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Centering Teachers’ Voices: Design Guidelines for High School Laboratory

Technologies
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High school science laboratories serve as critical spaces for developing scientific reasoning inquiry skills, yet educational technology
often struggles to support these practices. Through engaging with science teachers via school visits (n=7), surveys (n=58), and
interviews (n=18) spanning diverse socioeconomic contexts, we investigate how teachers envision technology’s role in science labs. We
identify mismatches between existing technologies and classroom realities. Many technologies focus on showing abstract concepts and
"perfect” simulations, while teachers favored students learning the "ways of science” (e.g., lab skills, designing experimental methods)
and grappling messiness of empirical data. Typically, teachers modify traditional labs to meet diverse student needs. However, todays
technologies but lack this flexibility. We therefore argue for moving beyond pure technical sophistication towards pedagogy-based
technologies that empower teachers and promote equitable science education. In this work, we contribute actionable design guidelines
towards laboratory teaching technologies emphasizing customization, preservation of hands-on experiences, and real-world knowledge

transfer.
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1 Introduction

When computers became mainstream and provided access to educators around the world, technology was projected
to revolutionize education. That did not occur as expected [? ]. When extended reality entered consumer markets,
again, student learning stayed roughly the same [54, 77]. Recently, with the advent of generative Al promising learning
gains resurfaces to the headlines. What steps must designers take to ensure the technology designed today benefits the
learners of tomorrow?

There are a myriad of ways well-designed, well-intentioned, and well-researched educational tools can fail after they
move into classroom settings [24, 52, 55]. Tools that produce statistically significant learning gains in controlled lab
settings fail to explain concepts in a way that relates to specific students [52]. Simulations that boast a quick and easy
set-up take away the benefits of hands-on learning [55]. Even government-supported, resource-backed initiatives can
fail to adapt to specific classroom structures [24]. While educators have similar learning objectives, they work with
vastly different student populations and classroom landscapes. These examples highlight the all-too-common blind
spot in educational technology: we are designing education technology largely in isolation from the very contexts that
determine their success or failure.

In this paper, we present a mixed-method analysis of teachers’ technological perspectives for high school science

laboratories. High school science represents a compelling and dynamic area for HCI research, where educational

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components
of this work owned by others than the author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on
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landscapes shift drastically from district to district, teacher to teacher, and even classroom to classroom [38, 46].
Through labs learn to think with evidence, question assumptions, interpret messy data, and collaborate with peers [28].
This embodied engagement relies on numerous artifacts (e.g., notebooks, scientific equipment, simulations) that not
only mediate scientific practice but also highlight areas where technology can extend or transform learning. At the
front-lines are the science teachers themselves: they regularly adapt labs for their specific classrooms, adjusting for
resource constraints and connecting to student interests.

Co-desiging education technologies with high school science teachers is easier said than done. Despite prior efforts
to include teacher voices [53, 56], many commercial solutions still relegate teachers to the role of end-users rather
than co-designers [48]. This "design, build, test" approach has produced a graveyard of educational technologies that
work brilliantly in demonstration videos but fail in actual classrooms [22]. Therefore, establishing guidelines rooted in
teachers’ perspectives is essential for deploying systems that support the realities of high school laboratories.

Prior HCI research has demonstrated that technology can successfully support students in grasping abstract concepts
[30], making connections to real-world phenomena [55], and developing scientific reasoning [16, 43]. Despite these
advances, students still falter on inquiry [42] and disciplinary proficiency [1], suggesting a persistent gap between
research prototypes and everyday classroom use. Previous work highlights that the limited adoption of new educational
technologies often stems from systemic constraints: teachers face pressure to adhere to existing curricula and testing
requirements, while schools lack the structural adaptability to support technological instructional approaches [57]. On
top of this, most teachers are interested in adding technology into their classrooms only when it fits their needs [51].

We conducted a mixed-methods study via school visits, a survey, and interviews to investigate teachers’ perspectives
on technology in science labs (RQ1), aiming to understand barriers to adoption (RQ2), and contribute design guidelines
to inform more effective design strategies for classroom-ready tools (RQ3). We first completed school visits (n=6) in
[anonymized] across various socioeconomic demographics, conducting semi-structured interviews with high school
science teachers and an observation in a biology lab to inform survey development. Second, we developed a survey
to capture the desired learning outcomes, common challenges, and necessary adaptations in educational laboratories,
which was deployed in the United States (n=58). Finally, we conducted semi-structured follow-up interviews (n=18) with
teachers in [anonymized] to explore their perspectives on both the use of existing technologies and their aspirations for
future educational technology science lab classroom integration.

In this work, we contribute the following:

(1) A representative survey informed by site visits and qualitative interviews, that captures teachers’ perspectives
on science labs and the role of educational technologies.

(2) A mixed-methods analysis of survey responses and follow-up interviews surfacing gaps between current
technology and teachers’ needs in laboratory education.

(3) Design guidelines for educational science laboratory technologies that foreground teacher practices, classroom

contexts, and the realities of experimental learning.

Our findings point toward a fundamentally different approach to educational technology design: one that prioritizes
adaptability over sophistication, contextual responsiveness over technical advancement, and teacher agency over
automated solutions. These insights are valuable not just for industry educational companies, but also researchers

designing technology for learners in real-world educational settings.
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Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 3

2 Related Work

Our works builds on previous work in participatory design, teachers past perspectives on technology, and previous

work in educational technologies.

2.1 Participatory Design with Teachers

Participatory design with educators has emerged as a productive approach for aligning educational technologies
with classroom realities. In HCI, co-design has been shown to increase teacher agency, improve adoption, and foster
professional development by positioning educators as active collaborators rather than passive end-users [19, 31, 50, 53,
56]. For example, Nicholson et al. introduced “co-teaching” as a model of participatory design, embedding researchers
in classrooms alongside teachers to iteratively develop and test digital tools, demonstrating how this process surfaces
practical constraints such as curricular integration and assessment demands [53]. Similarly, Ravi et al. conducted
interviews and workshops with K-12 educators to co-design large language model tools for project-based learning,
yielding guidelines that emphasized transparency, adaptability, and alignment with instructional goals [56]. Other work,
such as VIVID, has extended participatory practices into the authoring of interactive lecture dialogues, highlighting how
design workshops with instructors can inform the creation of technologies that support active learning [19]. Together,
these studies illustrate how participatory approaches with educators not only generate contextually relevant tools but
also empower teachers to shape how emerging technologies are integrated into their practice.

Beyond instructors, participatory methods have also engaged students and professionals as co-designers in educational
contexts. Building on traditions such as Cooperative Inquiry, researchers have documented how involving young
learners in low-fidelity prototyping and design workshops surfaces new metaphors and representations that better
align with student understanding [29, 76]. In apprenticeship and training settings, participatory design has been used
to reconcile mismatches between instructional practices and learner needs, as in studies of medical residencies where
interviews and workshops with mentors and trainees produced guidelines for timely, artifact-centered feedback [75].
Taken together, these strands reinforce the potential of participatory approaches to generate design insights across
levels of education, from K-12 classrooms to professional training, and underscore the value of involving teachers,
students, and practitioners as domain experts in the design of educational technologies. This study expands prior work

by integrating teachers’ perspectives on science laboratories with

2.2 Teacher Perspectives on Technology and Classroom Adoption

As technology evolves, it’s important to evaluate teachers’ evolving perspectives. Czerniac et. al evaluated teachers’
perspectives in 1999 and discussed the importance of technical infrastructure, internet access, and administrative
support [20]. Then in 2010, when technology became more developed and more widely accessible, Ng and Gunstone
conducted another likert survey in 2010, and found teachers had positive views on technology and technology use was
more widespread in schools, typically as dedicated computer rooms [51]. Now, with over 90% of schools having 1 to 1

use of computers for each student since 2021 [13], there is a need to reassess teachers’ views and visions for technology.

2.2.1 Personalization for Education. Every school, classroom, and student is contextually different. Curricula have
different foci, classrooms have different structures, and students live in different environments that can affect their
academic progress. Therefore technology has helped teachers adapt curricula to their diverse classrooms by offering
personalizable and customizable learning experiences. Personalized tutors [45], lessons [27], and learning plans [71] can
help learners with specific needs. However, aside from building their own systems via low-code technology authoring
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[23], teachers are unable to customize current technologies. Our work looks into how teachers want to customize
current technology they use or desire in their classrooms, and provide guidelines to make new technologies more

customizable.

2.3 Technology for Supporting Science Education

Much research in supporting science education has focused on teaching science concepts. Education technology, and
in particular augmented reality (AR) [47] has been able to show abstract science concepts over real observations,
allowing for a stronger connection between science explanations and their respective physical results. Prior work
typically removes the physical observations from the studied phenomena to have better control over the learning
activity [14, 36, 58, 66], or focuses on overlaying informative information on static physical objects [68, 74]. Further
research stresses the importance of providing teachers the ability to adapt and customize these tools for their needs.
However, students fail to transfer what they learn in class to laboratory observations [44] and broader scientific impacts.
Our work investigates how students are trying to help students improve in knowledge transfer and scientific literacy,
and articulate ways technology can assist.

Starting in 2013, multiple states began adopting the Next Generation Science Standards (NGSS) [4] standards as
the new curricula for science education. In addition to adding learning concepts such as explicitly teaching the effect
of science on society and the world, NGSS hones in on core practice of science, such as planning and carrying out
investigations, analyzing/interpreting data, and constructing models and explanations from evidence. Many of these
practices are taught through science labs. While some work has also started to support these skills [2, 9, 16, 43], the
primary use of education technology in science has been on teaching content and engagement [11]. Currently, many
students still struggle to obtain and apply NGSS skills [10, 42]. Our work focuses on teachers’ needs from technology to
help teach these skills.

3 Survey Development

This section details the development of an online survey to understand teachers’ perspectives on laboratories in their
classrooms. We conducted in-person semi-structured interviews with six teachers and a biology lab observation, using

the findings to design a large scale survey.

3.1 Participants

We aimed to select high schools of a range of different socioeconomic backgrounds across [location anonymized] to
capture a representative distribution of schools in the area. Therefore, we classified schools using reported economic
disadvantage (e.g., low—high) according to the percentage of the student body receiving Free/Reduced price lunch
(FRPL) [6]. For our final list of schools, two were classified as low poverty (with 0-25% of the student body receiving
FRPL), one medium-low (25-50% FRPL), two medium-high (50-75% FRPL), and one high (75-100% FRPL). We recruited
teachers via IRB approved recruitment emails either to science teachers or school leaders at selected schools.

We observed students performing a microscope lab in the high economically disadvantaged school. The teachers
visited had an average of 12.2 + 9 years of experience teaching various levels of biology, chemistry, environmental

science, and biomedicine. Please see (tab: 1) for the school demographics of participants.
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Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 5

3.2 Procedure

For each school visit, we conducted semi-structured interviews in the participants’ laboratory classrooms to understand
their process for creating new labs, criteria for successful/unsuccessful labs, desired outcome for labs, as well as their
perspectives on areas of difficulty for students, resource constraints, and virtual labs. By engaging with teachers in
their classrooms, we gained first-hand knowledge of the current laboratory experience. For example, participants
showed us the specific equipment and materials underlying learning outcomes and challenges. See Appendix A for the

semi-structured interview questions.

3.3 Survey Design

Through these visits, we recorded teachers desired for labs, ways teachers needed to adapt labs to fit their classroom
environments, challenges students have conducting labs (unrelated to subject content), as well as teacher’s views
on virtual labs. The first author then conducted a content analysis for lab outcomes, lab design challenges, student
challenges, and virtual labs likes/dislikes. The most frequent responses became answer choices for our subsequent
survey. For example, many teachers stressed the importance of collaboration and engagement when doing labs. These
were coded under lab outcomes, and then became answer choices for which teachers picked for their top lab outcomes
in the survey (Appendix A). Additionally, some teachers adapt labs often, while others implemented the exact same labs
as the previous year with little change. We therefore asked survey participants to both detail how often they adapt labs,

as well as in what ways they were adapting their labs.

4 Methods

We conducted a mixed-methods approach using two complementary methods: online surveys and in-person, semi-
structured interviews. The interviews gave deeper analysis into the quantitative data, as well as insights on how teachers

use and envision technology for their students in the laboratory.

4.1 Survey

4.1.1  Participants. We recruited a total of 58 US high school teachers in 16 states. 16% of teachers came from low
poverty schools , 16% from medium-low poverty schools, 25% from medium-high poverty schools, and 44% from high

poverty schools. Teachers had an average of 8 (s.d. 7) years of experience across 12 science subjects.

4.1.2  Procedure. We deployed our developed survey on both Prolific as well as via ads on Reddit and Google with
a screener for science teachers. Please see Appendix B materials for the detailed survey questions. After collecting
demographic data, consenting participants, and screening participants to ensure they currently taught a high school
science class in the US, they were able to complete the 5 minute survey. Participants who completed the survey or

referred another teacher who also completed the survey were entered into a raffle for a $100 Amazon gift card.

4.2 Interview

4.2.1 Participants. We spoke with 3 teachers from the site visits and invited 15 more teachers from schools across
[anonymized] to take part in online interviews (we also viewed a recording of a biology lab at one school and observed
one chemistry lab). 20% came from low poverty schools , 50% from medium-low poverty schools, 25% from medium-high
poverty schools, and 5% from high poverty schools. The teachers interviewed had 12 (s.d. 10) years of experience, across
10 different science subjects. Please see (tab: 1) for the school demographics of participants.
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4.2.2  Procedure. For each participant, we conducted 1+

hour online interviews to better understand how technol- 1. Choose top 2. Choose lab that 3. Detail lab learning
A . s lab outcome achieves outcome objectives
ogy plays a role in their classroom’s labs. Teachers first

Ex: Lab Skills Ex: Microscopy Ex: Find Specimen Scale

chose one of their top lab outcomes, such as laboratory
skills. If teachers could not think of a lab outcome, we sug-

gested samples from our survey (Appendix: B) for them 4. Imagine Tech for lab 5. Tech & Pl Sk

objectives
Jectiv showcase of Knowledge Gaps

capabilities for
labs Ex: Math

to pick from. They then listed a lab from their classroom
. . . . Ex: Dynamic ruler linked to
that achieves that outcome, and details the labs objectives. object’s magnification

Teachers were then shown an example of how technology

can connect to real data and showing abstract concepts Fig. 1. Procedure for Teacher Interviews: We interviewed 18 teach-

during labs. Afterwards, we walked through each objec- ers to determine their views on and desires for technology for
science labs. For a given lab, teachers talked about how they cur-

; o rently use technology, and if they had their own technologist, how
at all) to help students achieve that objective, as well as they would redesign technology to better serve their classroom.

tive and discussed how they currently use technology (if

how they would envision technology (if at all) to help

students to achieve that objective. Lastly, we discussed any prior knowledge struggles students had that made the
lab difficult. See (fig: 1) for an overview of our interview structure. Although the survey gathered data on material
constraints and logistical challenges, due to limitations of teachers time, we were unable to discuss these during the

interview, and details for diving into these challenges are discussed in future work.

4.3 Data Analysis

Survey responses were analyzed to provide the quantitative data on teachers laboratory educational outcomes, student
struggles, and lab adaptations. We analyzed the qualitative data through a two-stage coding process. First, we conducted
deductive coding using a codebook derived from survey responses about laboratory outcomes and design challenges.
This provided an analytic lens for mapping interview excerpts onto known categories of teacher concerns. Next, we
applied inductive coding to capture emergent themes around student struggles and teachers’ desires for technology
support. To synthesize these findings, we used an affinity diagramming approach: transcripts and field notes were
segmented into excerpts, grouped into clusters of related ideas, and iteratively reorganized. The resulting clusters
were refined into the thematic categories that structure our results, combining insights from site visits and interviews
to provide a holistic account of teachers’ perspectives on science labs. In total, we analyzed 24 transcripts from 21
total participants (3 participants took part in the site visit and interview), which are numbered randomly from P1 to
P21. The differentiation between the site visit or interview is indicated via an s or i in parentheses (i.e., P1(s) indicates
Participant 1’s words during a site visit whereas P2(i) indicates Participant 2’s words during an interview). Within our
results, unless explicitly stated all qualitative results (percentages) come from are site visits and interviews, whereas

quantitative results came from the survey.

5 Findings
Overall, we present our findings in the following themes: teachers emphasized (1) a focus on NGSS practices such as

lab skills, and designing procedures, (2) a desire to support students who are struggling with data and English literacy,

I These participants teach multiple subjects and are listed twice
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Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 7

Table 1. Participant Demographics. FRPL indicates the percentage of students at
the school who receive Free or Reduced-Priced Lunch. Teachers were recruited
across various different subjects and schools to ensure our insights reflect a
representative sample of teacher insights.

Subject FRPL Participants

Low (0-25%) P1, P15
) Med-Low (25-50%) P4, P5,P172

Biology
Med-High (50-75%) P2, P18
High (75-100%) P20*
Low (0-25%) P132

, Med-Low (25-50%)  P7, P10, P172

Chemistry
Med-High (50-75%) P8, P11, P19 P21
High (75-100%) P202

) Low (0-25%) P3, P132
Physics

Med-Low (25-50%)  P6, P12, P14

Med-Low (25-50%) P12

Enviromental Science
Med-High (50-75%) P16, P19%

2 These participants teach multiple subjects and are listed twice

and (3) a preference to help students connect science to real world contexts, and (4) ways in which they adapt science

labs and use them to support collaboration and engagement.

5.1 Teacher’s goals for labs are to support Next Generation Science Standards

“Bottom line, very few of my students are actually going to go into the biology field. So to me, it’s more about...being able to
synthesize data into something meaningful...just more of the practices of science.” P1(s)

While teachers wanted students to learn about various scientific phenomena, there was an overall focus on teaching
the ways of doing science. Our survey respondents listed NGSS skills, such as lab skills (15%), understanding the
ambiguity and data (11%), or creating procedures (6%) as one of their top outcomes for laboratories (fig: 2). Overall,
teachers report a lack of technology in supporting students learning in these skills, and desire for a stronger link

between NGSS activities and technological features.

5.1.1 Embracing Messy Data: Teaching Lab Skills and Scientific Practices. Physical experiments allow students to learn
lab skills, such as how to collect and grapple with the ambiguity of data. Many teachers emphasized students’ lack of
lab skills when entering high school. In the survey, 12% cited a lack of lab skills as a top learning challenge. Students
struggled not just in how to operate laboratory equipment, but also when and how to appropriately use equipment.
Biology teachers in particular talked about microscopes or pipetting, and other scientific equipment. P2(i) noted: “If I
don’t instruct them properly, they will all measure using a beaker. You know, they won’t go and use a graduated cylinder”
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Table 2. Summary of Finding and Design Guidelines. Overall, technology should support authentic, hands-on laboratory practices,
while also scaffolding prior knowledge to be accessible for students with differing math and language skills. Allowing teachers to

customize technology is also important, as they can best adapt it to suit student, classroom, and societal context.

Category Finding Design Guideline

Support%ng Next Students struggle with lab skills and the Technology can augment lab skills by
Generation ambiguity of empirical data. reflecting real tools and real errors.
Science Skills

Students struggle to design experimental
methods.

Technology can support experimental
design through guided exploration.

Scaffolding Prior
Knowledge

Students have limited prior knowledge in
applying math and graphical analysis to lab
data.

Dynamic visualizations can make math
and data analysis accessible during labs.

Students’ English and reading abilities can
hinder their ability to engage in laboratories.

Technology should support differentiated
language instruction.

Supporting Real
Experiences and
Impacts

Personal relevance helps students find meaning
in labs.

Technology should adapt to personal and
classroom contexts to support every
student.

Teachers desire students to be able to connect
science to broader societal impacts.

Technology can help show the broader
impacts of science.

Collaboration Current laboratory technology reduces Technology should support authentic
opportunities for student collaboration. discussions and scientific collaborations.
Adaptation Teachers struggle to adapt technology to fit Technology needs customizable
their classrooms. representations to support teacher
agency in classroom integration.
Engagement Students value engaging in physical, hands-on ~ Technology should augment, not replace

laboratories.

hands-on experiences.

Lab skills involve not only carrying out procedures but also understanding why certain equipment is used and how to

obtain precise, uncontaminated data. In wet labs, “rules of the lab” guide accuracy and safety (i.e., measuring volumes

with a graduated cylinder rather than a beaker, using separate cylinders for different materials to avoid contamination).

Many teachers mentioned the need to instill that laboratory procedures rarely produce the exact same results

as idealized simulations, and that experiments often do not work as planned. 9% of teachers found grappling with

experimental ambiguity as a top learning challenge (fig: 3). P3(s) noted how students dislike when experiments don’t

work perfectly, making science feel less trustworthy. In turn the teacher desired to showcase “that experimental error and

like, faulty equipment. .. is a normal part of lab work... we have to be okay and comfortable with weird data, fuzzy data.” By

having students practice these skills, they can gain an understanding of uncertainty and experimental ambiguity. While

this touches on understanding empirical data, its relation to equipment and their limitations also tie these concepts into

lab skills.

Manuscript submitted to ACM



417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 9

Lab Outcomes by Category

NGSS Other
25-

20~

15.1%

=y
w
[l

11.6%

Percentage
>

0-

Learning Outcomes

Fig. 2. Teachers Top Learning Outcomes. Most teachers saw a main outcome of labs as engaging, and helpful for drawing real world
connections to science content. Teachers valued labs for their abilities to teach lab skills, and how to grapple with empirical data.
Surprisingly, teachers also saw labs as valuable for fostering collaboration.

When doing experiments, teachers hope students can grow in their own knowledge in science and therefore evaluate
information for themselves. As P4(i) noted: “[by] understanding what the limitations of the [equipment] available are and
how [they] fits into what scientists actually do with them...you could then be better informed...as opposed to just hearing
from somebody that this is good or that is bad, or this is significant or insignificant.”

Teachers spoke about students expecting their labs to be exactly like simulations, or get the exact number as their
classmate when collecting real data. In a real experiment, P1(s) noted when student’s answers differ they would ask
““Well, then who’s wrong? You or me?’ Like, they think that there’s only one answer. And so getting them to kind of be
comfortable [with ambiguity]. And before you second guess yourself, like, go back and look at what you did...can you both
be right? Or can you both be wrong?” P1(s) expressed wanting students to internalize the inherent variability in science,

and instead of looking at exact numbers, they can evaluate the methods and uncertainties to determine scientific results.

Design Guideline

Teachers want technologies that improve learning lab skills while reflecting real experiments. 39% of teachers
interviewed expressed desires for technology to help students learn lab skills. Additionally in the survey, teachers
disliked current educational lab technologies (i.e., virtual labs) for their lack of realism (6%) and inability for students to
grapple with empirical data (9%) (fig: 5). Nevertheless, they do appreciate the benefits of virtual technologies for their
reduced cost (24%) and increased safety (24%).
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Learning Challenges

Fig. 3. Students Top Learning Challenges: Students often face many distractions from achieving teachers’ desired lab outcomes. Most
notably, they are often distracted, and have trouble following a protocol or thinking critically about why they are performing particular
activities. They also struggle with NGSS practices, such as designing a protocol, lab skills, and data analysis with experimental
ambiguity.

Technology can augment lab skills by reflecting real tools and real errors. Augmented reality (AR) can
improve the experience of learning lab skills while making virtual labs feel more realistic. AR can substitute materials
by allowing students to practice skills such as titrating or using a microscope by augmenting low-cost alternatives.
Villanueva et. al used common items like spoons and QR codes to provide haptic feedback for virtual scientific equipment
such as graduated cylinders [69]. In a similar vein, 3D-printed microscopes or burrets can be combined with AR to help
students practice using the equipment if they do not have access to expensive or dangerous materials. However, when
collecting simulated data, being able to also simulate the ambiguity, potential for contamination, and systematic error

that comes with empirical data is also necessary and not yet realized within current tools.

5.1.2  Designing Procedures: Supporting Student-Designed Investigations. With the push towards inquiry-based labs,
project-based learning, and NGSS, there is a desire for students to start creating their own procedures (i.e. hypotheses,
protocols, and isolating variables) as well. 6% of teachers saw creating procedures as a top lab outcome (fig: 2). However,
many hurdles, such as a lack of content knowledge, interest, and materials for student-led inquiry created limits for
many of the teachers surveyed, causing some to actively shy away from it.

For teachers who do incorporate the creation of procedures into their labs, they found students often struggle. P5(i)
notes that the combination of new content and learning to design a procedure is very taxing for students: “when they
come to my class, they haven’t been asked to actually design an experiment and [now] have to think about, you know, all
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Teacher Lab Adaptations

Fig. 4. Frequency Teachers Adapt Labs: Almost all teachers surveyed were adapting labs in some form of fashion, most often to
scaffold for student needs or changing curriculum demands. Teachers also adapted their labs do to constraints in resources, though
the frequency mostly even across teachers surveyed.

the different variables that they have to keep in control...it’s a lot more taxing on them, plus they’re also having to apply
concepts that they’re learning in the class.”

It can be difficult for students to grasp learning new scientific phenomena and how to create procedures simultaneously.
P5(i) experienced a similar challenge when students in his class had to apply equations during experiments: “There’s
no questions to answer. I just give them: Find me [the experimental constant]...You know the equations.” That’s hard for

them...it’s hard for them to do it without guidance.”

Design Guideline

Teachers desire technology to help students craft experimental procedures. 67% of teachers interviewed talked about
allowing students to experiment with different variables and seeing its results before implementing the experiment. 14%
of survey responses also saw these what-if scenarios as one of the top values of laboratory teaching technologies (fig: 5).

Technology can support experimental design through guided exploration. Technology can scaffold students
in designing procedures by guiding them through steps such as variable isolation and contamination control, while
prompting them to reflect on and improve their methods. Interactive text-based tools can provide practice in identifying

confounding variables and strategies for controlling them.
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Teacher Views on Virtual Labs

Fig. 5. Teachers’ Views of Virtual Labs: Overall, teachers like virtual labs due to their safety and cost, as well as their ability to show
abstract concepts and explore *what-if” scenarios. However, they dislike how they reduce collaboration, are not engaging, don’t teach
lab skills, and lack the customizability teachers need.

5.2 Students Math and English literary skills limit their abilities to engage in laboratories successfully

Many teachers reported that students lack prior knowledge that hindered their ability to effectively learn about various
science phenomena. Teachers cannot guarantee that students are proficient in middle school skills, and therefore must
support and scaffold learning to teach both grade level science and prior pre-requisites. Particularly for science labs,

teachers reported students having a lack of prior knowledge skills in data literacy, mathematics, and english literacy.

5.2.1  From Numbers to Meaning: Building Data Literacy and Mathematical Practices. Teachers also noticed students’
difficulty in collecting, analyzing, and interpreting real data. They mentioned the importance of instilling scientific
practices, such as the importance of conducting multiple trials, as well as teaching basic graphical and statitical analysis
(e.g., mean, median, mode, and percent yield).

During the interviews, many teachers indicated that students’ math skills are not at the level expected for high
school science (50%). Some teachers indicated students struggled with simple algebraic manipulations, while others

could not apply the math skills they had learned in the past.

... they understand the concept. But trying to put the concept to the model, to the mathematical model,
can be a struggle...
model” - P6(i)
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As a result, teachers are constantly scaffolding lab activities to reduce the amount of math necessary, as well as opting
for sensemaking, or focusing on trends and patterns to showcase concepts without math.

Data literacy is also important for science labs. 39% of teachers during the interviews discussed graphics and data
analysis as a prior knowledge struggle, and 6% of surveyed teachers cite comparing data as a top learning challenge.
Students must learn how to articulate cause and effect relationships, make predictions based on data, and draw
conclusions. However, this first requires students to be able to determine what data is relevant to answer a question, as

well as how that data can best be presented in order to answer the question:

“You can make all kinds of observations, qualitative or quantitative. But if you’re trying to answer a
question...[you have to be able to determine] what are the pieces that are relevant...so that you can

support a claim with relevant data, not just whatever data you happen to be able to understand.” - P4(i)

Design Guideline

Dynamic visualizations can make math and data analysis accessible during labs. Having scaffolds for laboratory
graphical analysis was requested by 28% of interviewed teachers. 50% desired technology to allow for more dynamic
graphical visualizations.

Technology can support experimental design through guided exploration. Technology can link visual
observations to mathematical models by generating interactive graphs. Tools like Venier [5] and phyphox [7] already
provide real-time feedback, but extending them to show invisible processes such as energy transfer could help students
recognize patterns and build conceptual models. For example, graphs could update dynamically as students move a
pendulum or combine atoms, and students could compare different graph types to discuss which best communicates
their results.

To address math gaps, technology can integrate short interactive activities that reinforce algebraic skills, such as
balancing equations or solving formulas, directly within lab work. Virtual systems have shown promise [21, 36], but
extending them to physical experiments—for instance, overlaying formulas for friction in physics or molecular motion
under changing conditions—could strengthen the connection between observations and equations. Allowing students

to toggle between visual and mathematical models may further support their ability to interpret scientific phenomena.

5.2.2  Teachers Struggle to support students with varied English/Reading abilities. For students to fully engage in high
school science labs, reading comprehension and English proficiency are essential. Lab activities typically rely on written
instructions, procedural steps, safety information, and follow-up analysis tasks. When students struggle with reading
or with English as an additional language, they face significant barriers to participation—misreading a procedure can
lead not only to conceptual misunderstandings but also to safety risks. Teachers reported that a wide range of students
fall into this category: some read below grade level, some are still acquiring English proficiency, and others are well
ahead of their peers. In our interview 28% of teachers indicated students’ English or language difficulties impacted

engagement during their labs:

“The hardest part is, kids are not reading as they used to...when you throw them a question to answer,
they only get three words and use their own interpretation. They’re not reading what the question is
asking.” - P7(i)

Similarly, P8(i) described students who could explain scientific ideas orally but could not express them in written
English:
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“They can give me a decent explanation in their own language, but when I ask them to write it in

English, it’s like a whole different concept, because they can’t write it”

These accounts underscore that language and literacy skills are not just parallel goals but also enablers of science

learning in labs.

Design Guideline

To address these challenges, educational technologies should explicitly support differentiated instruction for reading
and language. While research prototypes often overlook this dimension, integrating such supports is a relatively
straightforward adaptation that could broaden participation and equity. For instance, large language models and
translation tools can dynamically simply and adapt text to different reading levels [63], and translate key instructions
into multiple languages [3]. Embedding features such as text-to-speech, real-time vocabulary support, or side-by-side
simplified instructions could ensure that students with varied literacy skills can still safely and productively engage in
labs.

Technology should support differentiated language instruction. Such tools not only help students keep pace
with their peers in science but also contribute to developing literacy skills through science practice itself. Rather than
treating reading ability as a prerequisite barrier, technology could transform labs into dual learning opportunities:

spaces for scientific inquiry and for growth in reading and language skills.

5.3 Teachers desire to connect what students learn in the classroom to real world contexts

16% of teachers listed connecting to the real world as a top laboratory outcome (fig: 2). Ultimately, school is to help
prepare students for their next step in life, and that only works if they are able to transfer what they’re learning in
the classroom to their own life context. They are therefore always trying to connect laboratories to relevant student
experiences and broader impacts. Through this connection, they are able to help students make a personal connection
with the material, also increasing cognitive engagement and motivation. Beyond content transfer in the classroom,

teachers also indicated a desire to help students understand the broader impacts of scientific content.

5.3.1  From Nail Polish to Nitrogen Cycles: Customizing Learning For Everyday Contexts. Teachers also expressed desires
for technology to improve personal relevance for students. For some students, this may mean simply introducing them
to concepts they will learn in class. For example, P9(s), who teaches Environmental Science stated many students are
unfamiliar with plant life. Other teachers wanted to relate phenomena to common experiences students have seen
before, such as using nail polish to explain molecular bonding or puddles to demonstrate surface tension. However,

current technology often fails to help students make these connections:

[When speaking about simulations] "Here’s a hydrogen stick, [and] a bond. Here’s another hydrogen
stick, [they] bond to the oxygen. You made H20." [Now discussing students’ confusion] "‘Okay, but

what’s H20?’...[Simulations are] visual, yes, but it’s a lack of real world connection [to] visuals.” - P8(i)

When relating to students’ own personal experiences, they become more primed to learn about the phenomena,
as they recognize that the things important to them are also important in science. For example, P4(i) used students’

experience with fishing to draw connections between water quality and fish capacity:

“I really wanted them to just be able to relate to the experience...[for example, we would discuss
biological] phenomena and the fish and all that, and they were talking about, ‘oh, I remember I used
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to go, you know, fishing with my uncle...and then there wasn’t as much fish anymore. Now I'm

understanding why’" - P4(i)

Teachers also take students’ personally relevant stories to build metaphors and analogies to help teach concepts, but
often struggle to fully convey the idea without a visual stimuli. For example, P10(i) describes trying to explain the effect

of salt on solubility:

“water and alcohol are happy together, but as soon as salt comes in, salt, you know, the salt and the
water like each other more... And so they, you know, [kick] the alcohol out, that is hard, I think, for
students to grasp at a molecular level...I don’t even know if T have a good visual in my head about what

that actually looks like as a process.” P10(i)

In another classroom, students were able to physically perform the lab and see alcohol separating from the salty
water, but could not descirbe the mechanism by which it occurs. For many microsopic processes ‘Tits difficult to] describe

a microscopic phenomenon with a macroscopic analogy.” - P8(i)

Design Guideline

Teachers are always adapting to provide personal support for struggling students with changing classroom contexts
(e.g., students forgetting their devices, screen-time restrictions). To assist teachers in providing for these dynamic needs
technology should adapt to personal and classroom contexts to support every student. For instance, programs
could auto-generate paper worksheets for students without laptop access, while interactive models or language models
could provide alternative explanations or answer individual questions about lab content [17]. By flexibly adjusting
to these logistical and learning needs, technology can ensure that all students are able to participate meaningfully in
laboratory activities.

Personalization can also come from connecting science concepts to familiar objects and experiences. Augmented
overlays might display molecular formulas and structures on everyday items such as graphene, or visualize forces
and processes when observing physical phenomena such as surface tension or friction. By situating science in daily
and cultural contexts, such as gardening, fishing, or hair styling, technology can help students see science as directly

relevant to their lives and understand its broader importance.

5.3.2  From Classroom to Society: Linking Science Labs to Real-World Issues. In terms of relating to broader implica-
tions, teachers reported that they like to tie their labs into current events, such as vaccines during COVID, diabetes,
ocean acidification, or food additives. They feel this can help not only to increase learning, but also to help students
become productive members of society. There was also an interest in helping students understand how everything is

connected—-energy, carbon cycles, ecosystems, etc. P4(i) noted:

“we’re looking at photosynthesis and respiration. What does that have to do with ecosystems. .. Because
now you understand where the energy comes from.. light energy [gets] converted to chemical energy
[and then to] kinetic, and then eventually [to] heat..now you can see why the increasing CO2...changes

in the ecosystem.” - P4(i)

Building connections means that students can relate different topics, such as energy transfer and photosynthesis,
and synthesize them to build connections to different phenomena, such as climate change and ecosystem disruption.
This connection to photosynthesis, energy, and cycles helps students understand the bigger picture of science, and how
it is helpful not just for a class, but also for understanding the broader world. Teachers therefore try to incorporate
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these aspects into their labs. Teachers mentioned connecting labs to why vaccines can be useful, school nutrition, and

climate change. As P11(i) noted:

“Right now, we’re dealing with oceans...and it deals with how the CO2 from pollution falls in the ocean
and it acidifies the ocean. And how that affects that change in acidity [and] can affect classification of
the shells, you know, oysters and other stuff. And in the experiment that they’re going to do, they’re
going to put shells on solutions of different pH and they get to see...how the changes really affect the
calcification.” - P11(i)

P11(i) has students test shells in different levels of pH to observe how acidity changes the calcification, which in
tern changes the shells classification. Students must tie in knowledge of chemistry and acidity to make connections in
biological classification.

Additionally, teachers will also tie the changes students see in labs to broader implications in daily life, such as
ecosystems and medicine. In particular, P7(i) uses candles and stoichiometry to demonstrate climate change. She states
“is a very powerful...the product of, you know, of burning candle...I will [later] refer back to [it]... so they not only just learn
the basic chemistry, but the usage.” Students calculated the amount of CO2 produced by a candle, and extrapolated it to
burning fossil fuels. By tying chemistry concepts like stoichiometry into the broader impacts of climate, students are
able to not only see how science information is discovered, but also cement the importance of science for the discovery

and purpose behind various policies.

Design Guideline

Teachers are always trying to connect different learning concepts to relate to students’ lives, whether that be showing
how water quality relates to fishing or candles relate to climate change. This relevence of science in everyday life can
help students understand the importance of science, and why we conduct experiments.

Technology can help by showing science in various aspects of a student’s life. For example, probing students
why some people’s hair is curlier than others can draw from biology, chemistry, environmental systems, and physics.
While it may not touch on the exact lesson students are focused on, showing how science in general impacts every
aspect of life. Additionally, technology can probe students to consider the broader impacts of their results, and help
translate their learning beyond the classroom. Al can help to generate various scenarios for students to try applying

their knowledge to and using the data to answer questions.

5.4 Adaptation, Collaboration, and Engagement

Outside of focusing on NGSS, supporting student prior knowledge, and connecting science in the classroom to real
world context, teachers emphasized the importance of collaboration and engagement during labs. Additionally, to best
accommodate NGSS, students’ prior knowledge, and changing world context, teachers are always adapting their labs,
and need technology to be flexible enough to adapt for those needs. This section details teachers views of collaboration,

engagement, and adaptation for science labs

5.4.1 Teachers value and want more collaboration in the classroom. 12% of teachers see collaboration as a top outcome of
science labs, and 20% dislike that virtual labs reduce this collaboration. They expressed a desire for students not only to
contribute individually, but also to engage meaningfully with peers—articulating observations, debating interpretations,
and co-constructing knowledge. As P12(s) described:
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“Idon’t want to structure a class around the idea that I give them information, and they have to memorize
it, because I'm some super smart authority person. But we can get the tools to test the ideas. And that

the ideas are right, because they work, not because someone tells you”

Participants described science as inherently social, noting that authentic engagement with scientific practices
involves collective sense-making and shared inquiry. To this end, teachers intentionally structured labs to foster student
collaboration, often forming small groups to encourage joint exploration and discussion. Teachers expressed a desire
for students not only to contribute individually, but also to engage meaningfully with peers—articulating observations,
debating interpretations, and co-constructing knowledge. P4(i) elaborated on this vision by describing a classroom

practice grounded in epistemic negotiation and social learning.

"[Collaboration requires them to] renegotiate what it means to learn... [discuss] an issue that is not
so readily available. They have to discuss it and come up with opinions...And then going to do some
sense-making activities so that they can come back to the question and say, ‘How did this inform us?’” -
P4(i)

This emphasis on collaborative inquiry aligns with constructivist theories of learning [32] and reflects a growing
interest in designing technologies and environments that support group cognition, epistemic agency, and dialogic

engagement in STEM education.

Design Guideline

Research in computer supported collaborative learning (e.g., [41, 59, 64, 65]) works to help facilitate more collaboration
in learning with technology. However, when it comes to science labs, technology is often created to be used by a single
student. Technology should support authentic discussions and scientific collaborations. Incorporating spaces
for students to share and discuss their different results, can help to encourage collaboration, as well as encouraging

healthy debate on what phenomena, confounds or errors could have taken place.

5.4.2 Customizing for Context: Teachers as Adaptors of Inconsistent Technologies . Learning new concepts is challenging,
and teachers often rely on multiple analogies, demonstrations, and resources to help students. One simulation or video
is rarely sufficient; in fact, most teachers in our survey reported adapting labs more than half the time (fig: 4). However,
15% of teachers cited lack of customizability as a top dislike of virtual labs (fig: 5). For example, P2(i) described how a
simulation of evaporation used heat from below rather than sunlight, making it harder for students to connect the

model to real-world phenomena:

“one of the things that I really talk about is the sunlight hitting the water, and then that leading
to...evaporation. And for whatever reason... [the simulation] has the heat source being on the bot-
tom...breaking all of [the molecules], as opposed to...a single photon of energy coming from the sun,
hitting, you know, two molecules and causing the excitation state. [Since the simulation is] not a perfect

metaphor that, you know, they don’t completely get it”

Teachers also wanted technology that adapts to students’ specific learning needs. For instance, while a simulation
may depict generic bonding, instructors often wanted to highlight interactions between specific elements, such as
carbon and hydrogen. Inconsistent visual styles across simulations further compound confusion: different colors, icons,
or abstract symbols make it difficult for students to synthesize ideas when teachers combine multiple tools. P8(i) noted
that abstract representations like letters and lines distracted from showing recognizable structures such as diamond or

Manuscript submitted to ACM



885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935

936

18 Anon.

graphite. Sometimes teachers only requested small adjustments(i.e., like schemes) to align with curricular materials, but

in other cases, teachers sought richer representation. P13(i) highlights this with a thermodynamics simulation:

“[If 1] alter the temperature or pressure [on the simulation], it doesn’t necessarily show, you know, like
a, like a phase change graph...[it gives] qualitative data. And sometimes you want the other and it’s

not there.”

Design Guideline

When teachers speak about having adaptable technology, they want the agency to customize learning scenarios
and simulations for their teaching style. This includes the ability to adjust visuals to mirror the textbook descriptions
and representations, as consistent visuals help students better focus on the learning concept. Technology needs
customizable representations to support teacher agency in classroom integration. This could be achieved
through extensive interviews or content analysis to understand the design space of what representations teachers
prefer, matching representations to common curricula, or utilizing natural language to allow teachers to create their
own representations.

Additionally, technology can better adapt to current curriculum by integrating with current teaching aids. For
example, students currently learn about molecular bonding via ball and stick model. AR can augment on top of these
models, allowing students to see the Lewis dot structures, molecular forces, and bond energy. Or, instead of showing
generic bonds on a generic atom, students could see how the atom in their particular homework problem bonds, and
start generating mental models or schemas across various molecules to better understand molecular forces. In physics,
AR can show the force diagrams in real time during labs [34], real time energy transfer, or even how molecules are

moving during surface tension, solubility, and reaction labs.

5.4.3 From Compliance to Curiosity: Building Cognitive Engagement in the Lab. “[students] just get used to following the
instructions and not thinking about the instructions. They don’t often question why they’re asked to do a certain step, they
Just do it.” - P12(s)

Without proper motivation, students can become disengaged and simply just go through the motions. 23% of survey
respondents listed distractions, as a common struggle for students. Additionally, 23% of teachers reported engagement
as a top outcome for classroom labs.

Physical labs and demos help to provide this engagement. While videos are helpful “there’s sort of the visceral
experience of touching it yourself or seeing it with your own eyes and real life in the classroom.” - P14(i)

He would demonstrate Newton’s laws of motion by using a student’s skateboard and backpack, throwing the
backpack, and having students watch how he would move backwards on the skateboard. While this could of course
be done in a simulation, it is a different experience having seen it with your own eyes, and helps students to begin to
question why, and therefore prepare them for an inquiry-level mindset.

P1(s) describes this as a personal connection, and said many students preferred kinesthetic engagement over
technology engagement as “it’s just more meaningful when you can see it happen right in front of you.” She stated that
some students would rather go outside and simulate an ecosystem than do a technology simulation on the same topic.
Or they’d prefer to watch a real animal move towards or away from different stimuli instead of seeing in on a computer.
For microscopy, apart from the required learning objective on how to use a microscope, students simply enjoy physically
interacting with the equipment rather than simulating it online. It’s not that “one is necessarily better than the other, but

for high school kids...being able to use their hands to build something gives them immense joy.” - P15(i)
Manuscript submitted to ACM
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Design Guideline

Most consumer technologies for educational labs are virtual simulations or remote labs students can mindlessly click
through. 20% of teachers’ top dislike of virtual labs was their lack of engagement. While this may reflect current consumer
products, as research has shown educational technology to be engaging [15, 49, 70]. However, research findings do not
always transfer in uncontrolled contexts [78]. To help students cognitively engage during labs, technology should
augment, not replace hands-on experiences.. For example, showing how molecules influence the pH of a solution, or
where energy is transferred in a system can help keep students more engaged vs just seeing a pH meter or temperature
probe change. While technology has been shown to help students engage by organizing lab procedures [40], providing
authentic and engaging embodiment and constructivist activities can also help add engagement without compromising

learning.

6 Discussion

Teachers in our study highlighted a need for tools that go beyond content delivery to scaffold NGSS skills, prior
knowledge. In this discussion, we argue for shifting the design of lab technologies towards supporting higher skill
learning, supporting authentic, physical lab practice, adapting to student knowledge foundations, and preserving teacher

agency.

6.1 Technology should support more higher skill learning

Simulation-based laboratories have proven useful for reducing costs, providing safe experiences, and introducing
abstract and concepts [18, 62, 67, 72]. Many teachers in our study acknowledged these benefits, particularly for pre-labs,
make-up labs, or in contexts where resources are limited. However, simulations often present “perfect” data and bypass
the embodied skills of science [39]. While previous work has done well to help with a specific learning content , or
probing reflection and inquiry during lab activities [43, 73], teachers expressed a desire for technology to assist with
preparing students for the complexities of real laboratory practice.

Digital scaffolds can help by guiding students to isolate variables, explore “what-if” scenarios, and simulate ex-
perimental design before moving to physical labs. Such supports would allow students to practice the full research
process—designing, iterating, and analyzing—rather than only executing procedures. By centering skills and practices
rather than content alone, technology-enhanced labs can better achieve the broader goals of science education. Teachers
framed these outcomes not just as preparation for STEM careers, but as essential for citizenship: learning to evaluate
evidence, understand limitations, and make informed judgments in debates about health, environment, and policy. In
doing so, technology can go beyond demonstrating phenomena [37, 66, 68] to also address sources of error, variable
control, and data interpretation. Technologies that highlight these practices can help students see science not only as a

body of knowledge but as a fallible, collaborative, and socially relevant process.

6.2 Technology should support, not replace the physical aspect of labs

Teachers in our study emphasized that hands-on interaction fosters curiosity in ways virtual simulations cannot.
Manipulating equipment, observing reactions, and feeling forces motivates students to ask questions and pursue
inquiry—echoing constructivist perspectives that meaningful learning is grounded in embodied experience [12, 25].
Advances in computer vision, wearables, and extended reality now offer ways to amplify this curiosity [37, 61]. Privious
work has shown invisible phenomena over static objects [68, 74]. However, extending these technologies to revealing
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invisible phenomena over dynamic physical observations can enrich ordinary lab activities while maintaining their
authenticity.

At the same time, teachers stressed that technology should support—not undermine—physical collaboration. Students
benefit from debating interpretations, negotiating meaning, and engaging in shared inquiry, which deepens under-
standing through articulation and argumentation [60]. Past work has began to foster this collaboration by creating
shared interaction spaces [43, 49], and can be extended within science labs by facilitating group dashboards of real-time
data, or scaffolding discussion around divergent results. Rather than standardizing experiments to guarantee uniform

outcomes, technologies should surface variability and error as opportunities for collaborative reasoning.

6.3 Technology should adapt to student knowledge foundations

Students frequently struggled to connect mathematical models with real-world observations. Even those proficient in
math classes found it difficult to apply procedures in laboratory contexts. This gap highlights the need for technologies
that dynamically link physical experimentation with mathematical representation. Prior tools have advanced data
literacy [33, 35], but similar capabilities could be built into common student graphing tools (e.g., [2]). By embedding
this support directly into lab activities, technology can help integrate mathematical literacy into authentic science
practice rather than treating it as separate coursework.

Teachers also highlighted the challenge of supporting students with varied English literacy, from struggling readers
to multilingual learners. These gaps limit students’ ability to follow instructions, interpret prompts, and explain their
reasoning. While translation and reading-level adaptation tools exist [8, 63], they are rarely integrated into lab-specific

platforms. Embedding adaptive scaffolds can make labs more accessible by providing real-time, differentiated instruction.

6.4 Technology should center teacher agency in customization

Personalized learning platforms can tailor content to individual learners [26, 27], but no algorithm can capture the full
nuance of classroom practice. Our participants reported constantly adapting labs for curriculum shifts, current events,
and to fit their student interests and cultural backgrounds. They also reported piecing together disparate tools, videos,
and simulations, often correcting confusing or inconsistent representations (e.g., a simulation showing heat from below
instead of sunlight). Such adaptations rely on teachers’ pedagogical expertise and classroom knowledge—elements that
rigid systems cannot anticipate.

Current tools often function like static PDFs: useful but difficult to modify. Instead, they should operate more like
PowerPoint Slides—providing flexible, ready-made content that teachers can rearrange, edit, and adapt. A customizable
simulation that lets teachers adjust visuals or link concepts to familiar analogies (e.g., nail polish for solubility or
fishing for ecosystems) would make integration seamless. This flexibility reduces confusion, strengthens connections to

curricula and lived experience, and preserves teacher expertise as the driver of learning.

7 Limitations/Future Work

The geographic and demographic diversity of our sample, while more representative than many educational tech-
nology studies, still reflects limitations that future work should address. Our focus on [anonymized schools, while
spanning diverse socioeconomic contexts, may not capture regional variations in curricular emphasis, testing pressures,
or administrative support for technology integration. International perspectives would be particularly valuable for
understanding how different educational systems and cultural contexts shape teachers’ technology needs and adoption

patterns.
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Additionally, while teacher perspectives are essential for understanding adoption barriers and design requirements,
this represents only one part of the complex ecosystem of educational technology implementation. Future work should
investigate how the insights we gained from teachers align with or diverge from student experiences, administrative
priorities, and quantitative learning impact. Longitudinal studies tracking the implementation of technologies designed
according to our guidelines would provide crucial evidence about whether our teacher-centered design principles
translate to improved classroom practices and student learning.

In this work, we do not compare across schools by socioeconomic status, given the limited representation of high-
poverty schools (only 5% of our sample), the many uncollected contextual factors that shape laboratory environments
(e.g., administration, teacher tenure, class size, and course level), and our focus on centering teachers’ nuanced
perspectives to inform educational technology design rather than reducing them to binary contrasts. Future work could
compare how views of educational technology changes against different demographic factors, such as socioeconomic
status, district policy, environmental region, or class size. Lastly, due to constraints on teachers time, we were unable
to dive further into material cost and set up challenges of labs during interviews. Future work could explore how the

logistical realities of high school labs shape the adoption and impact of educational technologies.

8 Conclusion

Our mixed-method approach—site visits, surveys, and interviews—was essential for capturing the diversity of teachers’
contexts. Observing classrooms directly revealed physical constraints and spatial dynamics that would have been
invisible in remote data collection. High school science in the U.S. is far from uniform: differences in student demograph-
ics, resources, district policies, and community contexts all shape how teachers adapt labs. Without attending to this
diversity, design recommendations risk privileging well-resourced settings and overlooking the adaptations teachers
make to connect labs to students’ prior knowledge and lived experiences. Capturing this full range of perspectives is
critical to designing technologies that work across varied school environments, not just in principle.

Although the focus of this work is on science laboratories, the themes raised by teachers resonate across educational
domains. Many of the challenges described—such as scaffolding for students with varying prior knowledge, designing
procedures for open-ended inquiry, or helping learners grapple with ambiguous data—are equally central to project-
based learning (PBL) and experiential learning more broadly. For instance, PBL requires students to create, test, and
refine solutions in collaborative settings, often encountering the same ambiguity and procedural challenges present
in science labs. Likewise, experiential learning contexts in history, engineering, or the arts share the need for flexible
scaffolds, adaptable technology, and teacher control over representations and context. By centering teachers and learning
from their situated expertise, we can generate design insights that generalize to a broader class of learning environments
where inquiry, iteration, and collaboration are paramount.

Furthermore, the teacher agency issues we identified extend beyond science education to any domain where effective
instruction requires deep contextual knowledge and pedagogical adaptation. Whether supporting historical inquiry
projects, community service learning, or maker-space activities, teachers need technologies that function as flexible tools
rather than rigid curricula. This is not unique to science labs. Educational technologies across domains should provide

powerful foundations that teachers can adapt rather than locked systems that constrain pedagogical decision-making.

Manuscript submitted to ACM



1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144

22

Anon.

9 Acknowledgments

The authors would like to thank [anonymized] for their help in feedback and review of this paper. The authors would

also like to thank all the participant teachers and districts for taking time to speak with us and allowing us to visit their

classrooms.
References
[1] n.d.. COE - Science Performance. https://nces.ed.gov/programs/coe/indicator/cne/science-performance
[2] n.d.. Common Online Data Analysis Platform (CODAP). https://codap.concord.org/
[3] n.d.. DeepL Translate: The world’s most accurate translator. https://www.deepl.com/translator
[4] n.d.. Home Page | Next Generation Science Standards. https://www.nextgenscience.org/
[5] n.d.. Logger Pro™ 3. https://www.vernier.com/product/logger-pro-3/
[6] n.d.. The NCES Fast Facts Tool provides quick answers to many education questions (National Center for Education Statistics). https://nces.ed.gov/
fastfacts/display.asp?id=898 Publisher: National Center for Education Statistics.
[7] n.d.. Your smartphone is a mobile lab. https://phyphox.org
[8] Riku Arakawa, Hiromu Yakura, and Sosuke Kobayashi. 2022. VocabEncounter: NMT-powered Vocabulary Learning by Presenting Computer-
Generated Usages of Foreign Words into Users’ Daily Lives. In Proceedings of the 2022 CHI Conference on Human Factors in Computing Systems (New
York, NY, USA, 2022-04-28) (CHI "22). Association for Computing Machinery, 1-21. doi:10.1145/3491102.3501839
[9] F Bakri, S Pratiwi, and D Muliyati. 2020. Student worksheet with augmented reality technology: media to construct higher order thinking skills of
high school students in elasticity topic. 1521, 2 (2020), 022033. doi:10.1088/1742-6596/1521/2/022033 Publisher: IOP Publishing.
[10] N.Bhaw, J. Kriek, and M. Lemmer. 2023. Insights from coherence in students’ scientific reasoning skills. 9, 7 (2023), e17349. doi:10.1016/j.heliyon.
2023.e17349
[11] James R. Brinson. 2015. Learning outcome achievement in non-traditional (virtual and remote) versus traditional (hands-on) laboratories: A review
of the empirical research. 87 (2015), 218-237. doi:10.1016/j.compedu.2015.07.003
[12] Jerome S. Bruner. 2006. THE ACT OF DISCOVERY. (2006), 67-76. doi:10.4324/9780203088609-13 Book Title: In Search of Pedagogy Volume I
Edition: 0 ISBN: 9780203088609 Publisher: Routledge.
[13] Kevin Bushweller. 2022. What the Massive Shift to 1-to-1 Computing Means for Schools, in Charts. (2022). https://www.edweek.org/technology/what-
the-massive-shift-to- 1-to- 1-computing-means-for-schools-in-charts/2022/05
[14] Jie Chao, Jennifer L. Chiu, Crystal J. DeJaegher, and Edward A. Pan. 2016. Sensor-Augmented Virtual Labs: Using Physical Interactions with Science

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

Simulations to Promote Understanding of Gas Behavior. 25, 1 (2016), 16-33. doi:10.1007/s10956-015-9574-4

John Chen, Lexie Zhao, Mike Horn, and Uri Wilensky. 2025. Engaging Millions of Worldwide Youth in Informal STEM Learning: Uncovering
Open-Ended Design Principles that Drive Physics Lab’s Success. In Proceedings of the 24th Interaction Design and Children (New York, NY, USA,
2025-06-23) (IDC °25). Association for Computing Machinery, 21-37. doi:10.1145/3713043.3728855

Liuging Chen, Zhaojun Jiang, Duowei Xia, Zebin Cai, Lingyun Sun, Peter Childs, and Haoyu Zuo. 2024. BIDTrainer: An LLMs-driven Education Tool
for Enhancing the Understanding and Reasoning in Bio-inspired Design. In Proceedings of the 2024 CHI Conference on Human Factors in Computing
Systems (New York, NY, USA, 2024-05-11) (CHI 24). Association for Computing Machinery, 1-20. doi:10.1145/3613904.3642887

Alan Cheng, Carolyn Zou, Anthony Xie, Matthew Hsu, Felicia Yan, Felicity Huang, David Zhang, Arjun Sharma, Rashon Poole, Daniel Wan Rosli,
Andrea Cuadra, Roy Pea, and James Landay. 2025. Oak Story: Improving Learner Outcomes with LLM-Mediated Interactive Narratives. In Proceedings
of the 38th Annual ACM Symposium on User Interface Software and Technology (UIST ’25) (Busan, Korea, 2025). Association for Computing Machinery.
doi:10.1145/XXXXXXX.XXXXXXX event-place: [Conference location].

Jennifer L. Chiu, Crystal J. DeJaegher, and Jie Chao. 2015. The effects of augmented virtual science laboratories on middle school students’
understanding of gas properties. 85 (2015), 59-73. d0i:10.1016/j.compedu.2015.02.007

Seulgi Choi, Hyewon Lee, Yoonjoo Lee, and Juho Kim. 2024. VIVID: Human-AI Collaborative Authoring of Vicarious Dialogues from Lecture
Videos. In Proceedings of the 2024 CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2024-05-11) (CHI °24). Association
for Computing Machinery, 1-26. doi:10.1145/3613904.3642867

Charlene M. Czerniak, Andrew T. Lumpe, Jodi J. Haney, and Judy Beck. 1999. Teachers’ Beliefs about Using Educational Technology in the Science
Classroom. 1, 2 (1999), 1-18. Publisher: available electronically: http://www ERIC Number: EJ616726.

Sandra Camara Olim, Valentina Nisi, and Teresa Romao. 2024. Augmented reality interactive experiences for multi-level chemistry understanding.
42 (2024), 100681. doi:10.1016/j.ijcci.2024.100681

Michelle R. Davis. 2019. K-12 Districts Wasting Millions by Not Using Purchased Software, New Analysis Finds. https://marketbrief.edweek.org/meeting-
district-needs/k-12- districts- wasting-millions-by-not-using-purchased- software-new- analysis-finds/2019/05 Section: Meeting District Needs.
Ton de Jong, Denis Gillet, Maria Jests Rodriguez-Triana, Tasos Hovardas, Diana Dikke, Rosa Doran, Olga Dziabenko, Jens Koslowsky, Miikka
Korventausta, Effie Law, Margus Pedaste, Evita Tasiopoulou, Gérard Vidal, and Zacharias C. Zacharia. 2021. Understanding teacher design practices
for digital inquiry-based science learning: the case of Go-Lab. 69, 2 (2021), 417-444. do0i:10.1007/s11423-020-09904-z

Manuscript submitted to ACM


https://nces.ed.gov/programs/coe/indicator/cne/science-performance
https://codap.concord.org/
https://www.deepl.com/translator
https://www.nextgenscience.org/
https://www.vernier.com/product/logger-pro-3/
https://nces.ed.gov/fastfacts/display.asp?id=898
https://nces.ed.gov/fastfacts/display.asp?id=898
https://phyphox.org
https://doi.org/10.1145/3491102.3501839
https://doi.org/10.1088/1742-6596/1521/2/022033
https://doi.org/10.1016/j.heliyon.2023.e17349
https://doi.org/10.1016/j.heliyon.2023.e17349
https://doi.org/10.1016/j.compedu.2015.07.003
https://doi.org/10.4324/9780203088609-13
https://www.edweek.org/technology/what-the-massive-shift-to-1-to-1-computing-means-for-schools-in-charts/2022/05
https://www.edweek.org/technology/what-the-massive-shift-to-1-to-1-computing-means-for-schools-in-charts/2022/05
https://doi.org/10.1007/s10956-015-9574-4
https://doi.org/10.1145/3713043.3728855
https://doi.org/10.1145/3613904.3642887
https://doi.org/10.1145/XXXXXXX.XXXXXXX
https://doi.org/10.1016/j.compedu.2015.02.007
https://doi.org/10.1145/3613904.3642867
https://doi.org/10.1016/j.ijcci.2024.100681
https://marketbrief.edweek.org/meeting-district-needs/k-12-districts-wasting-millions-by-not-using-purchased-software-new-analysis-finds/2019/05
https://marketbrief.edweek.org/meeting-district-needs/k-12-districts-wasting-millions-by-not-using-purchased-software-new-analysis-finds/2019/05
https://doi.org/10.1007/s11423-020-09904-z

1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195

1196

Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 23

[24]

[25]
[26]

[27

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35

[36]

[37]

[38
[39]

[40]

(41
[42]

[43]

[44

[45]

Omer Demir. 2024. Another brick in the wall of ed-tech failures? A systematic literature review of the FATIH project in Turkey
from the perspective of in-service teachers. 49, 1 (2024), 20-34. doi:10.1080/17439884.2023.2233424  Publisher: Routledge _eprint:
https://doi.org/10.1080/17439884.2023.2233424.

John Dewey. 2015. Experience and education (first free press edition 2015 ed.). Free Press.

Riddhi A Divanji, Samantha Bindman, Mikka Hoffman, and Lisa Casteneda. 2025. The Impacts of Adaptive Learning Technologies on K-12 Teachers’
Sense of Autonomy, Competence, and Relatedness with Their Students. In Proceedings of the 24th Interaction Design and Children. Association for
Computing Machinery, 255-275. https://doi.org/10.1145/3713043.3727062

Tiffany D. Do, Usama Bin Shafqat, Elsie Ling, and Nikhil Sarda. 2025. PAIGE: Examining Learning Outcomes and Experiences with Personalized
Al-Generated Educational Podcasts. In Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems (New York, NY, USA,
2025-04-25) (CHI °25). Association for Computing Machinery, 1-12. doi:10.1145/3706598.3713460

Kevin S. Doyle, Travis Everett, and Yvonne Doyle. 2023. Learning Loss as Seen Through the Decline in Student Lab Skills Due to COVID-19. (2023).
doi:10.11648/j.edu.20231206.12

Allison Druin. 1999. Cooperative inquiry: developing new technologies for children with children. In Proceedings of the SIGCHI conference on Human
Factors in Computing Systems (New York, NY, USA, 1999-05-01) (CHI '99). Association for Computing Machinery, 592-599. doi:10.1145/302979.303166
Prajwal DSouza, Nikoletta-Zampeta Legaki, Daniel Fernandez Galeote, and Juho Hamari. 2024. Extended Reality for Public Understanding of
Science: A Systematic Literature Review. In Proceedings of the 27th International Academic Mindtrek Conference (New York, NY, USA, 2024-10-08)
(Mindtrek °24). Association for Computing Machinery, 168-175. doi:10.1145/3681716.3681734

Eva Durall, Sophie Perry, Mairéad Hurley, Evangelos Kapros, and Teemu Leinonen. 2021. Co-Designing for Equity in Informal Science Learning: A
Proof-of-Concept Study of Design Principles. 6 (2021). doi:10.3389/feduc.2021.675325 Publisher: Frontiers.

Daniel C. Edelson, Roy D. Pea, and Louis M. Gomez. 1996. Constructivism in the Collaboratory. In Constructivist learning environments : case
studies in instructional design, Brent G. Wilson (Ed.). Educational Technology Publications,Inc., Englewood Cliffs, New Jersey 07632, 151-164.
https://telearn.hal.science/hal-00190597

Danyang Fan, Olivia Tomassetti, Aya Mouallem, Gene S-H Kim, Shloke Nirav Patel, Sachui Hwang, Patricia Leader, Danielle Sugrue, Tristen
Chen, Darren Reese Ou, Victor R Lee, Lakshmi Balasubramanian, Hariharan Subramonyam, Sile O’Modhrain, and Sean Follmer. 2025. Promoting
Comprehension and Engagement in Introductory Data and Statistics for Blind and Low-Vision Students: A Co-Design Study. In Proceedings of the
2025 CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2025-04-25) (CHI "25). Association for Computing Machinery,
1-20. doi:10.1145/3706598.3713333

James W. Giancaspro, Diana Arboleda, Nam J. Kim, Seulki J. Chin, Jennifer C. Britton, and Walter G. Secada. 2024. An active learning
approach to teach distributed forces using augmented reality with guided inquiry. 32, 2 (2024), e22703. doi:10.1002/cae.22703 _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cae.22703.

Anna Hartl, Elena Starke, Angelina Voggenreiter, Doris Holzberger, Tilman Michaeli, and Jiirgen Pfeffer. 2024. Empowering Digital Natives: InstaClone
- A Novel Approach to Data Literacy Education in the Age of Social Media. In Proceedings of the 55th ACM Technical Symposium on Computer Science
Education V. 1 (New York, NY, USA, 2024-03-07) (SIGCSE 2024). Association for Computing Machinery, 484-490. doi:10.1145/3626252.3630839
Maria Blanca Ibafiez, Angela Di Serio, Diego Villaran, and Carlos Delgado Kloos. 2014. Experimenting with electromagnetism using augmented
reality: Impact on flow student experience and educational effectiveness. 71 (2014), 1-13. doi:10.1016/j.compedu.2013.09.004

Shan Jin, Yuyang Wang, Lik-Hang Lee, Xinyi Luo, and Pan Hui. 2023. Development of an immersive simulator for improving student chemistry
learning efficiency. In Proceedings of the 16th International Symposium on Visual Information Communication and Interaction (New York, NY, USA,
2023-10-20) (VINCI °23). Association for Computing Machinery, 1-8. doi:10.1145/3615522.3615535

David H. Jonassen and Barbara Louise Hopkins Grabowski. 1993. Handbook of individual differences, learning and instruction. Erlbaum.

Elizabeth W. Kelley. 2021. LAB Theory, HLAB Pedagogy, and Review of Laboratory Learning in Chemistry during the COVID-19 Pandemic. 98, 8
(2021), 2496-2517. doi:10.1021/acs.jchemed.1c00457

Sieun Kim. 2025. Designing an Educational Tool to Improve Understanding and Planning in Chemistry Laboratory Courses. In Proceedings of the
Extended Abstracts of the CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2025-04-25) (CHI EA ’25). Association for
Computing Machinery, 1-6. doi:10.1145/3706599.3719282

Timothy Koschmann. 1996. CSCL: Theory and Practice of an Emerging Paradigm. Lawrence Erlbaum Associates, Inc. ERIC Number: ED400783.
Johanna Kranz, Armin Baur, and Andrea Méller. 2023. Learners’ challenges in understanding and performing experiments: a systematic review of
the literature. 59, 2 (2023), 321-367. do0i:10.1080/03057267.2022.2138151

Alex Kuhn, Clara Cahill, Chris Quintana, and Elliot Soloway. 2010. Scaffolding science inquiry in museums with Zydeco. In CHI 10 Extended
Abstracts on Human Factors in Computing Systems (New York, NY, USA, 2010-04-10) (CHI EA ’10). Association for Computing Machinery, 3373-3378.
doi:10.1145/1753846.1753987

Kulamakan M Kulasegaram, Zarah Chaudhary, Nicole Woods, Kelly Dore, Alan Neville, and Geoffrey Norman. 2017. Contexts, con-
cepts and cognition: principles for the transfer of basic science knowledge. 51, 2 (2017), 184-195. do0i:10.1111/medu.13145 _eprint:
https://asmepublications.onlinelibrary.wiley.com/doi/pdf/10.1111/medu.13145.

Anna Lieb and Toshali Goel. 2024. Student Interaction with NewtBot: An LLM-as-tutor Chatbot for Secondary Physics Education. In Extended
Abstracts of the CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2024-05-11) (CHI EA °24). Association for Computing
Machinery, 1-8. doi:10.1145/3613905.3647957

Manuscript submitted to ACM


https://doi.org/10.1080/17439884.2023.2233424
https://doi.org/10.1145/3713043.3727062
https://doi.org/10.1145/3706598.3713460
https://doi.org/10.11648/j.edu.20231206.12
https://doi.org/10.1145/302979.303166
https://doi.org/10.1145/3681716.3681734
https://doi.org/10.3389/feduc.2021.675325
https://telearn.hal.science/hal-00190597
https://doi.org/10.1145/3706598.3713333
https://doi.org/10.1002/cae.22703
https://doi.org/10.1145/3626252.3630839
https://doi.org/10.1016/j.compedu.2013.09.004
https://doi.org/10.1145/3615522.3615535
https://doi.org/10.1021/acs.jchemed.1c00457
https://doi.org/10.1145/3706599.3719282
https://doi.org/10.1080/03057267.2022.2138151
https://doi.org/10.1145/1753846.1753987
https://doi.org/10.1111/medu.13145
https://doi.org/10.1145/3613905.3647957

1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247

1248

24

[46]

[47

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56

[57]
[58

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Anon.

Danielle S. McNamara, Tracy Arner, Reese Butterfuss, Debshila Basu Mallick, Andrew S. Lan, Rod D. Roscoe, Henry L. Roediger, and Richard G.
Baraniuk. 2022. Situating Al (and Big Data) in the Learning Sciences: Moving toward Large-Scale Learning Sciences (1 ed.). CRC Press, 289-308.
doi:10.1201/9781003181187-23

Paul Milgram, Haruo Takemura, Akira Utsumi, and Fumio Kishino. 1995. Augmented reality: a class of displays on the reality-virtuality continuum.
In Telemanipulator and Telepresence Technologies (1995-12-21), Vol. 2351. SPIE, 282-292. doi:10.1117/12.197321

Steven Mintz. n.d.. Why Most Ed Tech Fails. https://www.insidehighered.com/blogs/higher-ed-gamma/why-most-ed-tech-fails

Hayoun Moon, Carlos Augusto Bautista Isaza, Matthew Gallagher, Clara McDaniel, Atlas Vernier, Leah Ican, Karina Springer, Madelyn Cohn, Sylvia
Bennett, Priyanka Nair, Alayna Ricard, Nayha Pochiraju, Daniel Enriquez, Sang Won Lee, Jeffrey Todd Ogle, Phyllis Newbill, and Myounghoon Jeon.
2025. "Look at My Planet!": How Handheld Virtual Reality Shapes Informal Learning Experiences. In Proceedings of the Extended Abstracts of the
CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2025-04-25) (CHI EA ’25). Association for Computing Machinery, 1-8.
doi:10.1145/3706599.3720020

Line Have Musaeus, Marianne Graves Petersen, and Clemens Nylandsted Klokmose. 2024. Bringing Teachers and Researchers Together through
Participatory Design and Cooperative Prototyping in Computing Education. In Proceedings of the 55th ACM Technical Symposium on Computer
Science Education V. 1 (New York, NY, USA, 2024-03-07) (SIGCSE 2024). Association for Computing Machinery, 902-908. doi:10.1145/3626252.3630796
Wan Ng and Richard Gunstone. 2003. Science and computer-based technologies: attitudes of secondary science teachers. 21, 2 (2003), 243-264.
doi:10.1080/0263514032000127266 Publisher: Routledge _eprint: https://doi.org/10.1080/0263514032000127266.

Thuan Thi Nguyen and Thuy Thi Nguyen. 2024. CHALLENGES FACED BY STUDENTS WHEN USING PHET SIMULATIONS IN SCIENCE
EDUCATION: A CASE STUDY IN HAI PHONG CITY. 07, 8 (2024), 32-47. doi:10.5281/zenodo.13729257

Rebecca Nicholson, Tom Bartindale, Ahmed Kharrufa, David Kirk, and Caroline Walker-Gleaves. 2022. Participatory Design Goes to School:
Co-Teaching as a Form of Co-Design for Educational Technology. In CHI Conference on Human Factors in Computing Systems (New Orleans LA USA,
2022-04-27). ACM, 1-17. doi:10.1145/3491102.3517667

Jocelyn Parong and Richard E. Mayer. 2018. Learning science in immersive virtual reality. 110, 6 (2018), 785-797. doi:10.1037/edu0000241 Place: US
Publisher: American Psychological Association.

Tulian Radu and Bertrand Schneider. 2019. What Can We Learn from Augmented Reality (AR)?: Benefits and Drawbacks of AR for Inquiry-based
Learning of Physics. In Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems (Glasgow Scotland Uk, 2019-05-02). ACM,
1-12. doi:10.1145/3290605.3300774

Prerna Ravi, John Masla, Gisella Kakoti, Grace C. Lin, Emma Anderson, Matt Taylor, Anastasia K. Ostrowski, Cynthia Breazeal, Eric Klopfer, and Hal
Abelson. 2025. Co-designing Large Language Model Tools for Project-Based Learning with K12 Educators. In Proceedings of the 2025 CHI Conference
on Human Factors in Computing Systems (Yokohama Japan, 2025-04-26). ACM, 1-25. doi:10.1145/3706598.3713971

Justin Reich. 2020. Failure to Disrupt: Why Technology Alone Can’t Transform Education. Harvard University Press. doi:10.2307/j.ctv322v4cp
Sergio Sandoval Pérez, Juan Miguel Gonzalez Lopez, Miguel Angel Villa Barba, Ramon O. Jimenez Betancourt, Jesus Ezequiel Molinar Solis, Juan Luis
Rosas Ornelas, Gustavo Israel Riberth Garcia, and Fernando Rodriguez Haro. 2022. On the Use of Augmented Reality to Reinforce the Learning of
Power Electronics for Beginners. 11, 3 (2022), 302. doi:10.3390/electronics11030302 Publisher: Multidisciplinary Digital Publishing Institute.
Marlene Scardamalia and Carl Bereiter. 1994. Computer Support for Knowledge-Building Communities. 3, 3 (1994), 265-283. d0i:10.1207/
$15327809j1s0303_3 Publisher: Routledge _eprint: https://doi.org/10.1207/s15327809jls0303_3.

Marlene Scardamalia and Carl Bereiter. 2014. Knowledge Building and Knowledge Creation: Theory, Pedagogy, and Technology. In The Cambridge
Handbook of the Learning Sciences (2 ed.), R. Keith Sawyer (Ed.). Cambridge University Press, 397-417. doi:10.1017/CB09781139519526.025
Dominik Schulz, Dani Alkountar, Mohamed Dawod, and David Unbehaun. 2025. Designing for Engagement and immersive Learning through
Augmented Reality: A Participatory Design Case Study of Virtual Chemist App in an Educational Context. In Companion Proceedings of the 2025
ACM International Conference on Supporting Group Work (New York, NY, USA, 2025-01-12) (GROUP ’25). Association for Computing Machinery,
22-28. doi:10.1145/3688828.3699635

Zekai Shao, Siyu Yuan, Lin Gao, Yixuan He, Deqing Yang, and Siming Chen. 2025. Unlocking Scientific Concepts: How Effective Are LLM-Generated
Analogies for Student Understanding and Classroom Practice?. In Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems
(Yokohama Japan, 2025-04-26). ACM, 1-19. doi:10.1145/3706598.3714313

Anastasia Smirnova, Kyu beom Chun, Wil Louis Rothman, and Siyona Sarma. 2025. Text Simplification for Children: Evaluating LLMs vis-a-vis
Human Experts. In Proceedings of the Extended Abstracts of the CHI Conference on Human Factors in Computing Systems (New York, NY, USA,
2025-04-25) (CHI EA ’25). Association for Computing Machinery, 1-10. doi:10.1145/3706599.3719889

Gerry Stahl. 2006. Group Cognition: Computer Support for Building Collaborative Knowledge. The MIT Press. doi:10.7551/mitpress/3372.001.0001
Gerry Stahl, T. Koschmann, and Dan Suthers. 2006. Computer-supported collaborative learning: An historical perspective. https://www.
semanticscholar.org/paper/Computer-supported- collaborative-learning%3A- An- Stahl- Koschmann/b86438be3f32949674aca2605d06b459a12f404a
Wernhuar Tarng, Yu-Jun Lin, and Kuo-Liang Ou. 2021. A Virtual Experiment for Learning the Principle of Daniell Cell Based on Augmented Reality.
11, 2 (2021), 762. doi:10.3390/app11020762

Wernhuar Tarng, Yu-Cheng Tseng, and Kuo-Liang Ou. 2022. Application of Augmented Reality for Learning Material Structures and Chemical
Equilibrium in High School Chemistry. 10, 5 (2022), 141. doi:10.3390/systems10050141

Michael Thees, Sebastian Kapp, Martin P. Strzys, Fabian Beil, Paul Lukowicz, and Jochen Kuhn. 2020. Effects of augmented reality on learning and
cognitive load in university physics laboratory courses. 108 (2020), 106316. doi:10.1016/j.chb.2020.106316

Manuscript submitted to ACM


https://doi.org/10.1201/9781003181187-23
https://doi.org/10.1117/12.197321
https://www.insidehighered.com/blogs/higher-ed-gamma/why-most-ed-tech-fails
https://doi.org/10.1145/3706599.3720020
https://doi.org/10.1145/3626252.3630796
https://doi.org/10.1080/0263514032000127266
https://doi.org/10.5281/zenodo.13729257
https://doi.org/10.1145/3491102.3517667
https://doi.org/10.1037/edu0000241
https://doi.org/10.1145/3290605.3300774
https://doi.org/10.1145/3706598.3713971
https://doi.org/10.2307/j.ctv322v4cp
https://doi.org/10.3390/electronics11030302
https://doi.org/10.1207/s15327809jls0303_3
https://doi.org/10.1207/s15327809jls0303_3
https://doi.org/10.1017/CBO9781139519526.025
https://doi.org/10.1145/3688828.3699635
https://doi.org/10.1145/3706598.3714313
https://doi.org/10.1145/3706599.3719889
https://doi.org/10.7551/mitpress/3372.001.0001
https://www.semanticscholar.org/paper/Computer-supported-collaborative-learning%3A-An-Stahl-Koschmann/b86438be3f32949674aca2605d06b459a12f404a
https://www.semanticscholar.org/paper/Computer-supported-collaborative-learning%3A-An-Stahl-Koschmann/b86438be3f32949674aca2605d06b459a12f404a
https://doi.org/10.3390/app11020762
https://doi.org/10.3390/systems10050141
https://doi.org/10.1016/j.chb.2020.106316

1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299

1300

Centering Teachers’ Voices: Design Guidelines for High School Laboratory Technologies 25

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

)
&

Al

Ana Villanueva, Zhengzhe Zhu, Ziyi Liu, Feiyang Wang, Subramanian Chidambaram, and Karthik Ramani. 2022. ColabAR: A Toolkit for Remote
Collaboration in Tangible Augmented Reality Laboratories. 6 (2022), 81:1-81:22. Issue CSCW1. doi:10.1145/3512928

Weiwei Wang and Alex Wing Cheung Tse. 2025. Impact of Online Interactive Simulations Integration into Classroom Teaching on Grade 8 Students’
Engagement in IGCSE Physics Learning. In Proceedings of the 2024 16th International Conference on Education Technology and Computers (New York,
NY, USA, 2025-01-21) (ICETC °24). Association for Computing Machinery, 90-96. doi:10.1145/3702163.3702176

Xinyu Jessica Wang, Christine P. Lee, and Bilge Mutlu. 2025. LearnMate: Enhancing Online Education with LLM-Powered Personalized Learning
Plans and Support. In Proceedings of the Extended Abstracts of the CHI Conference on Human Factors in Computing Systems (New York, NY, USA,
2025-04-25) (CHI EA ’25). Association for Computing Machinery, 1-10. doi:10.1145/3706599.3719857

Elliott Wolbach, Michael Hempel, and Hamid Sharif. 2024. Leveraging Virtual Reality for the Visualization of Non-Observable Electrical Circuit
Principles in Engineering Education. 3, 3 (2024), 303-318. doi:10.3390/virtualworlds3030016

Mikotaj P. Wozniak, Adam Lewczuk, Krzysztof Adamkiewicz, Jakub Jéziewicz, Maya Malaya, and Piotr Ladonski. 2020. ARchemist: Aiding
Experimental Chemistry Education Using Augmented Reality Technology. In Extended Abstracts of the 2020 CHI Conference on Human Factors in
Computing Systems (Honolulu HI USA, 2020-04-25). ACM, 1-6. doi:10.1145/3334480.3381441

Matthew Wragg, Raj Sengupta, Dario Cazzola, and Jason Alexander. 2025. Investigating the Benefits of Physical Models for Anatomical Education
in Augmented Reality. In Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems (New York, NY, USA, 2025-04-25) (CHI '25).
Association for Computing Machinery, 1-19. doi:10.1145/3706598.3713733

Matin Yarmand, Borui Wang, Chen Chen, Michael Sherer, Larry Hernandez, James Murphy, and Nadir Weibel. 2023. Design and Development of a
Training and Immediate Feedback Tool to Support Healthcare Apprenticeship. In Extended Abstracts of the 2023 CHI Conference on Human Factors in
Computing Systems (New York, NY, USA, 2023-04-19) (CHI EA °23). Association for Computing Machinery, 1-7. doi:10.1145/3544549.3585894
Jason C. Yip, Kiley Sobel, Caroline Pitt, Kung Jin Lee, Sijin Chen, Kari Nasu, and Laura R. Pina. 2017. Examining Adult-Child Interactions in
Intergenerational Participatory Design. In Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems (New York, NY, USA,
2017-05-02) (CHI ’17). Association for Computing Machinery, 5742-5754. doi:10.1145/3025453.3025787

Gareth W. Young, Neill O’'Dwyer, Nicholas Johnson, and Aljosa Smolic. 2025. Extended reality in higher education: A case study in film, theatre,
and performance practice. (2025), 14740222251341403. doi:10.1177/14740222251341403 Publisher: SAGE Publications.

Xiaoyu Zhang, Fei Xue, Alexander Albers, and Torbjérn Netland. 2025. "It’s impressive, but in practice..": Experiencing a Realistic Digital
Transformation in and beyond the Classroom. In Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems (New York, NY,
USA, 2025-04-25) (CHI °25). Association for Computing Machinery, 1-14. doi:10.1145/3706598.3714169

Semi-Structured Interview Guide
Background and Lab Creation Process

(1) How would you describe running [discipline] experiments to a new teacher starting at [school]?
(2) Think back to when you first started teaching: How did you go about creating labs? What is your process now?
(3) Are there any particular sources that you use? Why do you go to these sources?
e What do you like about them?
e What do you dislike about them?
(4) Some teachers I have talked to mentioned most labs they find are insufficient for their classes and need to be
heavily adapted. What is the process like for you?
o Is there anything you wish was available?
(5) This process seems hard—does it take up a lot of your time outside of school hours?

o Probe: Ballpark how much if not stated (1 hour, 10 hours, etc.)

A.2 Student Challenges and Learning Difficulties

(1) Are there particular lab procedures that are routinely difficult for students to learn?
e Can you walk me through the last time you were trying to teach [specific procedure] and they had trouble?
(2) Are there particular concepts you are trying to teach during a lab that are routinely difficult for students to
learn?

e Can you walk me through the last time you were trying to teach [specific concept] and they had trouble?
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A.3 Resources and Budget

(1) Some teachers report a lack of resources for their science classes. What is this like for you?
e Do you have an example of when the lack of resources affected a lab?

(2) Approximately, what is the process for purchasing equipment each year?
o Is there a set budget? Approximately how much ($100, $10,000)?

(3) What would your lab experiments be like if you had all the resources you needed?

A.4 Successful and Unsuccessful Lab Implementations

(1) Describe a successful lab you have implemented in the past. What made it successful?
e Why did you do this lab?
e Can you describe the implementation process from idea to execution?
e What was easy about it (if not mentioned)?
o Did you encounter any hiccups or difficulties?
e What made that part difficult?
(2) Are there any labs you have implemented that did not go well? What happened?
e Can you describe the implementation process from idea to execution?
e Where did it go wrong? (if not mentioned)
e Why do you think that happened?

A5 Learning Outcomes and Goals

(1) What outcomes do you try to achieve when running a lab?

e What do you want students to learn?
- Content?
— Demonstration of content?
— Skills?

e Do you have an example of a lab that achieves all of these outcomes?
— Tell me more about it.

e Could this be achieved with a virtual lab?
— Why or why not?

A.6 Virtual Labs

(1) Are you familiar with virtual labs? What do you like/dislike about them?
e Have you used one before? Tell me about it.
— How do they compare to physical labs?
What did you like/what are the benefits?
What did you dislike?

- Did you feel something was missing from the experience?

e How did it go? Can you describe the implementation process from idea to execution.

— Did you encounter any hiccups or difficulties?
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B Online Survey to Teachers

(1) When implementing a new lab for your classroom, how often did you adapt/omit labs this year to suit your
lesson purposes? (Ex: adding scaffolding for students, changing aspects to suit particular student needs, adapting
to particular content/curriculum demands, etc.)

e Never

e Rarely

e Sometimes
e Often

o Always

(2) When implementing a new lab for your classroom, how often do you adapt/omit labs this year due to physical

constraints? (Ex: lack of/inadequate resources, equipment, facilities, etc.)
e Never
e Rarely
e Sometimes
e Often
o Always
(3) Outcome: When deciding to implement a lab in your classroom, what are the top learning outcomes that you
are trying to achieve? Choose up to 3.
o Foster engagement/excitement for students
e Teach students lab skills (using equipment, recording data, lab safety, etc.)
o Increase collaboration/teamwork
e Understanding ambiguity/variations in empirical data (precision, measurement error etc.)
e Use technology
o Creating experimental procedures
e Connecting content in class to the real world
e Deepen content understanding
o None of the above
(4) Challenge: What are the top challenges your students have while conducting labs in your classroom? Choose
up to 3.
e Following a lab protocol
e Designing their own protocol
e Ambiguity/inevitability of experimental error
e Thinking critically about each step in the experiment process (understanding the why behind actions)
e Distractions (on cell phone, not paying attention, etc)
o Equipment/materials cause failures with the lab
e Long wait times to get help
e Lack of necessary lab skills
e Comparing data
o None of the above

(5) Adaption: When preparing labs for your classroom, what are some of your top challenges? Choose up to 3.
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e Long set-up times
o Adapting labs to suit NGSS standards
o Adapting labs for English Language Learners
o Adapting labs for the materials/equipment available
o Adapting labs to increase engagement
o Adapting labs to to focus on a different concept
o None of the above
(6) Virtual Lab Advantages: What do you like most about virtual labs? Choose up to 3.
o Nothing. I do not like them
e Create “what if” scenarios / add a variety of variables
o Cheaper/less materials than in person labs
e Safer than in person labs
e Explore the operation of science equipment/how stuff works
e Show abstract concepts
o None of the above
e Ido not use virtual labs
(7) Virtual Lab Disadvantages: What do you dislike most about virtual labs? Choose up to 3.
o Nothing. They are great
e Does not teach lab skills
e Limited customizability
o Not realistic
e Incompatible with school devices
e Reduces teamwork/collaboration
e Not engaging
e Does not show ambiguity of empirical data (data is too perfect)
o None of the above

e Ido not use virtual labs

Received 20 February 2007; revised 12 March 2009; accepted 5 June 2009

Manuscript submitted to ACM

Anon.



	Abstract
	1 Introduction
	2 Related Work
	2.1 Participatory Design with Teachers
	2.2 Teacher Perspectives on Technology and Classroom Adoption
	2.3 Technology for Supporting Science Education

	3 Survey Development
	3.1 Participants
	3.2 Procedure
	3.3 Survey Design

	4 Methods
	4.1 Survey
	4.2 Interview
	4.3 Data Analysis

	5 Findings
	5.1 Teacher’s goals for labs are to support Next Generation Science Standards
	5.2 Students Math and English literary skills limit their abilities to engage in laboratories successfully
	5.3 Teachers desire to connect what students learn in the classroom to real world contexts
	5.4 Adaptation, Collaboration, and Engagement

	6 Discussion
	6.1 Technology should support more higher skill learning
	6.2 Technology should support, not replace the physical aspect of labs
	6.3 Technology should adapt to student knowledge foundations
	6.4 Technology should center teacher agency in customization

	7 Limitations/Future Work
	8 Conclusion
	9 Acknowledgments
	References
	A Semi-Structured Interview Guide
	A.1 Background and Lab Creation Process
	A.2 Student Challenges and Learning Difficulties
	A.3 Resources and Budget
	A.4 Successful and Unsuccessful Lab Implementations
	A.5 Learning Outcomes and Goals
	A.6 Virtual Labs

	B Online Survey to Teachers

