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Abstract

Simulation-based learning has emerged as a promising strategy to address the
persistent challenge of making biophysics meaningful and clinically relevant for
undergraduate medical students. This narrative review outlines the pedagogical
rationale, implementation models, and educational impact of simulation-based learning
in the context of biophysics within preclinical curricula. Evidence from biomedical
science and physiology education indicates that integrating simulation into basic
science teaching improves knowledge acquisition, conceptual integration, and early
clinical reasoning, while also enhancing engagement and motivation. Various
modalities—including high-fidelity manikins, virtual patient platforms, standardized
patients, and computer-based physiological modeling—allow learners to visualize
abstract physical principles in dynamic, patient-centered scenarios. Simulation appears
most effective when aligned with explicit learning outcomes, embedded within existing
courses, and combined with debriefing and problem-based activities. Limitations
include costs, faculty development needs, and heterogeneous assessment outcomes,
particularly for long-term retention. Overall, simulation-based learning offers a
powerful complement, rather than a replacement, to traditional lectures and
laboratories in biophysics for medical students.

Keywords: simulation-based learning, medical education, biophysics, undergraduate
curriculum, virtual simulation, high-fidelity manikin, standardized patients, conceptual
integration, knowledge retention

Introduction

Biophysics is foundational to physiology, imaging, and therapeutic technologies, yet
many undergraduate medical students perceive it as abstract, mathematically
demanding, and disconnected from clinical practice. Traditional lecture-based
approaches and problem sets often fail to convey how physical principles underpin
observable patient phenomena such as hemodynamics, ventilation, or radiological
image formation.[3][6]

Simulation-based medical education (SBME) has gained wide adoption as a strategy
to bridge gaps between basic science content and clinical application by recreating
realistic yet safe environments for experimentation and decision-making. A recent
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g review focusing on biomedical sciences demonstrated that simulation and
other technology-enhanced learning modalities improve engagement, practical skills,
and, in many cases, knowledge retention among undergraduate medical students.
Integrating simulation into preclinical teaching of physiology and related sciences,
including cardiovascular physiology and integrative systems physiology, has shown
improved  conceptual  understanding and more meaningful learning
experiences.[1][2][9][5][6][71(3]

Within this broader context, applying simulation-based learning specifically to
biophysics can support visualization of complex, multiscale processes—such as
pressure—volume relationships, fluid dynamics, membrane transport, and energy
transfer—that are otherwise difficult to grasp through static diagrams or equations
alone. Simulation can situate these processes in authentic clinical tasks, thereby
reinforcing both conceptual frameworks and professional competencies. This article
synthesizes available evidence from biomedical sciences and physiology education and
extrapolates design principles for simulation-based biophysics teaching for
undergraduate medical students.[6]

Methods

This narrative review draws on recent literature examining simulation-based learning
in biomedical sciences, physiology, and preclinical medical curricula, with a focus on
outcomes relevant to biophysics education. Searches of PubMed, ERIC, and open-
access medical education journals were performed using combinations of the terms
“simulation-based learning,” “biomedical sciences,” “physiology,” “biophysics,”
“medical students,” and “undergraduate medical education.”[1][2][5][6][7]

Inclusion criteria prioritized:

Studies involving undergraduate medical students in accredited programs.

Simulation used to teach biomedical sciences or physiology, including integrative
physiological simulations and virtual patient scenarios.[3][6][1]

Outcomes related to knowledge gain, conceptual integration, skills, or learner
perceptions.

Randomized trials, quasi-experimental studies, cross-sectional evaluations, and
relevant reviews were considered to characterize effectiveness and implementation
strategies. Given that reports specifically labeled as “biophysics” are limited,
physiology and broader biomedical simulations were analyzed for transferable
principles applicable to biophysics teaching. Quantitative examples used in the table
and plot below are illustrative and derived from synthesized ranges reported in the
literature rather than from a single primary dataset.[2][5][8][1]
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Fig. 1. Simulation-Based Learning Gains Across Biophysics-Relevant Educational
Modalities

Results
Simulation modalities relevant to biophysics
Multiple simulation modalities currently used in biomedical sciences can be mapped
onto core biophysics topics relevant to medical students.[1][6][7]
High-fidelity manikin-based scenarios
Used effectively to teach cardiovascular and respiratory physiology, allowing dynamic
manipulation of heart rate, blood pressure, and ventilatory parameters.[3][6]
Biophysics concepts such as pressure—volume loops, flow—resistance relationships,
and compliance can be embedded in acute scenarios (e.g., shock, heart failure) where
students interpret monitor outputs and arterial waveforms.[6][3]
Virtual simulations and computer-based physiologic models
Systems such as JustPhysiology and similar integrative physiology platforms enable
learners to adjust parameters in multicomponent models and observe system-level
responses, €.g., changes in peripheral resistance, intrathoracic pressure, or osmotic
gradients.[6]
These tools are especially suited to biophysical processes with time-dependent or
nonlinear behavior, permitting repeated experimentation without patient risk.[6]
Standardized patients with augmented data or mixed-reality overlays
Standardized patients combined with projected imaging, simulated hemodynamic data,
or augmented reality can highlight how biophysical principles underpin clinical
reasoning, such as interpreting Doppler ultrasound or pulmonary function tests.[1][3]
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ough direct “biophysics simulation” is less common in this format, it can
contextualize abstract concepts within communication and examination skills.

Virtual laboratories and imaging simulators

Virtual labs have been applied in other biomedical disciplines and can be adapted to
biophysics experiments such as optical systems, radiation—tissue interactions, and
electric circuit analogies for membrane potentials.[7][1][6]

Imaging simulators (e.g., CT, MRI physics trainers) can demonstrate how
modifications in acquisition parameters affect image resolution, contrast, and dose,
translating quantitative physics principles into diagnostic trade-offs.[6]

Comparative educational effects of simulation modalities

Across preclinical and biomedical science domains, simulation-based interventions
have generally demonstrated improved immediate knowledge and skills compared with
traditional methods alone, although effect sizes vary by modality and outcome
measure. Studies in cardiovascular physiology, pharmacology, and integrative
physiology report that students exposed to high-fidelity or virtual simulations achieve
higher post-test scores and report more meaningful learning than those taught solely
by lectures.[1][9][3][5][8]

Table 1 synthesizes typical ranges of relative gains in biomedically relevant knowledge
and skills associated with different simulation modalities, derived from the broader
SBME literature but conceptually transferable to biophysics-focused curricula. The
values are illustrative, positioned within ranges reported in quasi-experimental and

randomized studies of simulation in physiology and other basic
sciences.[2][3][5][6][8][1]
Table 1.
[llustrative learning gains by simulation modality (preclinical biomedical/biophysics
context)
Simulation Typical Typical Pedagogical Common
modality knowledge skill/clinical strengths limitations
gain vs. reasoning gain vs. (biophysics context)
lecture-only lecture-only (%
(% relative) relative)
High-fidelity  15-25 25-35 [91[3][5] Dynamic High cost,
manikin [3][5][8] hemodynamics and scheduling and
respiratory faculty workload;
mechanics; strong limited
integration of availability.
equations with vital [2][9][8]
signs and waveforms.
Virtual 1020 15-25 [1][2][6] Safe, repeatable Requires
simulation [1][2][6][7] experimentation with technical

parameters; ideal for

infrastructure and
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complex, support; variable
multivariable models student digital
(e.g., integrative literacy. [2][6]
physiology).
Standardized 5-15[1][3] 20-30 Embeds  biophysics Less direct
patients (communication reasoning within manipulation of
and reasoning) history-taking and physical
[1][9][10] explanation of wvariables; higher
investigations to recurrent  costs.
patients. [1][9]
Computer 5-15[6][7] 5-15 [6] Deep focus on Abstract, may feel
modeling- quantitative removed from
only relationships and bedside context;
scenario analysis, limited non-
especially for imaging technical skill
and transport development.
phenomena. [6][7]

Figure 1 illustrates an example distribution of mean percentage gains in knowledge and
skills across these modalities, reflecting synthesized patterns from the
literature.[3][5][1][2]

Figure 1. Illustrative mean knowledge and skill gains for different simulation
modalities (biophysics-relevant context)

In this illustrative pattern, high-fidelity manikin scenarios show the largest relative skill
gains, virtual simulation and standardized patients provide balanced improvements in
knowledge and applied reasoning, and computer modeling emphasizes conceptual and
quantitative gains. These trends mirror reports that integrative, clinically framed
simulations tend to yield stronger improvements in practical performance measures,
while purely computational environments primarily bolster conceptual
understanding.[5][6][8][1][3]

Learner engagement and perceived value

Across biomedical science simulations, undergraduate medical students consistently
report high satisfaction, increased motivation, and perceived relevance to future
clinical practice. In preclinical simulation programs, students highlight opportunities
to apply basic science knowledge to realistic clinical problems, receive immediate
feedback, and make errors without risking patient safety.[1][9][3][4][5]

In cardiovascular physiology simulations, for instance, students have described
integrated simulation sessions as more engaging and meaningful than stand-alone
lectures, noting that dynamic visualizations of blood pressure, cardiac output, and ECG
changes deepen understanding of underlying physics-based relationships. Similar
patterns are reported in other biomedical disciplines where virtual laboratories and
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-fidelity clinical simulations help students link theoretical content with observable
outcomes and clinical decisions. These observations are highly relevant to biophysics,
where engagement often hinges on seeing real-time consequences of manipulating
physical parameters.[2][3][4][6][7][1]

Knowledge retention and transfer

Several studies indicate that simulation-based interventions can improve short-term
examination performance and, in some cases, longer-term retention, compared with
traditional teaching alone. In preclinical curricula, eight-week simulation programs
have produced significant gains in standardized test scores among first- and second-
year medical students, with first-year students sometimes benefiting more, possibly
due to early exposure to applied contexts.[1][11][5][8]

However, findings on long-term retention and transfer to subsequent clinical
performance are heterogeneous, partly because assessment methods and follow-up
intervals vary substantially across studies. For biophysics, this suggests that while
simulation-based learning can enhance initial comprehension and near-term exam
performance, explicit alignment with later clinical courses (e.g., cardiology,
anesthesiology, radiology) and repeated reactivation of concepts are likely necessary
to sustain benefits over time.[11][2][3][6][8][1]

Discussion

Pedagogical rationale for simulation in biophysics

Biophysics requires learners to coordinate mathematical formalisms, conceptual
models, and empirical phenomena across multiple scales, from ion channels and
membranes to organ systems and imaging devices. Simulation provides a unique
environment in which students can manipulate variables, test hypotheses, and observe
outcomes in real or near-real time, thereby transforming abstract equations into
observable patterns.[1][3][6][7]

Existing evidence from physiology and other biomedical sciences supports several
mechanisms by which simulation-based learning may improve biophysics education:
Cognitive integration: Linking quantitative models with physiological signals and
clinical signs supports integration of basic and clinical knowledge, a recognized
challenge in medical curricula.[3][6]

Active experimentation: Students can iteratively adjust parameters (e.g., resistance,
compliance, radiation dose) and immediately see consequences, promoting deeper
conceptual understanding and self-directed learning.[4][6][ 1]

Safe rehearsal: High-stakes concepts (e.g., ventilator physics, hemodynamic
monitoring) can be explored safely, with errors serving as learning opportunities rather
than patient risks.[9][4]
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Se mechanisms align with constructivist and experiential learning theories and
explain why many students perceive simulation-integrated sessions as more
meaningful than lectures alone.[5][1][9][3]

Design principles for biophysics-focused simulation

Drawing on the reviewed literature, several design principles emerge for implementing
simulation-based learning in undergraduate biophysics:

Curricular alignment and timing

Simulation should be deliberately mapped to core biophysics learning outcomes and
placed at points where students can meaningfully connect physics with concurrent
physiology and anatomy content.[1][2][3]

Early integration in the first preclinical year may maximize impact on conceptual
framing and subsequent clinical reasoning.[3][5]

Scaffolded integration of modalities

A layered approach can combine lower-cost computer modeling for initial concept
formation with targeted high-fidelity or standardized-patient scenarios for clinical
contextualization of key topics (e.g., shock physiology, ventilator settings, imaging
interpretation).[6][7][1][3]

Virtual laboratories can serve as intermediate steps, bridging theoretical exercises and
high-fidelity simulation.[1][6]

Structured debriefing and reflection

Debriefing is consistently identified as critical for transforming simulated experiences
into durable learning, allowing students to explicitly link observed phenomena with
formal biophysical principles.[9][4][1]

Facilitators should guide students from “what happened” to “why it happened,” using
graphs, equations, and conceptual diagrams to consolidate understanding.

Assessment strategies

Combining traditional examinations with performance-based assessments (e.g.,
scenario-based questions, data interpretation, structured clinical reasoning tasks) can
better capture the benefits of simulation-based biophysics teaching.[11][5][8][1]
Longitudinal assessment across preclinical and clinical phases is important to evaluate
whether early simulation exposure in biophysics translates into improved performance
in specialties that rely heavily on physical principles, such as cardiology,
anesthesiology, radiology, and intensive care.[2][8][3][6]

Practical constraints and implementation challenges

Despite the promise of simulation-based learning, several constraints must be
addressed for sustainable integration into biophysics courses. High-fidelity simulation
centers require significant investment in infrastructure, technical staff, and faculty
development, which may be challenging for resource-limited institutions. Virtual

simulations and computer-based models offer more scalable options but still demand
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st digital infrastructure and educator training in both technology and
pedagogy.[2][9][6][7][8]

Moreover, the literature highlights variability in outcome measures, small sample sizes,
and inconsistent reporting of long-term impacts, limiting firm conclusions about cost-
effectiveness and optimal dosage of simulation. For biophysics, careful piloting with
rigorous evaluation, followed by iterative curriculum refinement, is necessary to avoid
adding complexity without clear learning benefits. Engagement of interdisciplinary
teams—including physicists, physiologists, clinicians, and educational technologists—
is also crucial to ensure scientific accuracy and pedagogical coherence.[1][6][7][8][2]
Future directions for research and practice

Future research should include biophysics-specific simulation interventions with clear
learning objectives, detailed descriptions of scenarios and models, and standardized
outcomes that allow comparison across institutions. Randomized or quasi-
experimental designs assessing both short- and long-term knowledge, conceptual
transfer, and clinical performance will be particularly valuable.[1][11][2][5][7][8]
Promising avenues include:

Development and evaluation of integrative biophysics—physiology modules using
platforms similar to existing computational physiology simulators, tailored to medical
curricula.[6]

Mixed-reality environments that overlay biophysical information (e.g., vectors, field
lines, dose distributions) on standardized patients or manikins.

Collaborative, team-based simulations where groups of students jointly solve
biophysics-focused problems that mirror real clinical decision-making (e.g.,
optimizing ventilator settings, balancing image quality vs. radiation dose), thereby
blending cognitive and non-technical skills.[9][4][10][1]

Conclusion

Simulation-based learning offers a powerful and flexible approach to revitalizing
biophysics education for undergraduate medical students by transforming abstract
physical principles into tangible, clinically relevant experiences. When thoughtfully
integrated with existing curricula, aligned to explicit outcomes, and supported by
structured debriefing and robust assessment, simulation can enhance knowledge
acquisition, conceptual integration, and early clinical reasoning in areas deeply rooted
in biophysics. A strategic mix of computer modeling, virtual laboratories, high-fidelity
manikins, and standardized patients enables institutions to adapt to resource constraints
while leveraging the unique strengths of each modality. For medical schools seeking
to strengthen students’ understanding of the physical foundations of medicine and
prepare them for technology-rich clinical environments, well-designed simulation-
based biophysics teaching represents an attractive, evidence-informed direction.
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