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Abstract

Understanding and developing habits in complex systems thinking using STEM-integrated
perspectives is essential in addressing education and workforce needs in society. In this
study, we investigated a learning intervention that incorporated multiple models designed
to improve engineering students’ understanding of complex systems through investigating
the mechanobiology of the Venus flytrap. Mechanobiology is a transdisciplinary field that
integrates biology, engineering, chemistry, and physics to explore how cells and tissues
sense and respond to forces in their environment. We used an exploratory, mixed-methods
approach to examine the impact of this new curriculum on investigating flytrap closure
and prey digestion. We then evaluated students’ understanding of complex systems char-
acteristics (i.e., many interacting parts, decentralization, non-linear interactions, emergence,
and adaptation) and in their ability to transfer these principles to other systems. Qualita-
tive analyses demonstrate that students articulated key systems principles in relation to
their understanding of flytrap mechanobiology, while descriptive summaries of pre- and
post-surveys suggest broader conceptual gains. Furthermore, students demonstrated the
transfer of systems thinking to other contexts and reported an enhanced understanding of
real-world STEM research.

Keywords: complex systems thinking; multiple external representations (MERs); engineering
education; agent-based modeling; STEM-integration; interdisciplinary STEM education

1. Introduction
Incorporating the current practices and research frameworks of scientists and engi-

neers into K-12 STEM learning is a critical means to promoting a competitive and creative
STEM workforce, as well as a scientifically literate citizenry [1,2]. Importantly, the in-
creasingly branched nature of STEM fields into more multidisciplinary specializations
that are well established subfields (e.g., bioengineering, bioinformatics) necessitates that
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education also shift to reflect the interdisciplinary and technological transformations hap-
pening in real-world research [3,4]. These conditions call for the integration of STEM
disciplines in classrooms, which can lead to increased learning, achievement, and interest
in STEM (e.g., [5,6]). However, at the high school or secondary level, subjects tend to remain
siloed, with interdisciplinary connections and crosscutting concepts not being explicitly
emphasized during learning [7].

One way to address this is to use complex systems thinking as a framework to help
explicate the natural connections across these newer, more integrated subfields with the
goal of aligning curricula to current STEM research and crosscutting concepts [8,9]. For
example, multiple educational agendas have called for the inclusion of systems thinking and
modeling as core competencies for engaging with current complexity issues, such as climate
change and sustainability [1,10]. As a result, agent-based computational models have been
important design features in complex systems learning environments spanning decades of
educational research (e.g., [11–13]). This pedagogical approach is effective in integrating
various STEM domains and allows students to construct a deeper understanding of the
content, in addition to fostering the transfer of complex systems principles to a range of
other scientific and even social systems [14,15].

In fact, using multiple models or representations can make abstract concepts visible
and lead to analogical transformations, or the ability to apply knowledge across diverse
systems or situations; thus, multiple representations are argued to be central elements in
improving STEM-integrated learning [16–18]. Moreover, designing and evaluating multi-
ple models—whether computational, three-dimensional, or picture-based—is a common
practice of STEM professionals, and can help impart the critical thinking skills needed to
understand complex systems and new areas of STEM research alike [19,20].

In this study, we combined these key design elements (i.e., complex systems thinking
and multiple models) to scaffold and complement learning about the prominent, STEM-
integrated field of mechanobiology at the high school level. Mechanobiology integrates
biology, engineering, chemistry, and physics to explore how cells and tissues sense and
respond to forces in their environment [21,22]. This approach can lead to diverse advance-
ments in, for example, constructing engineered tissues and organs, providing therapy
for diseases, and improving agricultural practices. It is therefore an ideal focus for an
intervention aimed at promoting a genuine understanding of STEM integration. The
mechanobiology of the Venus flytrap, or more specifically, the plant’s ability to “count” the
number of mechanical stimuli of its trigger hair(s) to rapidly close its “mouth” to capture
and digest prey, has intrigued scientists for centuries [23–26] and provides an engaging en-
try point to learning about mechanobiology and complexity. We elaborate on the theoretical
considerations informing this educational study in the following section. The overarching
aim of this research was to evaluate this intervention’s efficacy in fostering systems-level
understanding through studying plant mechanobiology. We were guided by the following
research questions:

(1) To what extent does the multi-model intervention stimulate student understanding
of complex systems principles (e.g., many interacting parts, decentralization, non-
linearity, emergence, adaptation) in relation to the Venus flytrap?

(2) In what ways do students articulate systems-level connections across contexts and/or
demonstrate an increased appreciation for STEM-integrated fields?

1.1. Using Complex Systems Thinking and Multiple Models to Support Learning About Venus
Flytrap Mechanobiology
1.1.1. Complex Systems Thinking: A Unifying Approach for Interdisciplinary Learning

In this study, we use complex systems thinking as a lens for examining the many
interacting parts of real-world systems, their dynamic relationships to one another, and the
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behaviors that emerge from those interactions [27]. A clear benefit to incorporating such
an approach during STEM-integrated learning is the ability to draw on domain-general
principles of complex phenomena that provide a conceptual interconnectedness across
different STEM disciplines and beyond [19,28]. In other words, complex systems thinking is
on its own an interdisciplinary framework. Indeed, common principles of complex systems,
such as many interacting parts, decentralization, non-linear interactions, adaptation, and
emergence, have been integrated into the working conceptual frameworks of not only
STEM professions, but also in economics, law, and education [14,29]. This can provide
learners with a unifying framework allowing for a deeper understanding of complexity [30].
Other benefits related to using a systems thinking approach that are relevant to STEM-
integrated learning include increased retention, improved critical thinking, and stronger
problem-solving skills [9,27].

Despite such benefits, there is relatively little exposure to complex systems think-
ing in primary- and secondary-level public schools when compared to university-level
schooling [9,15]. Furthermore, there is a need for more research encompassing diverse
knowledge domains (e.g., physics and engineering) where this complex systems framework
is applied, as most research has tended to focus on applications in biology, or life sciences
more generally [9,28,31]. Yet studies to date demonstrate that the concepts of emergence,
non-linear interactions, and decentralized control have been challenging for students to
comprehend during classroom learning [8,15]. Therefore, students need appropriate scaf-
folding to develop the cognitive skills that would allow them to understand the variables at
work, how they relate to one another on micro- and macro-scales, and ultimately to predict
the complex behavior that is likely to emerge from those relationships [27,32]. In terms of
how a flytrap hunts and consumes its prey, students might be able to easily observe that a
flytrap can open and close when its trigger hairs are pushed, but underlying this behavior
is a multitude of invisible micro-level interactions that lead to the macro-level flytrap phe-
nomenon, which can be challenging to conceptualize. Thus, appropriate learning activities,
such as those that incorporate multiple explanatory models or representations, can help
students grasp the underlying complexity that leads to trap closure and digestion.

1.1.2. Multiple External Representations (MERs): An Effective Design Feature of
STEM-Integrated Learning Environments

STEM professions, and by extension STEM education, require individuals to interpret
and evaluate complicated systems-level processes that involve multiple scales, which
cannot be easily captured through one type of representation—or model [18,33]. Multiple
External Representations (MERs), specifically those involving computational or agent-
based modeling, have been well documented to support cognitive processes in learning
about and problem-solving with complex systems [8,18,34]. They have also been identified
as effective tools for facilitating STEM learning [17,20,35,36]. However, STEM integration
poses several known challenges, such as (1) integration needing to be made explicit for
students (i.e., making crosscutting connections is not an automatic process and must be
fostered); (2) a foundational understanding within individual STEM disciplines is necessary
before concepts can be integrated; and (3) combining these without carefully considering
the cognitive benefits and potential difficulties may at times hinder learning [2]. Thus,
more representations are not always better and such challenges should be addressed in the
design of the learning environment [17,36].

When used strategically, MERs can encourage learners to develop a deeper under-
standing of a situation or mechanism by facilitating and enhancing learning [34]. They do
so by activating different cognitive processes, such as (1) abstraction (reducing complex
phenomena into simplified, fundamental elements); (2) extension (extending knowledge
to other representations); and (3) relational understanding (emphasizing fundamental
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connections across models; [37]). In this way, MERs allow learners to achieve a depth of
knowledge and an understanding of complexity that would be difficult to attain if learning
with only one representation [36].

While earlier research has supported the effectiveness of MERs for improving learning
outcomes in STEM subjects (e.g., [38–40]), this is not always the case (e.g., [34,41]. The fac-
tors that contribute to MERs promoting, or in some cases, even hindering, learning are not
fully understood [34,42]. For example, MERs have been shown to increase cognitive load
due to the added processing required to integrate concepts across representations [43–45].
In the absence of appropriate scaffolding and prior knowledge, students may overload
their working memory with novel information, which impedes learning [46].

Furthermore, MERs cannot be considered independently. Representations presented
within a learning activity will interact with one another to complement or constrain systems-
level knowledge in what Ainsworth [37] describes as “a form of representational chemistry”.
Given the wide variation in the form of MERs (e.g., pictures, simulations, animations,
equations, and graphs), it can be difficult to untangle influences and link specific design
features to learning outcomes. Because of such contextualized effects, self-reflections into
one’s learning process when problem-solving with MERs would be useful in highlighting
potential linkages. Therefore, a central feature of this study is to explore in-depth how
students use MERs to develop complex systems thinking through a fine-grained analysis
of students’ reflections on their own learning.

In the design of this learning environment, the salient MERs we incorporated consisted
of three models students used to explore how the Venus flytrap responds to physical forces
to capture prey: (1) a living plant with electrodes and a circuit box to measure the action
potential (the electrical impulse) generated when a trigger hair is pushed on; (2) an agent-
based model showing how calcium and potassium ions move in and out of a single cell in
response to physical forces acting on the trigger hair; and (3) a 3D Rube Goldberg machine
that depicts the threshold-based response regulating trap closure through the use of a
seesaw that fills and leaks to some degree but ultimately can trigger the “mouth” of the
flytrap to close (on a balloon/prey item) when a critical level of water is dispensed into the
vessel. We further detail the models and the complex systems principles underlying how
the Venus flytrap operates and how these are being represented below in Section 2.2.

While the use of agent-based models has been established as a particularly effective
tool in learning about complex systems [12], we further advance our understanding of
effective learning tools by having students also experiment with the living system and
with a “machine” traditionally associated with engineering learning environments (i.e., the
flytrap and the Rube Goldberg, respectively). Overall, we aim to explore how students
integrate new STEM-integrated topics, like mechanobiology, into their schema through a
fine-grained analysis of the learning processes and student learning outcomes associated
with this intervention.

2. Materials and Methods
We employed a mixed-methods exploratory research design to investigate how high

school students develop their understanding of complex systems through engaging in a
mechanobiology-based curriculum centered on the Venus flytrap. The intervention aimed
to integrate biological, physical, and engineering concepts using MERs to facilitate STEM-
integrated learning, while also scaffolding students’ development of key characteristics
of complex systems (many interacting parts, decentralization, non-linear interactions,
emergence, and adaptation). Data sources included post-intervention interviews with
students and pre- and post-surveys. Informed consent for this IRB-approved study was
obtained from all participants involved.
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2.1. Participants

All lessons were co-taught by an engineering teacher of 9 years (pseudonym: Nick)
and members of the research team. Nick collaborated with the research team to implement
the mechanobiology curriculum with consistency to ensure that all students engaged with
the same sequence of hands-on experiments, models, and classroom discussions. To capture
in-depth how students understood mechanobiology using complex systems thinking, we
focused on a small group of 10th and 11th grade students (n = 28) studying engineering in
a Career and Technical Education (CTE) Program that emphasizes project-based learning.
Students attended a large, urban public school district in the northeastern U.S., where 49%
of the students identified as male and 51% female. Most students identified as Black or
African American (72%), whereas 15% identified as multiple races, 11% as White, and 2%
as Asian. Participation in the study was voluntary and while everyone in the class was
invited to participate, a subset of 16 students volunteered for individual interviews. This
approach follows prior research that emphasizes the value of observing students as they
articulate ideas during complex problem-solving [47].

2.2. Context

This study was situated in a broader research effort our team has been focusing on to
enhance adolescent students’ awareness and understanding of mechanobiology through
interdisciplinary and hands-on instruction. In this study, we focused on a short but immer-
sive instructional mechanobiology unit, exploring how high school students understand the
interrelationship between mechanical forces and biological response through observation,
experimentation, and modeling. We designed this unit to highlight key characteristics
of how the Venus flytrap operates as a complex system— with many interacting parts,
decentralized control, non-linear interactions, emergence, and adaptation— while support-
ing students’ conceptual development of mechanobiology concepts through MERs and
hands-on learning.

We implemented the curriculum across two double-period classes in March 2025,
with each lasting approximately 120 min. Before introducing students to the three models
(the live flytrap, the agent-based model, and the Rube Goldberg machine), we helped
students build a cognitive framework by eliciting prior knowledge (e.g., discussing what
they already knew about the flytrap). We then provided an overview of the hunting cycle
of the Venus flytrap through a time lapse video from YouTube and a figure we adapted
from Hedrich & Neher [23] that details the hunting cycle of the flytrap (Figure 1). This
introduced the students to some of the macro- and micro-level parts involved in the flytrap
closing mechanism and set the stage for students to experiment with the live flytrap.

Next, students conducted the live flytrap experiment (Figure 2). They began by
reviewing the flytrap anatomy, followed by setting up Plant SpikerBox kits (Backyard
Brains, Ann Arbor, MI, USA) to measure electrical signals/action potentials when the
trigger hairs were touched [48]. Students were prompted to “Think like a group of scientists
and engineers working together to experiment with the plant!” and they were all given the
following research question to investigate: “We know that flytrap sensory hairs need to be
triggered twice within a set time interval in order to close. How might you determine how
long your flytrap can remember an initial touch of its trigger hair?” Next, they discussed
and planned their investigation together before starting (“Which hair will you trigger 1st
and how will you trigger it? How long will you wait before triggering another hair? What
data do you think you need to record?”) and assigned group roles (i.e., data recorder,
SpikerBox operator, timer). The live plant model was effective in capturing students’
engagement and in emphasizing key science and engineering practices (e.g., planning
investigations, collecting and analyzing data) but demonstrated limited accessibility (i.e.,
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living flytraps are difficult to maintain, sometimes they do not react to touch, and once a
trap closes, it does not reopen for at least 24 h).

Figure 1. Hunting cycle of the Venus flytrap. The top of the diagram going clockwise shows that two
mechanical stimuli within a certain time interval (~40 s) will fire two action potentials and cause the
trap to close. Once closed, the trap requires at least 7 or more actional potentials from struggling prey
to turn on the gene expression of the enzymes needed to digest the prey item. Nutrients are extracted
over the next few days and ultimately the trap will open again to repeat the process.

In the second section of the 1st double period, we reviewed physics concepts such as
“thermodynamics” and “diffusion” and then introduced students to terms like “mechan-
otransduction” and “action potential” to highlight the connections of these concepts to
biological examples they were likely already familiar with (e.g., the human brain, heart, and
ear canal). Then students engaged in experimentation using the agent-based simulation
to explore the flow of ions inside of a Venus flytrap cell once a hair is triggered (Figure 3).
In this model, students were prompted to make predictions and analyze data based on
multiple simulation runs. The simulation interface highlighted the micro-level interactions
of this system, showing the movement of ions in and out of one cell and featured two
dynamic graphs that showed voltage change over time (i.e., action potential) and number
of intracellular calcium ions over time (Figure 3). The agent-based model was effective
in revealing invisible ion dynamics which leads to electrical energy transformations in
the cell; however, unlike the live plant, it was not as effective in conveying macro-level
emergent behaviors.

Next, the students worked together to assemble the Rube Goldberg machine, which
conveyed (through a mechanical analogy) the calcium ion flow and threshold-based re-
sponse that ultimately leads to trap closure (Figure 4). This machine modeled both micro-
and macro-level interactions through combining mechanical design principles with the
biological functioning of the flytrap. Overall, the Rube Goldberg model made visible the
threshold-triggered closure in an engaging way (i.e., the signal accumulates on one end
of the seesaw, causing the other side to lift up, which then knocks down a weight and
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provides the force needed for the trap to snap shut), although unlike the agent-based model,
it does not model the process of mechanotransduction accurately. Instead, it shows gravi-
tational potential energy as the motive force behind trap closure, while in living systems,
it is chemical potential energy and turgor pressure driving trap closure. However, this
representation was not designed to mirror the exact physical laws of mechanotransduction,
but to provide a tangible analogical bridge allowing students to visualize the connectivity
between decentralized micro- and macro-level components. While each model had associ-
ated limitations in conveying systems-level concepts, taken together, they complemented
one another to support students’ multi-level reasoning. During this class period, students
worked in groups of 4–5 with all three models to explore the mechanisms underlying trap
closure in-depth and were prompted to make sense of what the models conveyed about
Venus flytrap mechanobiology.

   
(a)  (b) 

Figure 2. Model 1 used to stimulate complex systems thinking in relation to the mechanobiology
of the Venus flytrap. (a) Students conduct electrophysiology experiments on live plants using
SpikerBoxes (left); (b) a smartphone “Spike Recorder App” is used to measure the electrical wave in
real time (right) [48].

(a)  (b) 

Figure 3. Model 2 used to stimulate complex systems thinking in relation to the mechanobiology of
the Venus flytrap. (a) Students experiment with the StarLogo Nova [49] computational model (left);
(b) model includes dynamic graphs (right) that depict ion flow in response to force at the micro-level,
with one graph highlighting the electrical impulses (top right), and the other highlighting the level of
intracellular calcium over time (bottom right).
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(a)  (b) 

Figure 4. Model 3 Used to stimulate complex systems thinking in relation to the mechanobiology of
the Venus flytrap. (a) Students build a flytrap device that demonstrates the threshold-based response
that leads to trap closure (left); (b) a Fusion 360 model of the machine (right).

In the second double period class, we introduced students to the construct of complex
systems. We defined the term “as anything composed of many parts that interact in such a
way that the overall behavior of the system is entirely dependent on those many interactions;
where small-scale actions/movements lead to a larger, unexpected outcome.” We provided
students examples of how the brain operates as a complex system, focusing on the five focal
principles mentioned above, and engaged students in a class-wide discussion to unpack
each of the terms and generate analogies to familiar scenarios (Figure 5). We then gave them
the following two prompts before conducting 16 individual, post-intervention interviews:

1. Think about the different layers/scales (what are the smaller parts doing) and how
they affected the behavior of the trap;

2. Determine if/to what extent the Venus flytrap operates as a complex system.

We applied concreteness fading [50] in sequencing the three models, where students
moved from directly working with the organism to working with more abstract and simpli-
fied representations (i.e., the computer-based model and then the tangible, Rube Goldberg
device). Throughout the unit, students collaborated to record phenomena, make inferences,
and reason scientifically. In this way, we aligned the unit with the Next Generation Science
Standards (NGSS), targeting Disciplinary Core Ideas (DCIs) related to systems and sys-
tem models, and Science and Engineering Practices (SEPs) such as planning and carrying
out investigations, analyzing and interpreting data, and constructing explanations [1].
Through experimentation, modeling, and discussion, students studied the mechanobiology
of the Venus flytrap through multiple approaches with the goal of promoting a grasp of
interdisciplinary, complex systems thinking.

To further clarify the incremental contributions of each MER, we developed a repre-
sentational matrix (Table 1) that maps the five core complex systems principles onto the
specific affordances of the three MERs. This matrix highlights how the MERs provide
complementary perspectives across length scales, which we reasoned would contribute
to students’ overall integration of concepts across the models, while managing cognitive
load. We structured the three focal MERs according to specific representational roles that
target different levels of organizational complexity. MER 1 allows students to observe
real-world macro-level patterns, such as the specialized tissues and the visible response of
trap closure, though the underlying causal mechanisms remained invisible. MER 2 used
an agent-based model to reveal the “hidden information” of microscopic ion flow and
membrane potentials that drive these macro-level behaviors. Finally, MER 3 served as
a bridge between these scales by allowing students to physically model the connectivity

https://doi.org/10.3390/systems14030331

https://doi.org/10.3390/systems14030331


Systems 2026, 14, 331 9 of 25

between multilevel parts and observe how global coordination emerges from decentralized,
threshold-based interactions.

Figure 5. Complex systems heuristic. These 5 complex systems principles and examples were used as
a basis for students’ introduction to the construct and were available for students to refer to during
individual interviews.

Table 1. Representational matrix mapping targeted complex systems principles across the three focal
Multiple External Representations (MERs). * Each model sequentially increases in abstractness.

Complex Systems
Principle

MER 1: Living Venus
Flytrap (Macro-Level

Phenomenon)

MER 2: Agent-Based Model
(Micro-Level Interactions)

MER 3: Rube Goldberg
(Mechanical Analogy and

Integration)

Concreteness Fading Sequencing *------------------------->

Many Interacting
Parts

Shows specialized
macro-level anatomical and

sensory structures (e.g.,
trigger hairs, plant “mouth”)

Shows otherwise invisible
microscopic components
(e.g., ion flow, membrane

potential)

Connects micro- (i.e.,
Ca2+/water flow) to

macro-components, showing
how outcomes emerge

through interdependent
parts

Decentralization

Shows lack of a centralized
control through variable

responses to stimuli;
students observe that the

trigger hair does not exercise
total control over the leaf

Shows decentralized ion
flow across the cell

membrane, illustrating how
the response is a product of
distributed cellular states,

over time and distance,
rather than a central

command

Shows a multi-level pathway
where global coordination

(trap closure) fails unless all
components operate

correctly (e.g., weight drops,
but trap does not always

close)

Non-linear
interactions

Shows that a single stimulus
is insufficient, and >1 action
potentials are required for a

global response

Quantifies non-linear
relationships through
real-time graphing of

membrane potential and
calcium accumulation (see

Figure 3, right panel)

Connects macro-level
triggers to the underlying

threshold-based
accumulation of the signal

(i.e., Ca2+/water level
threshold)
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Table 1. Cont.

Complex Systems
Principle

MER 1: Living Venus
Flytrap (Macro-Level

Phenomenon)

MER 2: Agent-Based Model
(Micro-Level Interactions)

MER 3: Rube Goldberg
(Mechanical Analogy and

Integration)

Concreteness Fading Sequencing *------------------------->

Emergence

Provides the real-world
macro-level pattern (trap
closure) without initially
revealing the underlying

causal mechanisms

Reveals the invisible
mechanism of how

micro-level ion dynamics
aggregate to produce the

macro-level behavior
observed in MER 1

Reinforces the micro to
macro link by showing how

the mechanical
synchronization of many

parts results in the emergent
capture of prey (i.e., balloon

pops)

Adaptation

Shows how the system resets
or remains open based on
the timing and interval of

mechanical stimuli

Allows for infinite
permutations of initial

conditions to visualize how
the system returns to resting

potential or adapts to
different variable patterns

Reinforces how an
underlying signal, which

accumulates and decays over
time, is ultimately what

causes the trap to close or
remain open

2.3. Data Sources and Analysis

We conducted, recorded, and transcribed individual, semi-structured interviews with
16 students at the end of the unit (209 total minutes of interviews, lasting 13 min each
on average). Interview questions prompted students to articulate what they knew about
how the Venus flytrap responds to physical forces. We also asked students if they saw any
connections between the Venus flytrap and complex systems and gave them access to the
complex systems heuristic (Figure 5) if they wanted. Last, we aimed to understand the
extent to which students could transfer their learning to other contexts: we asked students
whether they thought understanding complex systems was important in life and if they
could think of a real-world problem where this kind of thinking would be helpful.

The interview data went through a systematic process of validation to identify students’
depth of understanding of complex systems principles. Before implementing instruction,
the research team collaborated with Nick to hypothesize how the flytrap exemplified the
5 complex systems principles highlighted and this served as an initial codebook. We also
incorporated aspects of a grounded theory approach in evaluating this data source and
further developing the code definitions (Table 2), where we refined and deconstructed how
the flytrap hunting behavior exemplified complex systems principles based on student
responses and insights. Using a constant comparative method of analysis, the first author
analyzed the first interview where information that related to each of those five principles
was derived, and that information was then compared to and triangulated with each subse-
quent interview to validate that a particular finding emerged from multiple sources [51].
The first author identified and coded 71 instances that revealed students’ complex systems
understanding (derived from the analysis of 13 of 16 interviews). To ensure the reliability
of the coding process, Authors 2 and 3 were trained on this preliminary codebook and
independently coded the remaining interviews with a 61% agreement rate. Consensus
was later reached on all code definitions based on several follow up discussions with
the research team, and author 1 revised all code designations accordingly. To formally
validate the instrument’s reliability, we conducted a secondary Inter-Rater Reliability (IRR)
assessment. Authors 2 and 5 independently coded a blinded portion of the dataset, which
neither had seen before (n = 37 or 41% of all coded instances). Statistical analysis of their
agreement level yielded a Cohen’s Kappa of κ = 0.645 [52,53], which represents substantial
agreement [54].

https://doi.org/10.3390/systems14030331

https://doi.org/10.3390/systems14030331


Systems 2026, 14, 331 11 of 25

Furthermore, we augmented this analysis with pre- and post-surveys, where we aimed
to survey students (n = 28) more broadly to assess their prior knowledge, complex systems
understanding, flytrap mechanobiology understanding, and their future career/academic
plans. For example, we asked students what they knew about flytraps and what they
thought might cause the trap to close in the pre-survey. Then in the post-survey, we asked
students what they learned about how the flytrap responds to external forces and if they
thought the flytrap operated as a complex system. We also asked students to indicate their
plans post-high school and whether they would go to college or trade school and if so,
what subjects they would continue to study.

Table 2. Complex systems category code descriptions.

Code and Definition Examples

1. Many Interacting Parts/Scale
(MIP/Scale)

General description:
The system (i.e., the flytrap) has components at
different length scales—small and large parts all
working together to help the system function.

Flytrap-specific description:
Students articulate their understanding of the
multiple components in the flytrap and their different
functions. We classified these components/parts into
either micro- (not observable with the naked eye,
except for in models B and C in Figure 1) or
macro-level (observable with the naked eye on a
living flytrap).
Micro-level parts included mention of:
• Calcium ions;
• Potassium ions;
• Membrane potential;
• Cells;
• Signals, electrical signals, or

mechanotransduction (i.e., the process in which
cells convert a mechanical stimulus into an
electrical or chemical signal).

Macro-level parts included:
• Nectar to attract prey;
• Trigger hairs;
• Flytrap “mouth”;
• Digestive juices/enzymes
• The prey itself or whatever stimulates the

trigger hair.

“There’s a bunch of small little things that happen to make the whole
thing close. . .There’s six different hairs located on the Venus Fry trap
and a fly or a bug triggers [it to close].”
Student 8 identifies two macro-level parts in this response: trigger hairs
and prey.

“They have multiple parts. . .we have the trigger, we have the calcium,
which causes the trap to close. There would be. . .the animal, the fly that
comes. . .And then all those parts play a different role in the way they eat
the fly.”
Student 10 identifies two macro-level parts (trigger hairs, prey) and one
micro-level part (calcium).

“The flytrap perceives the physical force with the six hairs that it has
inside, and then it takes that physical energy and turns into electrical
energy. And basically, it measures the amount of contact points that it
has with an animal or an insect. And then based on that it releases
calcium so that way it could start, have enough, have energy to start
closing, and then when one is triggered, only a little bit of calcium is
released, which is not enough to fully close it. And then if another hair is
released in a certain amount of time, then more calcium is released, and
it causes it to shut.”
Student 15 identifies two macro-level parts (hairs, prey) and two
micro-level parts (electrical signal, calcium).

“You have to make sure that the thing that’s going to get eaten has the
nectar. That’s the only thing it’s going to get attracted by. And I also feel
like the nectar works with the trigger hairs to when the thing is eating
nectar, they know, so when the animal touches the trigger hair within
the intervals, it kind of sends it to the system to say that, oh, this is an
actual animal, we can eat this.”
Student 3 identifies the macro-level parts (nectar, hairs, prey).

“The main thing that we learned was that flytraps sent electrical waves
in order to capture [prey] and they use signals.”
Student 16 identifies micro-level part of electrical signaling.

2. Decentralized Control (DC)

General description:
There’s no single “boss” telling everything else in the
system what to do.

Flytrap-specific description:
Students articulate an understanding that there is no
leader or boss in the flytrap for it to function properly.
They may also elaborate that the many parts
contribute unequal work or have different
functions/jobs. This could be coded only once for any
individual.

“So he depends on others, but they also depend on him. So it’s like a
mutual connection. So there’s not a single boss. They share their interest,
they have the same interest, so they cannot, they have to work together.”
Student 16 articulates that the parts are connected by a shared interest
and so there is no “boss”.

“There is no single boss. There are multiple things that have to be set off
for one thing to happen.”
Student 12 reasons that since many parts are required for “one thing to
happen”, there was not one single component that controlled the
behavior of the plant.

“Well, I mean the plant is kind of working as one thing, but each part
functions individually. So, I want to say that there’s one thing that can
occur without the other happening”
Student 9 articulates that the whole plant consists of parts that function
individually, without centralized control from another part.
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Table 2. Cont.

Code and Definition Examples

3. Non-linear interactions
(NON-LIN INTX)

General description:
Small changes can have big effects, and big changes can
have small effects.

Flytrap-specific description:
Students articulate an understanding that there is a time
component to the strength of the signals that are sent
(e.g., mention how signals accumulate, or thresholds
need to be reached) within a certain time interval (e.g.,
20 s). This could be coded up to 3× for any individual
based on the categories below.
• Accumulating or decaying signals, thresholds; if

not triggered within the 20 s (or a certain) interval,
it “starts/cycles over” or “resets”.

• All parts work but don’t always get the same
outcome (e.g., the prey may escape or the flytrap
can simply stop responding to stimuli).

• A mechanical stimulus must be of sufficient force
for an action potential to fire.

“I know that when the Venus flytrap has hairs on the inside and when
those are triggered it sends a signal. And that signal, it’s a form of I
think, calcium. And if that calcium becomes greater than a certain
threshold, which usually it needs a second tap of the hair and within a
certain time period, then that signal tells the Venus flytrap that there’s
food inside and then it closes.”
Student 9 explains that the accumulating calcium signal (i.e.,
micro-level component) is needed for the flytrap to close.

“[It’s] like a cycle, the big change, the big change gives, which is the
closing [of the flytrap’s] mouth and digestion is giving the energy to be
able to do that again with. . . [to capture] another fly or something like
that. And then redoing that process over and over again.”
Student 2 describes the cyclic process that allows the flytrap to catch
prey.

“When [we tried to get the Rube Goldberg model to pop the
balloon]. . .the balloon was too big to pop. And so, it kind of made me
think even though all the steps were followed, there is still something
that prevented it, or something that was a factor that was happening
that wasn’t quite correct for it to react. So even though you had all
those parts and they were correct, the end goal wasn’t the same.”
Student 15 invokes the physical model in their reasoning to how the
flytrap behavior might be unexpected.

4. Emergence (EMERG)

General Description:
The whole is more than the sum of its parts. New
behaviors show up that cannot be predicted by looking
at just one part.

Flytrap-specific description:
Students explicitly relate the following aspects of the
flytrap mechanobiology to the characteristic of
emergence from the interaction of many smaller parts
(note: MIP/Scale would be coded prior to identifying
the following behaviors as representative of emergence).
They often identify the emergent behavior as the “goal”
of the plant. This could be coded up to 3× for any
individual based on the categories below.
• Flytrap closes and/or catches prey.
• Flytrap produces digestive enzymes and/or

decides whether to digest what is inside and will
open back up without producing enzymes if more
action potentials/signals are not detected after
closure.

• Flytrap extracts nutrients from prey to help
it grow.

“[The emergent aspect would be] I guess the Venus flytrap closing.
And that’s the sum of all the little interactions beforehand that actually
cause it to happen. . .the hair, the calcium. . .Each part kind of builds
off each other. There’s the stimulus from the hair and then that causes
calcium buildup within the plant. And then if there’s enough of that, it
causes the fly trap to close and then that accomplishes its goal of
catching prey.”
Student 9 describes the behavior of closing to capture prey as
emergence in the flytrap.

“From my understanding [of emergence], maybe it’d be the nutrients
that it’s receiving and it’s helping the plant grow. So, of course it is
closing to capture that insect, or whatever, but what is it getting from
that insect? And that answer would be the nutrients and the food from
it. So that’s how I kind of perceived it, where of course all these
reactions happen, but why is it happening and what is the benefit from
it happening?”
Student 15 relates two emergent behaviors to the flytrap system: to
catch prey and to extract nutrients for growth.

“Emergence talks about the whole being more than the sum of its parts,
[and] that kind of reminded me of the Venus flytrap because there’s
multiple parts to it. And when you look at just the Venus flytrap, it’s
hard to tell how time plays into the time between hair triggers and
how the Venus fly trap reacts to that and the balance in the cells. . .the
imbalance in the cells, but there’s a lot of cells where some things are
out of balance. So that alone doesn’t exactly tell you how the Venus
flytrap works. And when you look at how it reacts to just one hair
triggering and nothing happens, that also doesn’t alone tell you how it
works. You need to look at the whole process and how all these parts
play in together to tell it when to release enzymes and when to close.”
Student 1 refers to two emergent behaviors in the flytrap as being (1)
when/if to close and then (2) when/if to release digestive enzymes
after closing.
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Table 2. Cont.

Code and Definition Examples

5. Adaptation (ADAPT)

General description: A system can change its behaviors
in response to the environment.

Flytrap-specific description:
Here students articulate their understanding that the
following aspects of the flytrap mechanobiology signify
an adaptation (note: this occurs across different time
scales and relates to improving survival outcomes and
conserving energy). This could be coded up to 3× for
any individual based on the categories below.
• Flytrap does not waste energy if not going to get

nutrients; guards against false alarms; counts the
number of hair triggers; learns/counts/senses
action potentials and can respond accordingly.

• Flytrap evolved over time to be carnivorous due to
a lack of nutrients in the soil.

• Flytrap can regulate when/if and how much of its
digestive enzymes to produce (prey needs to keep
struggling once the trap closes).

“So I guess. . .it having an interval system in it and not snapping shut
immediately when the hair is touched. It learned from past mistakes.
It must have evolved from it automatically snapping shut from one
interaction. It learned that not all the time. . .it’s [prey]. . . and now it
has a nice system where they know when to get the [flytrap] to snap
shut and get the nutrients. . .since they weren’t getting nutrients from
the soil”
Student 12 describes two aspects of adaptation in relation to the
flytrap: it can guard against false alarms in the moment, and it
adapted over evolutionary time to do this and thereby improved its
survival in a low nutrient environment.

“How the fly trap actually came into existence is a big. . .part of
adaptation. It had to figure out how to get the nutrients that [it]
needed if the soil didn’t have them. So I think it’s important to
remember that. But also the two-touch mechanism was something it
developed to make sure it wasn’t just catching random things. So
. . .the internal mechanisms, having to touch the hair five more times is
a huge adaptation that it wasn’t. . .catching prey it didn’t want.”
Student 11 describes the flytrap evolving over time to adapt to low
nutrient soil and to also catch prey by counting the number of
hair triggers.

“The Venus flytrap with the lack of essentially a brain, how it knows
. . .when to close its mouth for food or whether something is a false
signal or not. . .It’s like the six trigger hairs. You have to trigger them
with a certain amount of pressure in a certain amount of time, twice at
least for it to close. And then another about five or so times for it to
release the stomach juices for it to digest.”
Student 2 articulates two adaptive aspects of the flytrap’s hunting
cycle: the threshold-based response required to close and the
continued counting to regulate whether digestive enzyme production
is initiated based on more signals being fired.

3. Results
In this section, we focus primarily on the findings from the student interviews (n = 16)

that occurred at the end of the intervention. We include supplemental findings from
survey data (n = 28) as relevant to the four main themes that emerged from this analysis:
(1) students articulated an in-depth understanding of how the flytrap operates as a complex
system, (2) they linked their understanding of this based on their learning experience with
the MERs, (3) they were able to transfer systems thinking to other familiar contexts, and
(4) they articulated an appreciation of STEM integration in the classroom and its connection
to real-world research.

3.1. Articulating an In-Depth Understanding of How the Flytrap Operates as a Complex System

Our analysis yielded 89 codable instances in total, with adaptation being coded most
frequently (Figure 6). In total, 100% of all students interviewed identified at least one
of the three aspects related to adaptation (Table 2); 94% identified at least one of the
three aspects related to emergence; and more than half identified the trap closing as an
emergent behavior, with the other two aspects less frequently connected to the principle
of emergence by students. In all, the principles of both adaptation and emergence were
effectively conveyed through this intervention. This is noteworthy considering that 20%
of students conveyed in the pre-survey that they had limited understanding of how the
flytrap responds to external forces (e.g., some students responded they did not know what
causes the trap to close; others incorrectly hypothesized it was a defensive mechanism).
Yet the number of aspects for a given principle articulated by students varied widely. For
example, 31% of students did not articulate any aspects of non-linear interactions during
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interviews, yet 19% of students articulated two aspects (outlined in bullet points, Table 2).
While all students articulated at least one aspect of adaptation, 50% were able to recognize
two or more (bullet points, Table 2). This suggests that deeper learning took place for
some students.

All students were able to identify many of the interacting parts listed in the codebook
(e.g., ions, trigger hairs, prey, etc.). Across the 16 interviews, we tabulated the number
of either micro- or macro-level parts students described as interacting within the flytrap.
Students identified on average at least two macro-level parts and one micro-level part when
discussing how the flytrap operates. Moreover, 50% identified four or more interacting
parts across length scales, demonstrating a more comprehensive appreciation for the role
of several variables underlying the closing mechanism of the flytrap.

Regarding the principle of decentralized control, 75% explicitly noted in their inter-
views that this aspect was apparent. For example, Student 8 reasoned that “nothing [is]
telling the Venus flytrap what to do, but there’s little things that make it work in one specific
way and [it is the] little things that work together to help feed it.” However, some were
uncertain or expressed hesitation in linking this aspect to what they understood about the
flytrap. Two students mentioned they thought the trigger hairs could be considered “the
boss” because it “technically tells the flytrap, okay, this is food, now you can close for this.”
Thus, there was variability in levels of understanding related to this principle.

 

0

5

10

15

20

25

30

MIP/SCALE DECENT NON-LIN EMERG ADAPT

F
re

q
u

e
n

c
y 

C
o

d
e

d
 

Complex Systems Principle

Figure 6. Frequency of codes (n = 89) by complex systems principles. Aspects of emergence and
adaptation principles were most frequently referenced by students after the intervention.

The final complex systems characteristic examined, non-linear interactions, was coded
in 69% of interviews. Most students responded that the time interval between triggers,
which was associated with a decay/accumulation/threshold of calcium signaling, repre-
sented non-linearity. Furthermore, many students cited the Rube Goldberg machine when
connecting their understanding of the flytrap to the principle of non-linear interactions.
For example, Student 12 elaborated:

When we put the water in the model. . .it showed how it kept dripping and after
a certain time. . .that it’ll eventually cause something to move and cause for it to
snap shut. . .[it reached] the threshold to close.
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Thus, some students directly linked their complex systems understanding to how the
information was represented in the three models (Figures 2–4). We discuss the findings
related to this in more detail in the next section.

Additionally, students who were not interviewed identified multiple aspects of how
flytraps operated as a complex system, as evidenced in the post-survey responses to the
open-ended question: “What did you learn about how the flytrap responds to external
forces? Describe what you think causes the trap to close.” One student wrote, “I learned
that the Venus fly trap had adapted to its environment so that it can score the maximum
amount of flies with the least amount of energy,” which demonstrates a solid understanding
of adaptation and perhaps alludes to emergence (in reference to “scoring flies”). Another
described emergence in that the trap closes to extract nutrients from prey: “The Venus
flytrap. . .uses tiny hairs to sense movement, triggers an electric signal to close its leaves, and
then digests the trapped insect for nutrients.” Overall, these results show that high school
students were able to understand the many interacting parts underlying the mechanism of
flytrap closure through the lens of complex systems thinking.

3.2. Varying Modalities of MERs Were Effective in Promoting Complex Systems Understanding

The three models represent different visual and hands-on modalities to help students
build an understanding of how the flytrap operates as a complex system. In total, 60% of
the students interviewed responded that the Rube Goldberg machine (Figure 4) was the
single most effective model that was helpful for their learning. This was likely due at least
in part to their prior experiences designing their own Rube Goldberg machines as part of
their mechanical engineering curriculum, as they stated this model “made more sense” and
although “simplified” and “not an exact replica”, it was an engaging tool for visualizing
what “goes on in the inside” of the plant. Most students also reported that “seeing how
all the parts intersected. . .was super helpful” in this model. Student 8 elaborated on this
point, stating:

The little parts. . .led up to the actual big closing of the actual trap. . .[Similar to]
the trigger hair, you had to pour the water in the cup and then [the weight] fell
down and then it let off another thing. And it all led to a little process. Just
like when the insect touches one of the hairs, then it leads to the trap. . .sensing
that it’s something there and then it has to hit something else for it actually to
fully work.

Indeed, the Rube Goldberg machine was effective in promoting student understanding
of how many interacting parts, including the normally invisible micro-level parts of the
flytrap, work together to cause the trap to close.

The remaining students interviewed (40%) said two or more models were most helpful
in their learning. These students discussed aspects of the representational chemistry across
the models that reinforced and complemented their learning, not only by imparting a sense
of the interacting parts, but also a realization of the non-linear interactions occurring within
the flytrap system. For example, Student 8 stated:

I like the computer model that actually shows the calcium buildup and the
threshold line and how there’s some decay. And I like how the physical model
represents that decay through the water dripping down. There’s a small hole
where the water drips down, so [if] there isn’t enough buildup within a period of
time, there’s no action.

Here the student is relating the information in two of the models and specifically
references the relationship between a graph (of intracellular calcium level) from the agent-
based model (Figure 3) to the dripping water bottle from the Rube Goldberg machine
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(Figure 4). Student 15 extended that connection by citing their experience of working with
all three models as helpful for their learning and in understanding emergent behaviors of
the plant (i.e., either closing in response to force or not).

[The agent-based model] helped me visualize the chemical transformation and
how it’s being triggered and why it’s being triggered. And then [the Rube
Goldberg machine] helped me visualize a bit more why it happens like that,
where it has enough calcium to finally trigger it and make it shut. I think that
was a really good representation of it. And then for when we actually [triggered
a living flytrap], I think it was just good to put those references back to the actual
plant and see how it actually functions with the plant. And I think that really
helped because when we were doing. . .[we experienced] trial and error because
when my group did it, the first [flytrap plant] that we [experimented with], it
didn’t close. So we were kind of like, why didn’t it close? But then. . .the second
one closed. . .And so I think if we would’ve only did that one, I don’t think we
would’ve understood quite how it works because one of them didn’t close. . .But
with the [three] models [together], I think it really helped.

Taken together, these findings show that most students cited the more familiar Rube-
Goldberg machine as contributing to their learning of how the flytrap operates as a complex
system. For those who integrated their experiences of working with two or more models,
the MERs served to complement and reinforce students’ understanding of the micro-level
parts and non-linear interactions working together to cause the trap to close.

3.3. Transferring Complex Systems Thinking to Familiar Contexts

In the interviews with 16 students, we recorded 33 total instances of reference to the
variety of ways that complex systems thinking could transfer to other examples from their
daily lives. For example, seven students related the principles of complex systems to the
way that a school functions or their own experiences in school. Student 3 stated:

You definitely have to work together as a team to achieve anything, especially
if you want it to become a really great thing. . .in [55] class. . .when you work on
projects with other people, sometimes it’s really hard, especially if you’re not
friends with that person and you guys are arguing over what to choose, who to
work with, what we should do. So this definitely helps. It kind of opens up the
brain of a person to understand more things and to get different perspectives of
something complex.

This student related complex systems thinking to inform how to approach collabo-
rating on group project work in class. Student 11 described school-level variables that,
although seemingly small taken on their own, could have consequential downstream
effects, i.e., emergent behaviors:

Well, the fact that our bodies function is a complex system. The fact that we get
out of bed in the morning and then we have all these different routines that we
do. We have to brush our teeth, we have to get dressed and do all that stuff, and
then we have to go get on the bus or get in the car and go to school. And then
once we’re here, we have super strict schedules that we have to follow. And if we
don’t follow them, it’s bad for our attendance and attendance matters for college
[admissions]. It’s all these little things we don’t think of as being relevant at all
that are super. . . relevant and make a big difference.

Furthermore, Student 4 made multiple complex systems connections across disciplines
by linking the concepts to schooling, engineering, and biological systems:
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School Systems: “Getting your education to get one big degree. . .Going through
[individual] classes, but in the end you get your one big [degree].”

Engineering Systems: “I think of it as. . .what I did previously, Rube Goldberg,
all each individual systems that cause one big outcome. And that’s important
to understand because we decide our own actions and our own actions while
they’re small now can lead to a bigger effect.”

Biological Systems: “Carbon emissions, carbon dioxide. . .I think about it, a lot
of people don’t think about the effects it has now and we kind of breeze by it.
And that’s a ‘small thing right now’, but it’s shaping the future of our world
and what future generations are going to have to face. The big problem that is
global warming.”

In other examples, students appeared to connect their understanding of complexity
across more biological systems, based on principles that were salient in the Venus flytrap
curriculum. For example, students were interested to learn that the flytrap evolved car-
nivorism as an adaptation to the low nutrient, acidic swamp soils that they inhabit [56]. Stu-
dent 16 then connected this concept of evolutionary adaptation to how “crocodiles. . .went
from being just a land animal into being in water. . .they adapted to it. . .to find [a] better
place in order to survive in this environment.” Student 8 connected complexity to the
symbiotic relationship between plants and pollinators in stating “Like bees, pollinating
[with] pollen, they work together, they get pollen off of flowers and then they sprinkle it
around and that all helps with the growing of plants.” Moreover, Student 15 stated that the
MERs helped her make connections between complex systems and everyday life:

I think also the different forms. . .with the [Rube Goldberg machine]. . .and then
[the agent-based model] shows us how different results can be, or the same
conclusion can be made from different experiments and stuff like that. And
also. . .the fact that we can find a correlation between Venus fly traps and your
everyday life, or these complex systems.”

Overall, these examples highlight connections students made between the flytrap
curriculum and a broader understanding of complex systems and demonstrate the relative
ease with which students extended their complex systems thinking to daily phenomena and
existing knowledge. This could be due, in part, to having familiarity with complex systems
principles before they started the flytrap unit, even if they had never formally heard the
term “complex systems” beforehand. In the pre-survey, only 11% of students were unable
to respond to the question “Can you think of an example of a system where small individual
actions lead to a larger, unexpected outcome?” In most pre-survey responses to this question,
students correctly identified complex systems like Rube Goldberg machines, ant colony
marching, a launcher they built in class, and a classroom/school as examples of systems
with emergent characteristics. This suggests that students were already aware of systems-
level thinking and how it applied to their own experiences/knowledge (particularly as it
applied to their engineering curriculum).

However, pre-survey responses also suggested that many students held intuitive but
underdeveloped ideas about complex systems. For example, students responded to this
question before starting the unit: “Can you think of an example of a system where small
individual actions lead to a larger, unexpected outcome?” In general, student responses
were brief and/or inaccurate (e.g., “misinformation being spread online”, “completing
step-by-step parts of a big project”, or “broken glass”) and perhaps only identified a couple
of interacting parts (e.g., “a simple error in the code could wreck everything, like that one
spacecraft that crashed”). These responses captured some bigger picture ideas of how
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interacting parts could lead to unexpected outcomes, which seemed to lay the groundwork
for more refined systems thinking during learning.

3.4. Perceptions of STEM Relevance, Authenticity, and Interconnectedness in the Classroom

Students also elaborated on how they connected aspects of the flytrap unit to real-
world STEM research. Multiple students (n = 6) cited that experimenting with the living
plant (e.g., “hooking up” electrodes to measure action potentials, using an app to collect
data, making predictions and testing it out) and “doing it physically” “helped [them] to
see [a] real-world connection to STEM research”. Thus, the inquiry component embedded
into working with the living plant incorporated key scientific practices related to the NGSS
science and engineering practices and was perceived as an authentic research environment
by many students.

Furthermore, students made explicit connections to interdisciplinary learning related
to this curriculum. For instance, Student 5 connected working with the live flytrap to
experimentation in their school physics lab:

I had physics last year. We always had to build different things to see how they
responded. We recorded our responses. So, I feel like [hooking] the phone up [to
record action potentials] was a way to see what we did and record the reactions.
And I would just say that obviously relates to physics because we always have
to record what we do. If we don’t record what we do, we just don’t know how
it changed over time. So I feel like us being able to see the [voltage change over
time]. It went up and down as we put the thing in the Venus flytrap’s mouth. It
was just a good way to record. And I feel like that ties into physics.

Beyond considering their high school experience, multiple students acknowledged
that STEM-integrated perspectives are necessary to consider for their future learning and
even careers. Student 11 elaborated:

All the sciences and biology and engineering, it’s all super interconnected. And
thinking about it as like, oh, I have to go study just one discipline in college, espe-
cially because I’m trying to figure out what I want to major in and stuff. . .thinking
about just one discipline is so limiting. And I actually think all of that is
really. . .relevant to us right now. And just knowing that wherever you end
up, you’re definitely not going to be just working within one thing. Even if
you go into civil engineering and you go into architecture or whatever, you’re
still going to be working with people and you’re going to be working with, say
someone wants a garden or whatever, or a built-in garden or something like that.
Then you’re working with biology and it’s like, yeah, it’s all very intertwined,
and I don’t think there’s enough emphasis put on that in school.

This student highlighted the “interconnected” aspect of STEM in future careers and
how that knowledge was impacting their current thinking regarding what to study in
college. Student 15, who expressed a prior interest in studying the physics of cancer, also
emphasized the relevance of mechanobiology in their field of interest, oncology:

In. . .radiology oncology, there’s not just one single person, there’s the physicist,
there’s the research scientist, there’s the therapist, there’s the doctor, there’s the
nurse, there’s the people at the front desk, there’s a whole system that goes into
doing this. And actually, I went into the research lab and the [research scientist]
was showing us the actual cancer cell inside of a rat and took a sample from the rat
and how it was developing inside of it and growing and stuff like that. . .there’s a
lot of different things that trigger cancer, and there’s a lot of different things that
happens with that. So I was thinking of the correlation with that and kind of how
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the body is working to build up these cancer cells or to fight them away. . .I think
that could definitely relate to mechanobiology and the way that [cancer develops].

Taken together, these data demonstrate that the unit helped students perceive the
relevance of STEM integration in their future studies. In addition, survey results showed
that most students (82%) agreed or strongly agreed that they would be pursuing a college
major in STEM both before and after this unit. This group of students already had high
interest levels in pursuing STEM, and their exposure to the Venus flytrap mechanobiology
helped to reinforce connections across disciplines.

To assess the quantitative impact of the intervention, we analyzed survey data for
shifts in students’ educational aspirations, STEM confidence, and perspectives toward
current STEM research. The resulting descriptive statistics are detailed in Table S1 of
the Supplemental Materials. Since the sample size (n = 28) did not provide sufficient
statistical power for a formal factor analysis [57], we treated these metrics as exploratory
indicators of descriptive trends to be validated in future studies. We conducted paired
t-test analyses, and while the current sample did not result in significant shifts in these
metrics (i.e., p > 0.05), we note a few descriptive trends in the intended direction. For
example, students’ self-reported familiarity with current STEM research (item #6) showed
the most prominent gain (+0.35 on average from pre-score), alongside a downward shift
in the perception of engineering as a separate, disconnected field (−0.31 on average from
pre-score) and a downward shift in the perception that mechanobiology has little relation to
real-world experiences (−0.24 on average from pre-score). These trends were supported in
the one-on-one interviews, where many students articulated an appreciation for authentic
research, interdisciplinary connections, and mechanobiology when reflecting on learning
through the MERs.

4. Discussion
This study demonstrated that, among high school students, the three-MER curriculum

fostered a nuanced understanding of the Venus flytrap as a complex system, particularly
regarding the principles of adaptation and emergence. The MERs, especially the agent-
based model and the Rube Goldberg machine, were highly effective in visualizing micro-
level interactions and non-linear dynamics. Students readily transferred their complex
systems thinking to various familiar contexts, highlighting the broader applicability of
these principles beyond the learning environment. Overall, these findings suggest that the
MERs scaffolded students’ integration of complex systems principles, as well as facilitated
the transfer of systems-level thinking across diverse contexts.

Furthermore, the research experience, particularly in experimenting with the live fly-
trap, enhanced students’ appreciation for STEM integration and its relevance to real-world
research. Students not only articulated systems-level mechanisms in interviews but also
extended their reasoning to novel real-world contexts, indicating conceptual transfer [32,50].
These results collectively underscore the efficacy of this intervention in promoting learning
and engagement in both mechanobiology and systems thinking principles.

However, findings also revealed learning challenges. Some students struggled to
identify the role of decentralization in the flytrap, instead attributing central control to the
trigger hair, while other students, in working with the live flytraps, noted that triggering
the hairs twice in a 20 s interval did not always result in trap closure, and that sometimes,
the flytrap did not respond at all. This variability, which every student group experienced
with the live flytrap but not all recalled, could be made more explicit in future iterations
to emphasize the principle of decentralization. Additional design guidance to further
scaffold connections to the decentralization principle could include emphasizing the lateral
propagation of the action potential from cell to cell, which can only be triggered within
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any given cell once its neighboring cell is depolarized. This feature demonstrates how
the rapid closure of the trap is a global behavior that emerges from simpler, localized
threshold “rules” distributed across the cells of the plant tissue. Furthermore, students
could be explicitly prompted to explain the trap closing mechanism using only knowl-
edge of micro-level agents and interactions, which may scaffold a conceptual shift toward
localized rules generating emergent behavior. Overall, these results are consistent with
other studies as this concept has been challenging for students to grasp in other classroom
contexts [8,15,28,58]. In contrast to other studies [32], students here articulated understand-
ings of non-linear interactions and emergence, with individuals often identifying multiple
connections within these two categories (see Table 2). Thus, this three-MER curriculum
was effective in scaffolding student understanding of most, but not all, complex systems
principles emphasized here.

Students also demonstrated an ability to transfer this new knowledge to familiar
contexts, often connecting complex systems thinking to what they knew about school
systems, organismal systems, or government systems. These examples reflected a growing
awareness of complexity in the world around them. The two pedagogical approaches
implemented here (using MERs and a complex systems thinking framework) have been
shown to foster transfer [15,16,59] and these were likely effective design features mediating
that effect. Indeed, the use of MERs is generally known to engage and motivate learners as
well as help them to develop deeper levels of understanding [37]. A proposed mechanism
behind this effect is the role MERs may serve in reducing cognitive load in the working
memory by (1) making abstract concepts visible and (2) complementing and reinforcing
information across representations [18,37,60,61]. Furthermore, students had representa-
tional familiarity with the Rube Goldberg machine, having designed their own as part of
their standard engineering curriculum, which may have lowered the cognitive demands in
interpreting the similarities across models [37].

Yet while our results suggest that the three MERs supported student understanding of
the Venus flytrap as a complex system, it is important to acknowledge that more represen-
tations are not inherently better. Some adverse mechanisms that have been documented to
inhibit learning include representational overload, non-optimal sequencing, and lack of
representational familiarity [17,45,46]. Since students had high familiarity with the Rube
Goldberg representation, it likely helped this population to make systems-level connections
more salient, as many identified it as the model that was most helpful for their learning.

In the representational matrix (Table 1), we describe the abstract Rube Goldberg ma-
chine as a mechanical analogy that allows students to visually connect micro-components
made visible in MER 2 to the macro-level parts and system behaviors in MER 1. Inter-
estingly, student coded responses (Table 2) revealed learning gains in areas not explicitly
scaffolded by the focal MERs. For example, students had identified the emergent behavior
of digesting prey and extracting nutrients to grow as well as the adaptive evolutionary
behavior of plant carnivory in response to environmental conditions, neither of which were
apparent within the three MERs. This unexpected synthesis demonstrates that students
retained information from the background information presented and were able to incor-
porate it into a unified mental model of the organism. This suggests that the focal MERs
served as generative scaffolds that promoted students’ connection of complex systems
principles within a broader biological context.

Regardless of the underlying cognitive mechanisms, learning outcomes are shaped
not only by the sequence and design of the individual models, but also by how students
integrate them into their existing schema [18,55]. Given this, we also noticed that the depth
of comprehension varied between the 28 students in this study, which prevents generaliz-
ability; however, this approach did enable a rich analysis of students’ reasoning processes in
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a natural classroom setting, shedding light on the potential processes underlying learning
and cognition [62].

Other notable learning outcomes include reinforcing students’ scientific practices and
critical thinking skills by implementing hands-on experimentation, data analysis, and
interpretation in mechanobiology using the living flytrap. Many students connected this
component, which allowed them to observe biological phenomenon firsthand to answer
a research question, to their perceptions of contemporary STEM research. This feature
is important as it is increasingly critical that classroom learning mirrors the practices of
real-world STEM researchers [2]. Furthermore, recent research has demonstrated a posi-
tive feedback relationship between engagement in authentic practices and understanding
conceptually challenging STEM content—participation in real science and/or engineering
practices helps students make sense of new concepts, which in turn enhances proficiency in
those practices [4,62]. This was supported here when students articulated that the action of
setting up electrodes to record voltage changes in the plant reinforced their understanding
of mechanobiology and the value of interdisciplinary perspectives. Furthermore, students’
reflections on career relevance also underscore the motivational potential of authentic,
interdisciplinary inquiry to broaden participation in STEM pathways. This suggests that
repeated exposure to hands-on, STEM-integrated activities, where students design ex-
periments and use scientific instruments to answer a research question, would further
increase student interest in STEM-related career pursuits, and such approaches should be
incorporated into K-12 curricula when possible.

Limitations and Next Steps

We also acknowledge that the findings here are not generalizable due to the small
sample of students who selected to attend an urban magnet school that emphasizes project-
based learning and technology. Further, given that this population displayed high STEM
interest before the intervention, it is likely they were more receptive to learning about
complex systems principles and plant mechanobiology than typical upper-level post-
secondary students. In fact, previous research has shown that pre-existing career interest
in early learning is an important predictor of future persistence in STEM [63], so it is
plausible that these prior motivations significantly influenced how students engaged
with the unit [55]. Therefore, these findings should be interpreted as resulting from an
exploratory investigation which describes how motivated student populations engage with
mechanobiology and complex systems learning through MERs.

In future research, we aim to replicate these methods in classrooms of students with
varying levels of prior experience and initial interest in pursuing STEM to determine
whether the learning trends described here are more widespread. Another worthwhile
approach would be to employ a comparative experimental design (where one MER is
removed at a time) to isolate the differential impact of each representation on learning, or
to examine whether the sequence in which the MERs are presented influences learning
outcomes. Furthermore, while we conducted an interview analysis to assess the power of
students’ schemata, or mental models [60], of Venus flytrap mechanobiology and complex
systems, other measures—such as incorporating assessments of more formal cellular biol-
ogy content knowledge and using newly formed knowledge connections to solve novel
tasks and assessing performance—might provide deeper insight into the accuracy and
strength of students’ understanding (e.g., [18]).

Our next steps include implementing variations of the three-MER curriculum (e.g.,
resequencing the MER presentation, or removing the Rube Goldberg model to isolate its
effects across different populations of students (e.g., across schools, subjects, and grade
levels) and evaluating student experiences and learning outcomes to determine whether the
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trends described here persist. We aim to uncover broad differentiated instruction strategies
as well as adaptations needed to customize learning based on students’ prior knowledge
and skills and interests (e.g., [64,65]) in order to support teachers in implementing STEM-
integrated curricula effectively across classroom environments. Throughout the process, we
will continue to engage teachers as co-designers to ensure that the content and pedagogy
developed around mechanobiology topics, and STEM integration more generally, are
aligned with the goals and needs of their students.

5. Conclusions
Overall, this exploratory study supports the value of MERs in promoting systems

thinking within the context of the STEM-integrated field of mechanobiology. Instruction
included explicit cross-disciplinary connections throughout the unit and as a result, stu-
dents viewed their learning as more authentic and were able to articulate connections
across STEM fields that were based in their own experiences. Students demonstrated an
accurate and (for some) in-depth understanding of complex systems principles and flytrap
mechanobiology as the result of a relatively short, two-day classroom intervention. This
work represents an effective and engaging STEM-integrated module on complex systems
thinking that can be reproduced and adapted across contexts. It also serves as an example
of how K-12 curriculum can be intentionally designed to follow the approaches of real
scientists and engineers, where interdisciplinary teams work across micro- and macro-level
scales to generate knowledge. This can raise students’ awareness of cutting-edge career
pathways in the rapidly changing landscape of real-world STEM research, confirming the
value of embedding systems-level thinking in helping to foster STEM literacy for all, as
well the next generation of transdisciplinary experts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/systems14030331/s1, Table S1: Descriptive statistics for pre- and
post-survey items (n = 28). Students rated their likelihood (on a 5-point scale from definitely not/very
unlikely to certain/very likely) of pursuing the choices outline in items 1–5, as well as their agreement
level (on a 5-point scale from strongly disagree to agree) with the statements in items 6–14.
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