared resources,
helping students plan experiments more effectively.

Supporting Effective Planning and Execution. The system
should help students actively plan experiments by allowing them to
customize and annotate steps, similar to writing pre-reports. Since
students frequently consult lab manuals during experiments, the
system should be intuitive and easy to navigate during experiments.

5 ChemLab Planner
5.1 System Design
Informed by the design implications, this study developed a web-
based educational tool, ChemLab Planner (Figure 7), to assist stu-
dents in understanding and planning chemistry laboratory exper-
iments. ChemLab Planner operates in three main steps: (1) Step
Breakdown and Customization: Lab manuals, including experi-
ment procedures, are processed using few-shot prompting with
GPT-4o-mini to break each step into substeps and detail omit-
ted steps. Information about the laboratory environment—such
as changes in equipment, procedural adjustments, or specific re-
quirements (e.g., finding MSDS for chemicals)—is also used to adapt
the procedure to the actual environment. The substeps are dis-
played (Figures 7B and 8B), allowing users to reorder, edit, add, or
remove them to align with their goals and preferences. (2) Experi-
ment Timeline: A multi-person timeline (Figures 7C and 8C) is
generated based on the time and participant information provided.
Users can assign substeps to individuals, share tasks across team
members, and adjust durations for each substep. Descriptions for
substeps, generated by few-shot prompting with GPT-4o-mini, ad-
dress gaps identified in the survey—such as result interpretation
tips, equipment usage, or step principles—while also reflecting user-
specified laboratory environments. (3) Experiment Execution:
During the experiment, the system facilitates task management by
allowing users to mark substeps as completed, make real-time edits
to address unforeseen issues, and access descriptions for guidance
(Figures 7D and 8D).

5.2 User Feedback
To assess the helpfulness of ChemLab Planner and identify areas for
improvement, informal user tests were conducted with three sur-
vey participants. Participants first received a walk-through of the
system using an example experiment, then independently used the
system to plan another experiment with self-defined scenarios. All
three participants found the system helpful for understanding and
planning chemistry laboratory experiments, especially for novice
undergraduates with limited experimental experience. The break-
down of tasks into substeps was highlighted as a key feature, as it
directly improved understanding and served as a useful checkpoint
during the planning process. Participants noted that students would
be motivated to use this system because it resolves conflicts in team
management and facilitates planning to finish experiments earlier.
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Figure 7: ChemLab Planner: System Design Overview

Figure 8: ChemLab Planner: Implemented using React and Node.js.

Participants suggested adding features to detect sequencing is-
sues, such as conflicts in step order and whether tasks can be per-
formed simultaneously or must be sequential. They also suggested
including predicted time durations for substeps. Additionally, one
participant suggested enhancing result interpretation by provid-
ing tools to log data, perform basic calculations, and create plots,
enabling real-time understanding of results during experiments.

6 Discussion
6.1 Future Work
Three key improvements were identified to enhance ChemLab Plan-
ner further. First, the system could detect impossible sequences and
inefficiencies in substep assignments to help optimize workflows.
Second, implementing real-time data logging and analysis would
enable students to better understand results during experiments.
Lastly, integrating supplementary materials—such as equipment im-
ages, videos, lecture slides, or textbook excerpts—into each step can
enhance comprehension by facilitating cross-referencing across
multiple resources. Following these enhancements, formal user
studies can be conducted to evaluate ChemLab Planner’s effective-
ness. One approach is comparing students’ experiment planning
and understanding using traditional lab manuals versus ChemLab
Planner. Additionally, deploying it in actual lab courses and collect-
ing student feedback can assess its impact on experiment execution.

6.2 Expansion to Other Fields
While ChemLab Planner addresses student challenges in chemistry
laboratory courses, its approach can extend to other STEM fields

like biology and physics, where experimental settings pose simi-
lar issues. The system can also help reproduce experiments from
research papers by breaking down text-based protocols into sub-
steps, offering structured guidance and identifying knowledge gaps.
More broadly, ChemLab Planner can support non-academic tasks
requiring sequence planning, such as cooking or knitting. ChemLab
Planner can be generalized into a planning tool applicable to learn-
ing a wide range of sequential, protocol-driven activities beyond
science experiments.

6.3 Proficiency-awareness
ChemLab Planner provides substep descriptions to address gaps
in traditional lab manuals, enhancing understanding of principles,
result interpretation, and equipment usage. However, the descrip-
tions are general and not tailored to user proficiency or curriculum
needs. Some participants found them too simplistic or broad, high-
lighting the need for adaptive content. For example, the system
could prioritize detailed guidance on unfamiliar equipment while
offering minimal verification cues for experienced users. Further
research can explore how information and its presentation should
vary for different proficiency levels. Customizing descriptions based
on expertise could significantly enhance the system’s support for
diverse learners.

7 Conclusion
This research proposed design implications and introduced Chem-
Lab Planner, a web-based tool to address student challenges in
understanding and planning chemistry laboratory experiments.
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Grounded in surveys and interviews, the implications focused on
supplementing lab manuals, reflecting real lab environments, and
supporting active planning. ChemLab Planner applies these by
breaking down methods into modular substeps, adapting to lab
conditions, and offering a timeline-based interface for planning
and execution. The flexibility of the design suggests applicability
beyond chemistry to other disciplines. This work contributes to im-
proving laboratory course experiences by examining the challenges
students face in real-world educational settings.
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