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ABSTRACT

Embryology, a critical yet often conceptually challenging component of anatomical sciences, necessitates innovative
pedagogical approaches to convey complex, dynamic processes such as gastrulation. This intricate period of early human
development, involving profound cellular rearrangements and differentiation, frequently presents significant spatial and
temporal understanding barriers for medical students. This article investigates the potential of the flexagon, a unique
type of foldable polygon, as an interactive, three-dimensional teaching aid to enhance comprehension of gastrulation. By
physically manipulating the flexagon, learners can visually and tactually experience the invagination, migration, and
subsequent layering of germ cells, thereby transforming an abstract concept into a tangible, sequential process. This
method is particularly beneficial for accommodating diverse learning styles, especially those of kinesthetic learners, and
seeks to bridge the gap between static instructional materials and the dynamic reality of embryogenesis. The paper details
the design, proposed implementation, anticipated educational benefits, and future research avenues for integrating this
novel tool into medical anatomy curricula, ultimately aiming to foster a more profound and lasting understanding of early
human development.
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INTRODUCTION Despite its profound importance, embryology is

sometimes perceived as a challenging or even neglected
Anatomy, as a foundational discipline, remains part of the medical curriculum, with students often
indispensable to medical education and clinical practice, struggling to grasp its intricate processes [4]. The inherent
providing the essential framework for understanding the complexity of embryological events, particularly the
human body [2, 3]. Beyond gross anatomy, embryology— dynamic cellular movements and transformations, can be
the study of prenatal development—is equally crucial, difficult to convey effectively through traditional didactic
offering insights into anatomical variations, congenital methods [6].

anomalies, and the genesis of form and function [4].
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THE FLEXAGON AS A THREE-DIMENSIONAL
LEARNING TOOL: REIMAGINING
GASTRULATION INSTRUCTION IN MEDICAL

ANATOMY
INTRODUCTION
Gastrulation, a crucial stage in innovative-cducalement,
embryonic development, presents challenges in teaching

presents challenges in teaching  due to its complexity
due to its complexity. Theflex-
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e Enhances spatial visualization
e Encourages active learning
e Promotes retention of complex concepts

[5]- While invaluable for teaching static structures, these

Historicall ical i ion has heavily reli . o .
istorically, anatomical instruction has heavily relied on conventional approaches often fall short in illustrating the

lectures, textbooks, cadaveric dissection, and prosections
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fluid, four-dimensional nature of developmental biology.
Gastrulation, a pivotal event in embryogenesis,
exemplifies this challenge. It is a period of dramatic
reorganization where the bilaminar embryonic disc
transforms into a trilaminar structure, giving rise to the
three primary germ layers: ectoderm, mesoderm, and
endoderm. This process involves precise cell migration,
proliferation, and differentiation, all occurring in a highly
orchestrated spatio-temporal sequence. Students
frequently find it difficult to visualize the invagination of
epiblast cells through the primitive streak and their
subsequent spread to form the new germ layers, leading
to misconceptions and superficial understanding [6].

The impact of curricular changes on students' anatomical
knowledge has been a subject of continuous review, with
many advocating for innovative pedagogical strategies to
enhance learning outcomes [6]. Modern educational
paradigms increasingly advocate for active learning
strategies that engage students directly with the
material, acknowledging the diverse learning
preferences prevalent among contemporary medical
students [9]. Kinesthetic learners, in particular, thrive in
environments that permit hands-on interaction and
physical manipulation of learning objects, which
facilitates deeper processing and retention of
information [9]. This aligns with broader efforts to
integrate professionalism and reflective practice within
early medical education, where practical engagement
reinforces theoretical knowledge [7]. Furthermore,
understanding the underlying "logic of monsters" or
internal developmental constraints, as posited by
Alberch, underscores the critical role of these
foundational processes in determining evolutionary and
morphological outcomes [8]. The recognition of
mechanical forces and cellular interactions as drivers of
tissue and organ development further emphasizes the
need for tools that can represent these dynamic
biomechanical principles [10].

Given these challenges and the imperative for effective
teaching, there is a compelling need for novel, interactive
tools in embryology education. This article proposes the
adoption of the flexagon, a unique and engaging paper
model, as an innovative pedagogical instrument for
elucidating the complex process of gastrulation. By
offering a tactile, visual, and sequential representation,
the flexagon aims to foster a more intuitive and
comprehensive  understanding of this critical
developmental stage, ultimately enriching the learning
experience for medical students.

METHODS

The conceptualization, design, and proposed integration
of the flexagon model for teaching gastrulation were
systematically developed through the following stages:

1. Design and Fabrication of the Flexagon Model: The
initial phase involved the meticulous design of a flexagon
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template specifically tailored to represent the key
chronological and morphological events of gastrulation. A
hexaflexagon, chosen for its inherent ability to reveal six
distinct faces through sequential folding, was determined
to be the most appropriate type. Each face of the flexagon
was carefully conceptualized to depict a specific stage or
critical anatomical feature of early human development:

Face 1: Bilaminar Embryonic Disc: This initial face
illustrates the two primary layers - the epiblast (dorsal)
and the hypoblast (ventral) - representing the state of the
embryo prior to the onset of gastrulation.

Face 2: Primitive Streak Formation: This face
depicts the cranial-caudal elongation of the primitive
streak on the dorsal surface of the epiblast, indicating the
site of future cellular migration. Arrows or subtle textural
cues might indicate the direction of epiblast cell movement
towards the streak.

Face 3: Epiblast Invagination and Endoderm
Formation: As the flexagon is folded, this face reveals
epiblast cells detaching and migrating inward through the
primitive streak. Crucially, it shows these migrating cells
displacing the hypoblast to establish the definitive
endoderm, highlighting the first germ layer formation.

Face 4: Mesoderm Formation: Subsequent folding
reveals a new layer forming between the newly
established endoderm and the remaining epiblast. This
face visually represents the migration of a second wave of
epiblast cells through the primitive streak to form the
intraembryonic mesoderm, demonstrating its
intermediate position.

. Face 5: Ectoderm and Established Trilaminar Disc:
This face illustrates the remaining epiblast layer
transforming into the ectoderm, completing the formation
of the three primary germ layers (ectoderm, mesoderm,
and endoderm) and thus the trilaminar embryonic disc.

. Face 6: Early Structural Differentiation (e.g,
Notochordal Process): The final face could be used to
indicate very early derivatives or key structures emerging
from the germ layers, such as the notochordal process
originating from the primitive node, emphasizing the

continued developmental trajectory post-gastrulation.

To enhance clarity, distinct color schemes were assigned
to each germ layer (e.g., blue for ectoderm, red for
mesoderm, yellow for endoderm). Simplified cellular
representations, directional arrows indicating cell
migration, and labels for key structures (e.g., primitive
streak, primitive node, cloacal membrane) were
incorporated onto each face.

2. Materials and Construction Guidelines: The flexagon
models were designed to be low-cost and easily
reproducible, primarily utilizing standard paper or light
cardstock (160-200 gsm) for durability. Scalable digital
templates (PDF format) were created to facilitate easy
printing on standard office printers. Comprehensive, step-
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by-step assembly instructions, including clear
illustrations and folding diagrams, were developed to
ensure that students could independently construct their
own flexagons with minimal supervision. This hands-on
construction process itself serves as a preliminary
engagement with the concept.

3. Proposed Curricular Integration Strategies: The
integration of the flexagon model into the existing
embryology curriculum is envisioned as a multifaceted
approach, designed to reinforce learning at various
stages:

Pre-lecture Preparatory Activity: Prior to a formal
lecture on gastrulation, students would be provided with
the flexagon template and construction instructions. This
'flipped classroom' approach encourages self-directed
learning and allows students to familiarize themselves
with the physical model, fostering anticipation for the
lecture content.

In-lecture Demonstration and Guided
Exploration: The instructor would utilize a larger, pre-
assembled demonstration flexagon during the lecture. As
each stage of gastrulation is discussed, the instructor
would physically manipulate the flexagon, folding it to
reveal the corresponding face. This dynamic visual aid
would complement verbal explanations and traditional
diagrams, enhancing comprehension of the sequential
events. Students would be encouraged to manipulate
their own flexagons concurrently.

Small Group Work and Peer Teaching: Following
the lecture, students would engage in small group
activities where they construct their flexagons (if not
already done) and then use them to explain the process
of gastrulation to their peers. This active recall and
articulation promote deeper understanding and identify
areas of confusion.

Formative Assessment and Review: The flexagon
can serve as a versatile formative assessment tool.
Instructors could ask students to "demonstrate” or
"narrate" the process of gastrulation by manipulating
their flexagon, allowing for real-time feedback and
correction of misconceptions. It could also be used during
review sessions to consolidate learning.

4. Proposed Evaluation Methodology: A rigorous mixed-
methods approach is proposed to evaluate the
educational impact and efficacy of the flexagon model:

o Quantitative Assessment:

0 Knowledge Acquisition: Pre- and post-
intervention multiple-choice questions (MCQs) and
short-answer quizzes specifically designed to assess
factual knowledge and conceptual understanding of
gastrulation (e.g., identification of germ layers, sequence
of events, types of cell movements).

0 Spatial Reasoning: Dedicated questions or tasks
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(e.g., labeling diagrams of cross-sections at different
stages, predicting outcomes of abnormal cell movements)
to specifically measure improvements in students' three-

dimensional spatial understanding of embryonic
processes.
0 Comparative Analysis: A quasi-experimental

design involving two groups: an experimental group
(flexagon-enhanced instruction) and a control group
(traditional instruction). Comparison of post-intervention
test scores and retention rates over time (e.g.,, 3 months
later) between the two groups.

Qualitative Assessment:

0 Student Perception Surveys: Anonymous surveys
utilizing Likert scales and open-ended questions to gather
student feedback on the model's perceived usefulness,
engagement level, ease of use, and overall impact on their
learning experience.

0 Focus Group Discussions: Structured focus group
interviews with subsets of students to elicit more in-depth
qualitative data regarding their experiences, challenges,
and specific benefits derived from using the flexagon.

0 Observational Data: Direct observation of student
interaction with the flexagon during practical sessions and
group work, noting patterns of manipulation,
collaboration, and moments of 'aha!" insights.

Results

As this article details a proposed innovative pedagogical
technique, the "results" section outlines the anticipated
outcomes and benefits derived from pedagogical theory,
preliminary model prototyping, and existing literature on
active learning. These anticipated findings underscore the
significant potential of the flexagon as an effective teaching
tool for embryology.

Enhanced Spatial and Temporal Understanding:
The most prominent anticipated benefit is a substantial
improvement in students’ three-dimensional and
temporal comprehension of gastrulation. Unlike static
two-dimensional diagrams in textbooks, the flexagon
provides a tangible, dynamic model that allows students to
physically manipulate the layers and observe the

sequential transformations [9]. This kinesthetic
interaction facilitates the mental construction of a
coherent, moving image of cellular invagination,

migration, and subsequent layering, overcoming the
abstract nature of these processes.

Increased Student Engagement and Motivation:
The novelty and interactive nature of the flexagon are
expected to significantly boost student engagement and
intrinsic motivation to learn. Hands-on activities are
widely recognized for fostering deeper learning and
reducing cognitive load, especially when dealing with
complex, multi-step processes [7, 9]. The act of
constructing and operating the model transforms passive
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reception of information into an active, exploratory, and
enjoyable learning experience, potentially mitigating the
perception of embryology as a dry or overly challenging
subject.

. Accommodation of Diverse Learning Styles: The
flexagon model is particularly advantageous for
accommodating diverse learning styles. It directly
addresses the needs of kinesthetic learners, who process
information most effectively through physical activity
and direct manipulation [9]. Visual learners benefit from
the clear diagrams and color-coding on each face, while
the accompanying verbal explanations during instruction
cater to auditory learners. This multi-sensory approach
ensures broader accessibility and effectiveness for a
wider range of students.

. Improved Knowledge Retention and Recall:
Active participation and multi-sensory engagement are
strongly correlated with superior long-term knowledge
retention. By physically enacting the complex stages of
gastrulation, students are more likely to form robust and
durable memory traces, leading to better recall of
intricate details and overall conceptual understanding
during examinations and future clinical applications. This
concrete experience anchors the abstract knowledge.

. Facilitation of Peer Learning and Collaborative
Understanding: The flexagon serves as an excellent prop
for fostering peer-to-peer learning and collaborative
problem-solving. Students can use the model to
demonstrate the process to their classmates, explain
their understanding, articulate challenges, and
collectively  clarify misconceptions. This active
verbalization and mutual instruction reinforce individual
learning and develop essential communication skills vital
for future healthcare professionals.

. Cost-Effectiveness and Widespread Accessibility:
The construction of the flexagon model is highly cost-
effective, requiring only basic materials like paper and
printing facilities. This makes it an economically viable
and scalable pedagogical solution that can be readily
implemented across diverse educational settings,
including resource-constrained environments, without
significant financial investment. Digital templates ensure
easy distribution and reproduction.

. Versatility and Adaptability: The fundamental
concept of the flexagon can be adapted to model other
dynamic or sequential biological processes beyond
gastrulation. For instance, it could be modified to
illustrate organogenesis (e.g., neural tube formation),
cellular division (mitosis/meiosis), or even simplified
physiological cycles, demonstrating its broad
applicability as a versatile teaching tool within medical
education.

DISCUSSION

The intrinsic challenges in teaching embryology,

particularly complex dynamic processes like gastrulation,
have long been recognized within medical education [4].
The abstract nature, coupled with the three-dimensional
and temporal aspects of cellular movements, often leaves
students with an incomplete or superficial understanding
[6]. Traditional teaching methodologies, while
foundational for static anatomical structures, frequently
struggle to adequately represent these intricate
transformations [5].

The flexagon model offers a compelling and innovative
solution to these pedagogical hurdles. By transforming the
complex, dynamic sequence of gastrulation into a tangible,
manipulable paper model, it effectively bridges the gap
between abstract theoretical knowledge and concrete
understanding. The physical act of folding and unfolding
the flexagon directly simulates the sequential
invagination, migration, and differentiation of germ layers,
providing a powerful visual and kinesthetic learning
experience that is absent in traditional diagrams. This
active engagement directly caters to the documented
needs of kinesthetic learners, leading to more profound
comprehension and retention [9].

Furthermore, the integration of such interactive tools
aligns perfectly with contemporary educational
philosophies  that  emphasize active learning,
constructivism, and student-centered approaches [7]. By
empowering students to physically interact with the
subject matter, the flexagon fosters a deeper sense of
ownership over their learning, moving beyond passive
reception of information. This proactive engagement not
only enhances understanding but also cultivates problem-
solving skills and critical thinking, which are invaluable for
future clinicians. The ability of the flexagon to visually
represent the continuous, integrated nature of
developmental events moves beyond fragmented, static
snapshots, offering a more holistic perspective.

Understanding the foundational principles of gastrulation,
as facilitated by the flexagon, is not merely an academic
exercise. It forms the basis for comprehending congenital
anomalies, tissue development, and the precise origins of
various body structures. A robust grasp of these early
developmental events, as highlighted by Alberch's work on
developmental constraints [8], is crucial for medical
students to develop a comprehensive understanding of
human anatomy and pathology. Moreover, the tactile
manipulation of the flexagon, even in its simplified form,
implicitly introduces the concept of mechanical forces
driving cellular rearrangements, aligning with the growing
understanding of biomechanics in development [10].

Limitations and Future Directions: While the flexagon
model holds significant promise, it is essential to
acknowledge its inherent limitations. As a simplified
physical model, it cannot fully replicate the intricate
biochemical signaling pathways, gene regulation, or
precise cellular interactions (e.g., cell adhesion, cell-cell
communication) that orchestrate gastrulation in vivo. Its
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effectiveness is also contingent upon clear instructional
guidance, enthusiastic implementation by educators, and
student willingness to engage with a hands-on activity.

Future research should prioritize rigorous empirical
validation of the flexagon model's educational efficacy.
This would involve conducting controlled experimental
studies comparing learning outcomes (e.g., conceptual
understanding, spatial reasoning, long-term retention)
between groups exposed to flexagon-enhanced
instruction versus traditional methods. Quantitative
measures, such as pre- and post-test scores and follow-
up assessments, should be complemented by qualitative
data obtained through detailed student interviews, focus
groups, and observational studies to capture nuanced
learning experiences and perceptions. Additionally,
exploring the adaptability of the flexagon concept to
model other complex anatomical or physiological
processes, such as the folding of the neural tube,
cardiovascular loop formation, or even specific
organogenesis, could significantly broaden its utility as a
versatile and engaging teaching aid in medical education.

CONCLUSION

The flexagon model represents a novel, cost-effective,
and highly engaging pedagogical tool that offers a
tangible solution to the conceptual challenges associated
with teaching gastrulation in medical embryology. By
transforming a complex, dynamic process into a
manipulable, three-dimensional experience, it effectively
caters to diverse learning styles, particularly benefiting
kinesthetic learners. Its thoughtful integration into the
medical curriculum has the potential to significantly
enhance students' spatial and temporal comprehension,
foster deeper engagement, and lead to improved
knowledge retention of fundamental embryological
concepts. As medical education continues to evolve and
embrace innovative strategies, the flexagon stands out as
a promising aid in preparing future healthcare
professionals with a more profound and lasting
understanding of human development.
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