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ABSTRACT Interest in virtual laboratory simulations as a pedagogical tool continues
to grow, given the advantages of flexibility, scalability, technology integration, and
interactive visualizations. We developed a laboratory model that integrates virtual
lab simulations (VLS) and traditional in-person (IP) lab experiences for targeted skill
development. In this study, we aimed to compare the effectiveness of VLS versus IP labs
in the promotion of procedural, conceptual, and critical thinking levels of understanding.
A second research objective was to explore students’ perceptions in using VLS com-
pared to IP labs in an undergraduate microbiology course. Study participants comprised
students (n = 49) enrolled in a foundational microbiology course at a private university
in the Fall semesters of 2022 and 2023. Identical quizzes were administered to assess
learning performance of students who received the VLS first and those who completed
the IP lab first. Focus group discussions were conducted, and participant responses
were audio recorded for accuracy purposes, transcribed, and analyzed thematically using
open and axial coding. The results indicated differences in performance scores between
the VLS and IP groups were not statistically significant, suggesting both lab modalities
are effective in enhancing learning. Overall, students expressed positive perceptions of
VLS, noting detailed explanations, repetition, time management, and visual learning as
primary benefits. Furthermore, students indicated an interest in using VLS in a hybrid
structure as either a pre-laboratory exercise or a supplemental lab. These findings
support the utility of a hybrid laboratory model in a foundational microbiology course
for training pre-clinical students.

KEYWORDS hybrid laboratory model, virtual lab simulator, VLS, in-person labs, IP,
microbiology, student perceptions and learning

L aboratory training constitutes an essential component of science curricula in higher
education because it allows students to apply conceptual and theoretical knowledge
through hands-on experiences (1, 2). Experiential learning provides opportunities for
students to develop key skills in analysis, problem-solving, and critical thinking (3).
The public health restrictions imposed by the COVID-19 pandemic challenged the
traditional model of face-to-face, onsite laboratory instruction, forcing educators to
implement other course-delivery mechanisms that permitted the achievement of similar
student learning outcomes (4-7). As a result, digitally-based pedagogical modalities,
such as virtual laboratory simulations (VLS) and immersive technologies like virtual
reality (VR) and augmented reality, have become increasingly utilized in the teaching
of basic sciences (7-11) and for clinical skills training in healthcare programs (12-16).
Some noted advantages of interactive computer-based simulations and VR technology
include allowing students to explore otherwise unobservable phenomena, the testing of
hypotheses through multiple dry lab experiments in a short time and providing adaptive
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guidance (1). Furthermore, virtual laboratories afford flexibility, allowing both instructors
and students to balance the frequency and duration of each simulation to optimize
learning experiences and accommodate individual differences in learning strategies (17,
18).

VLS are becoming more prevalent in educational contexts, necessitating further
research to evaluate their effectiveness compared to traditional physical labs in
enhancing student learning, engagement, and performance. Several studies have shown
VLS increased student knowledge, self-efficacy, and intrinsic motivation, particularly
when used in combination with traditional physical labs (17, 19-22). Students with lower
pre-test knowledge demonstrated the greatest gains in learning and self-efficacy in a
simulation-based virtual learning environment (19). Others have found computer-based
simulations do not adversely affect student learning (23), and students who participated
in a “blended lab” attained similar learning outcomes as students taking the equivalent
lab in-person (IP) only (6). Students who completed virtual laboratory cases had more
confidence in operating laboratory equipment but were not more motivated to engage
in virtual labs compared to traditional IP labs (24). Furthermore, VLS, when used to
supplement hands-on laboratories, aid students in connecting conceptual knowledge
with practice (21) and may help medical students transfer theory to the clinical setting
(19). Virtual modalities are generally a well-accepted pedagogical approach in the
context of undergraduate medical education, surgical procedural training, emergency
and pediatric emergency medicine, and basic medical sciences (25).

Reimagining laboratory-based science education by integrating different learning
modalities is vital to meeting the curricular needs of diverse learners preparing for
careers in healthcare. To enhance biomedical training for pre-clinical students, authors
D.K.T. and T.M. developed a hybrid foundational microbiology laboratory model that
integrates a three-dimensional (3D) VLS, Labster, and IP labs for targeted technical skill
development. The incorporation of Labster in educational contexts has been described
previously (4, 7, 17, 19-21, 24). Labster is a digital platform that creates a 3D interac-
tive learning environment allowing students to interact with simulated lab equipment
and perform lengthy experiments in a realistic case context while fostering theoretical
understanding. Labster can be used on any platform including tablets, computers,
and VR headsets. By strategically integrating both VLS and IP approaches, the hybrid
laboratory design has the potential of capitalizing on the strengths of each modality to
optimize student learning outcomes. De Jong et al. (1) concluded that a combination
of virtual and physical experiments provides students with a more nuanced and robust
understanding of scientific phenomena and inquiry. However, studies remain limited
(6, 26-28), and the efficacy and student perceptions of a hybrid laboratory experience
require further investigation.

Through the current study, we explored the following research questions (RQ):

RQ1. Are there differences in efficacy in the use of VLS versus IP labs in the promotion
of procedural, conceptual, and critical thinking levels of understanding in microbiology?

RQ2. What are students’ perceptions and preferences in using VLS compared to IP labs
in an undergraduate microbiology course?

Quiz-based assessment data and qualitative response data from student focus groups
were collected to examine student learning and student perceptions of a hybrid
laboratory model integrating VLS and IP labs. We hypothesized that the inclusion of VLS
is as effective in promoting student learning as traditional IP labs. The primary expected
outcome of this study is the generation of data that will inform evidence-based teaching
practices and curricular adjustments that will benefit students.

METHODS
Participant eligibility and recruitment

The course described in this study is a 4.0-credit-hour lecture/laboratory, 200 level
clinical microbiology course offered at Campbell University (Buies Creek, North Carolina)
in the College of Pharmacy & Health Sciences. The course is required for undergraduate
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students majoring in Pharmaceutical Sciences or Clinical Research and fulfills the
general microbiology requirement for admission into the Doctor of Pharmacy program.
Prerequisites for the course include general biology and general chemistry. This seated
course was team-taught by authors T.M. and D.K.T. Participants eligible for inclusion
in this exploratory study were undergraduate students enrolled in the Fall semesters
of 2022 and 2023. Informed consent, including explanation of the research aims and
methodology, was provided at the start of the course by author V.A.M., who was not an
instructor for the course. Consent for and facilitation of onsite focus group discussions
was also carried out by author V.A.M. Participation was voluntary, and those who chose
to participate were required to complete the IRB-approved consent forms and FERPA
Authorization. The Campbell University IRB approved this project (IRB Protocol #758).

Study schema

The course directors created a hybrid model consisting of computer-based labora-
tory simulations and targeted IP laboratory activities. The VLS platform used was
Labster (https://www.labster.com), a computer-based laboratory simulation platform
with interactive 3D animations. Labster simulations were seamlessly integrated with
the course learning management system, Blackboard, and the study ran concurrently
with the course. Two Labster simulations were used in this study, both of which align
with ASM core competencies for undergraduate microbiology (4, 7): Polymerase Chain
Reaction (PCR) and The Gram Stain: Identify & Differentiate Bacteria. All students were
asked to complete the Lab Safety and Gel Electrophoresis Labster modules prior to the
PCR lab to facilitate familiarity with the VLS platform. VLS and IP labs were completed
throughout the course. Only the two specified labs were analyzed for this study. VR
headsets were not used for simulations. Figure 1 presents the study schema. For the
two pre-determined labs an IP lab and a VLS were given to all students. The information
covered in both labs was the same. The two lab sections were randomly assigned to
either Section A or Section B. For the first lab (PCR), Section A completed the VLS
version first, and the same lab in person after completion of the assessment. Section
B completed the IP version first and then given access to the VLS after completion of
the assessment. This process was reversed for the second lab (Gram Stain). The same
quiz assessment was given to both sections after the first time the lab was completed,
whether virtually or in person. Students were given a single chance to complete the IP
lab and two chances to complete the VLS to represent VLS capability to be repeated.
Students were invited to participate in a focus group following the completion of both
lab modalities.

Data collection and analysis

Quizzes were used to quantitatively assess the learning effectiveness of the VLS
compared with traditional IP labs in promoting procedural, conceptual, and critical
thinking levels of understanding. Multiple-choice questions were used to assess relevant
procedural and conceptual knowledge, and short-answer questions tested students’
ability to think critically from both procedural and conceptual perspectives. The quiz for
each laboratory consisted of two procedural questions, two conceptual questions, and
one critical thinking question. The definition of the types of questions and the questions
developed by the course directors are provided in Table S1. Quizzes were administered
on paper, timed, and proctored in class. Students were not permitted access to notes or
the internet during the quiz. Assessments were blinded and scored, with each question
being evaluated as either “correct” or “incorrect.” Scores were compiled and compared
for each lab as a percentage of students getting at least one of two questions correct
and as a percentage of students getting both questions correct in each category. A
confidence interval (Cl) of 95% was used to statistically compare the results between VLS
and IP lab modalities. SAS Software System version 9.4 (SAS Institute Inc., Cary, North
Carolina) was used for statistical analysis.
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FIG1 Study schema.

To explore students’ thoughts and preferences in using VLS compared to IP, focus
group discussions were conducted at the conclusion of each pair of lab modalities. Each
student could participate in two focus groups. A semi-structured guide consisting of
open-ended questions (see Table S2) was used to gather information about students’
opinions on the critical thinking skills developed in each lab setting, their ability to learn
the materials provided in the lab, the ease and convenience of the lab, and the pros
and cons of the VLS and IP environments. Focus group discussions were held during
the scheduled class period to ensure equitable access. A $10 gift card was given for
focus group participation. Consent was solicited at the beginning of each focus group
session and included the consent to be recorded. All focus group sessions were audio-
recorded. The content of the recorded responses was then transcribed and coded using
the software ATLAS.ti (version 9). Open and axial coding of the transcripts was performed
to identify key themes. Codes were grouped into themes based on the similarity of
the content provided by participants and relevance to the research questions. Thematic
saturation was determined when no new prevalent themes or codes emerged within
the discussions and data began to be repeated, rendering any further data collection
redundant.

RESULTS

A total of 49 students participated in this study. Students were not asked to provide
demographic information; however, the overall student body composition of Campbell
University is 52% female, 58% Caucasian, 16% Black or African American, 13% Hispanic,
2% Asian, and 11% other or unknown.
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Quantitative comparison of student learning: VLS versus IP labs

We analyzed the performance of two cohorts, where traditional laboratory experiences
were integrated with VLS. To investigate Research Question 1, a 95% Cl was used to
statistically compare the results between VLS and IP lab modalities. Statistical signifi-
cance of the differences in sample percentages was inferred if the Cl did not contain
zero. Tables 1 and 2 summarize the results of this study comparing the assessment
performance of students completing either the VLS or IP lab for PCR and Gram Stain,
respectively. Each assessment question type was evaluated based on the number of
correct answers per student, the percentage of students achieving at least one correct
answer, the percentage correctly answering both questions, and the difference in
performance between lab modalities. In certain cases, the VLS section performed better,
demonstrating a 3.7% higher rate of getting one question correct and a 15.4% higher
rate of getting both questions correct when compared to the IP section for the PCR
conceptual questions (Table 1). In contrast, the IP lab section had a 7.2% higher rate
of getting both questions correct than the VLS group for the PCR procedural questions
(Table 1). The results indicate mixed performance for students between VLS and IP lab
modalities across different learning levels. VLS students generally performed better or
similarly for questions assessing procedural and conceptual knowledge. Critical thinking
assessments show varied results, with VLS students sometimes performing better and
sometimes worse compared to IP lab students. In all instances, differences in assessment
performance can be inferred to be not statistically significant based on 95% Cl values,
suggesting both lab modalities were equally effective in promoting higher-level learning
(Tables 1 and 2).

Student experiences and perceptions of VLS and IP labs

Eight individual focus groups were held. Major themes queried included positive
experiences, negative experiences, and future use of a VLS modality. Positive and
negative experiences were analyzed based on IP or VLS delivery. Focus group discussions
elicited a number of themes within the positive and negative experiences, including
(i) students’ perceptions of their knowledge gained from the lab (knowledge); (ii)critical
thinking skills gained from the lab (critical thinking); (iii) ability (error) or inability (no error)
to make or learn from an error; (iv) detailed explanations given or absent during the
lab (explanation); (v) support of kinesthetic learning (kinesthetic learning); (vi) the ability
to repeat all or part of a lab (repetition); (vii) the ability to control when, where, and
the time it takes to complete the lab (time management); (viii) unforeseen equipment,
software, or manipulation issues (technical issues); and (ix) the support of visual learning
(visual learning). Table 3 provides representative quotes for the predominant themes that
emerged in the focus group discussions.

Theme 1: positive experiences

Using open and axial coding, analysis of the qualitative response data revealed 115
instances where students associated the VLS with a positive experience (Fig. 2). Positive
experiences focused on the detailed explanations provided by the VLS, the opportu-
nity for repetition, time management, and enhancement of visual learning (Fig. 3).
Students associated their positive VLS experience with their ability to control where,
when, and the time needed to complete the VLS with 38 instances where student
statements referred to time management positively. Repetition, often associated with
time management, was also expressed 17 times by students in statements like:

“.. we like it because you can do it from home at your time and [it] repeats, and
we like it because we don't have to be in a lab.”

Participants also appreciated the capacity of the VLS to visualize experimental
processes that occur at microscopic and molecular levels, which helped provide more
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TABLE 1 Assessment of differences in quiz performance for undergraduate students completing the VLS PCR versus the IP PCR lab across different learning
categories

Assessment question type No. of correct answers/student N (%) of VLS students N (%) of IP students IP-VLS 95% CI° for IP%-VLS%

(n=20) (n=23) (%)
Procedural At least one answer correct 19 (95.0) 18 (78.3) (-16.7) [-35.5,5.6]
Both answers correct 9(45.0) 12(52.2) (7.2) [-22.0,35.1]
Conceptual At least one answer correct 19 (95.0) 21(91.3) (-3.7) [-20.4, 14.6]
Both answers correct 17 (85.0) 16 (69.2) (-=15.4) [-38.2,10.6]
Critical thinking (procedural) At least one answer correct 14 (70.0) 17 (73.9) (3.9) [-22.4,30.1]
Both answers correct 13 (65.0) 14 (60.9) (—4.1) [-31.4,24.2]
Critical thinking (conceptual) At least one answer correct 2(10.0) 2(8.7) (-1.3) [-20.8,17.5]
Both answers correct 1(5.0) 1(4.34) (=0.7) [-17.1,15.0]

aCl, confidence interval.

detailed explanations. Of the positive statements collected, 19 were for visual learning
and 17 were for detailed explanations (Fig. 3; Table 3).

By contrast, approximately 68% of student statements regarding positive IP labs
centered around their association of kinesthetic learning and detailed explanations
provided by faculty, particularly when experimental errors occurred (Fig. 4). Students
expressed the benefits of tactile learning by going through the process of pipetting
samples in an agarose gel (Table 3). They also appreciated the support provided by the
course directors during the lab.

“He asked a list of questions, what do we need for this and the other? What do
we need for the DNA to synthesize?”

Theme 2: negative experiences

Students’ negative experiences were linked to the inability to make errors when
progressing through the VLS and the lack of explanation provided by the VLS as to
potential outcomes should an error be made or why the experiment could not be
done as attempted (Fig. 3). Participants also noted the lack of support for kinesthetic
learning as a negative aspect of VLS labs. Negative IP experiences focused on technical or
experimental errors that caused unobservable results or delays in completing the lab.

Theme 3: future use of VLS in an undergraduate microbiology course

Future use of the VLS was analyzed in terms of five categories: a hybrid approach using
a combination of VLS and IP (hybrid), make-up labs (make-up lab), review for a lab or
lecture exam (review), pre-lab before an IP lab (pre-lab), or adjunct for a lecture, lab, or
both (supplement). When asked how they would like to see a VLS component implemen-
ted in the course, students expressed an overwhelming preference for a hybrid-style
approach (Fig. 5):

TABLE 2 Assessment of differences in quiz performance for undergraduate students completing the VLS Gram Stain versus the IP Gram Stain lab across different
learning categories

Assessment question  No. of correct answers/student N (%) of VLS students N (%) of IP students  IP-VLS (%) 95% CI° for IP%-VLS%

type (n=23) (n=20)

Procedural At least one answer correct 21(91.3) 19 (95.0) (3.7) [-14.6,20.4]
Both answers correct 17 (73.9) 9 (45.0) (-28.9) [-53.8,0.7]

Conceptual At least one answer correct 23(100.0) 20 (100.0) (0.0) [-69.3, 69.3]
Both answers correct 22(95.7) 19 (95.0) (-0.7) [-17.1,15.0]

Critical thinking Question answered correctly 14 (60.9) 6(30.0) (-30.9) [-55.5,-0.8]

(procedural)
Critical thinking Question answered correctly 7 (30.4) 5(25.0) (-5.4) [-30.8,21.4]

(conceptual)

“Cl, confidence interval.
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TABLE 3 Focus group reflection themes
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Category Theme

Representative quotes

Positive IP lab experience Overall view

Kinesthetic learning

Detailed explanations provided by faculty

Negative IP lab experience Errors leading to non-viewable results
Positive VLS experience Time management
Repetition

Visual learning

Detailed conceptual explanations

Personal view

Negative VLS experience Inability to make errors with little explanation

“I think part of what makes in-person so much more interesting
is you created yourself in-person instead of doing it virtually
where it’s you but not really you. | think you feel more proud of
your results or no results or whatever, when you do in-person
because you did it. You went and took your time and effort to
doit”

... "l'enjoyed using all the equipment ... and being able to see
how everything worked.”

“For me, it helps me remember because | actually did this rather
than somebody else doing it and talking about it."

“When you actually do it, you have to sit there and pipetting
everything and you have to put it in the gel and everything.

It helps you remember the process and what'’s supposed to
happen and why this happens and then if you don't get results,
it kind of helps you go back, ‘This is why it didn't work.”

“| feel like we talked about that. She asked that question in lab
yesterday, and that’s why | remembered the answer”’

“He helped guide us as far as questions and then the procedure
and stuff like that”

“I didn't go into the lab assuming | wouldn't see anything but
like everybody would have something, so to see that only one
group did was kind of like, "Wow!"

“We had to look at something under a microscope ... and I'm
done in 20 minutes, and | already know what'’s going on. And
I'm not sitting there twiddling my thumbs and wasting my time
at 8:00, 8:30 at night.”

“I think it just saves a lot of time, but it also, whenever you're
doing the different steps, it gives a description of what each
thing is sometimes.”

“l also like how [Labster] shows you video, then it shows me the
video again while asking you the questions.”

“It was repetitive. Drilled it into your head.”

“It actually had the cell wall layers, and you could see the model,
and you had to stack it correctly. So, | actually [was] able to see
it because it's not like we could see that on a molecular level, |
guess, or a detailed level like that, in person.”

“And with the DNA replication videos and how it shows you on
a microscopic level the things that you can't see in lab. | think
that was really helpful in terms of being able to comprehend
the content of the lab.”

“I think the information given to us in the Labster was really
good and it helped me, and | think | understand everything
more.”

“I was one of those kids where | didn't get any labs from high
school, so even virtual labs still feel really new to me and like
I'm experiencing a lot of things for the first time, and especially
the first Labster was kind of interesting.”

“It's not necessarily that practical in real life because you
probably are going to forget to add that one thing at least
once and then knowing what the possible outcomes would be
if you were to do it wrong or not all of them obviously, but at
least a couple common mistakes that people make.”
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FIG 2 Relationship of positive and negative experiences between IP and VLS labs. Students in the Fall 2022 and Fall 2023 focus groups had generally positive

impressions of the hybrid-style microbiology lab experience compared to negative impressions. Numbers represent the times student statements fell within a

code category. Sankey diagram was generated using ATLAS.ti qualitative data analysis tool.

“Well, personally | would like the mix because in lab you can do the actual
experiment but for intricate really small details, Labster also helps you with
[visualizing] that!

“I'think a hybrid definitely seems like the easiest go-to option just because I think
we definitely need to be able to sit there, hold the pipette, use the pipette, but
on those long waiting portions, a video of what was happening in the machine
would be really cool to see”

Participants specifically recommended utilizing the VLS as a pre-laboratory activity or
supplement to the IP lab:

“I recommend doing Labster before the real lab, because you're doing the
Labster first. You're getting all the virtual reality stuff. You get the specific things
you need to know."

“Having a Labster to help reinforce the basic knowledge that you need to
understand what’s actually happening would be beneficial for also the lecture
portion too."

DISCUSSION

This study aimed to compare the efficacy of VLS vs traditional IP labs in the promotion
of student learning in a foundational microbiology course. Additionally, we explored how
students perceive their learning experiences while participating in a hybrid laboratory
integrating VLS and IP activities. Through this analysis, our objective was to gain insight
into how best to implement and improve hybrid-style teaching labs to maximize student
learning and enjoyment.

The first research question examined whether there are differences in the effective-
ness of VLS and traditional IP labs in enhancing procedural, conceptual, and critical
thinking levels of learning. The quantitative data indicated students who participated
in the VLS first performed similarly or better than students who received the IP version
on questions assessing procedural and conceptual knowledge. Differences in scores
were not statistically significant based on 95% Cl, suggesting both modes of teaching
are effective in promoting knowledge acquisition in basic microbiology. This finding
is consistent with previous studies that assessed the learning effectiveness of VLS
compared with traditional, physical labs (17, 20, 23). The extant literature analyzing the
impact of virtual lab modalities on educational effectiveness reports mixed results and
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FIG 3 Bar graph of positive and negative student perceptions of VLS experience. Focus group participants provided detailed perceptions on these code

categories: critical thinking, error, explanation, kinesthetic learning, knowledge, learn from others, no error, no explanation, repetition, time management, and

visual learning. Numbers represent the times student statements fell within a code category.

remains limited. Other studies demonstrated the integration of immersive VR technology
into traditional lab settings improved student understanding of anatomical structures
and their spatial relationships (14) and biochemical topics such as the citric acid cycle
(29), as well as enhanced the knowledge and skill performance of students in nursing
(30). Our assessment results support versatility in the use of different teaching modes in
the microbiology laboratory without compromising student learning.

The second research question explored participants’ perceptions and preferences in
using VLS vs IP labs in an undergraduate microbiology course. In coding the reflections
from focus group discussions, student perceptions after engaging with the VLS were
predominantly positive (115 instances vs 58) in our study and other studies (8, 22, 31).
Student impressions of their IP lab experience were more evenly distributed between the
positive and negative categories (43 vs 30, respectively). Overall, our analysis of open-
ended qualitative responses showed students’ positive experiences with VLS are mainly
associated with time management. Students appreciated the opportunity to complete
the VLS on their schedule and at their own pace without the time constraints associated
with physical labs. Other themes emerged as positive features of VLS including visual
learning, repetition, and detailed explanations. Virtual simulations can depict molecular
interactions, like the amplification of DNA in PCR, that are not directly observable in IP
labs, allowing complex concepts to be visually represented. This primary affordance of
VLS has been reported in the literature (1, 31). VLS also allows students to engage more
deeply with the laboratory topic by revisiting abstract concepts as needed.
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category.

Conversely, participants perceived the lack of support for kinesthetic learning as
a negative aspect of VLS, noting the tactile experience of handling specimens and
equipment in a physical IP lab is important to student learning. Focus group partici-
pants also perceived the direct supervision and personalized feedback provided by the
instructor as a positive feature of IP labs. Students expressed dissatisfaction when errors
made in the VLS were not explained. Students’ negative impressions of VLS aligned
with an earlier qualitative study in which participants perceived the social interaction of
traditional IP labs and the ability to ask questions and receive feedback from instructors
as enhancing their understanding of course content (32). Further research is needed to
fully understand the possible negative impacts of implementing VLS in education.

We also queried participants about the potential future use of VLS in laboratory
education. Participants expressed an overwhelming preference for a hybrid structure
that strategically integrates both IP and virtual lab experiences. A similar finding was
evident in a study that investigated student perceptions of employing a combination of
online practical sessions followed by hands-on laboratory sessions (33). While we did not
specifically evaluate the effectiveness of the hybrid model in terms of student learning,
research by Pollock (28) comparing face-to-face (F2F), hybrid, and online lab styles in
student performance on practical grades and overall grades in anatomy and physiology
found attendance, student satisfaction, and performance scores were higher among
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FIG 5 Sankey diagram of the future use of virtual labs. Focus group participants provided their opinions on how they would use virtual labs in the course.
Categories included using VLS in a hybrid format, as a pre-lab, replacement lab, review, or supplemental lab. Sankey diagram was generated using ATLAS.ti

qualitative data analysis tool.

hybrid lab students, but students who participated in the F2F laboratory outperformed
students from both the online and hybrid laboratory styles (28). These differences may
be course-dependent and due to the specific implementation method used. By contrast,
other studies found that students participating in a “blended” microbiology laboratory
mastered learning outcomes as well as students taking the equivalent lab in person (6).
Future work should further validate the utility of combining both modalities strategically
for the optimization of student learning outcomes, engagement, study motivation, and
enjoyment.

Study participants indicated a preference in using VLS in a mixed-use capacity
including its incorporation as a pre-laboratory exercise or as supplementation of IP
learning experiences. Our results align with previous studies that support the use of VLS
as an effective preparation tool for a physical IP lab activity (7, 9, 17, 24) and to a lesser
extent, as a supplement to IP experiences (11, 21). VLS appear to facilitate a learner’s
ability to connect theory to practice in the physical laboratory (21). Moreover, as Dyrberg
et al. (24) concluded, students receiving virtual pre-laboratory instruction complete the
hands-on procedures faster and ask higher-level questions compared to unprepared
students. Most participants in this study did not prefer utilizing virtual simulations as a
substitute or safer alternative to traditional IP labs. A few participants suggested VLS be
used for a lab review or as a replacement lab but only for those not expected to perform
similar labs as part of their future career.

This exploratory study provides insights into student performance at different
knowledge levels and participant perceptions of a hybrid VLS-IP lab model; however,
the study had some limitations that should be considered when interpreting the results.
First, the study population consisted of a limited number of participants enrolled in a
single undergraduate microbiology course at one private university. This may prevent
the determination of the true nature behind the lack of statistical significance and
affect the generalization of the findings to other scientific disciplines and institutional
contexts. Focus group findings may not reflect the perceptions of students at other
institutions. Furthermore, because our study population was derived from students
enrolled in a specific course, we were not able to ensure a reflection of the universi-
ty’s student population in terms of gender and ethnicity. Future investigations should
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expand the sample population, increasing the number and diversity of participants to
better understand the effectiveness of a hybrid lab model in various educational settings.
Another limitation was the small number of questions used to assess students’ proce-
dural and conceptual knowledge and ability to critically think following the completion
of a VLS and IP lab. Nevertheless, we attempted to strengthen the reliability of our results
and reduce potential bias from single-cohort performance anomalies by evaluating
student performance data collected over two separate semesters. Finally, we did not
control for other potential confounding variables such as students’ prior knowledge of
the lab topics, knowledge gained from the course lectures, and previous experience with
VLS.
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