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The goal of this problem-based module is to explore the effects of health-related issues (e.g., obesity,
arteriosclerosis) on pressures in the circulatory system. Modeling and engineering design are key practices
comprising the Next Generation Science Standards, making these modules timely and well-suited for
life science classrooms at the introductory college level. These STEM modules bridge standard-based
biology, physics, and health concepts in an integrative approach to learn fluid dynamics and physiology in
authentic situations. Physiological issues represented include: (1) plaque formation and effect on flow, (2)
elastic recoil and arteriosclerosis, (3) effects of blood viscosity on flow, and (4) differential blood
pressure related to resistance. Exercises guide learners in assembling and using human circulatory
system models to explore principles of pressures as they related to tubing, flow, and resistance. Findings
from the investigations are used to construct diagnoses and recommended treatments for patients in
realistic scenarios with a secondary emphasis on a healthy lifestyle.
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Introduction 2005; Ucar and Trundle 2011). Further, in
defining components of a complex biological problem

Practical scenarios can provide authentic ~ Students and  teachers can progress  through
contexts for unraveling and making sense of 1ncreasmgly complex O.b']eCtheS.IIl a logical, stepwise
complex systems while providing motivation and  Progression to find possible solutions.
purpose for learning (Sadler, 2009). Such practices The activities that comprise the module were

also can help students develop and apply scientific ~ developed for a  summer teacher institute to
practices (Coll et al, 2005). Using models to model  innovative transdisciplinary activities

explore and construct scientific explanations also  integrating science and engineering practices and
promotes metacognitive thinking,  communication ~ cngineering design. ‘ . .

skills,  and creates opportunities for - The module is divided into three
students to participate in the development of apt1V1F1es created ar.ound a prgctlcal but hypothetlcal
scientific knowledge (Gilbert et al. 2000). The use  Situation addressing  critical ~ health  issues
of physical models with guided inquiry additionally ~ relating to the cardiovascular system, which
supports the conceptual nature of the topic (Coll et al. ~ ar¢ rtelevant to students and their families
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as well as other stakeholders beyond the classroom. The
hypothetical situation presents a 50-year old science
teacher planning to join her daughter on a trek along
the Continental Divide Trail in the Rocky
Mountains. In preparation for her trip, she schedules
an appointment with her physician to confirm she is
healthy enough for the adventure. The class is
tasked with interpreting her test results and exploring
specific factors that affect the circulatory system and
their patient. They then construct physical models the
physician can use to explain the teacher’s health
problems that make her participation on the hike a
dangerous undertaking.

These exercises offer a trans-disciplinary
model for  problem  solving that includes
application of mathematics, biology, physics,
and  engineering concepts. Through hypothesis
testing, participants design, build, and use physical
models to explore and test fluid dynamics as it
relates to circulatory issues presented in the
patient’s test results. Materials used in the activities
are easily accessible from hardware construction
stores and general-purpose stores, such as Walmart,
Kmart, or the Dollar Store. In addition, four YouTube
videos accompany this article to demonstrate possible
ways to assemble and use the circulatory models.

Students participate in engineering design
as they plan, build, and use physical models to explore
the physiological processes presented in the scenarios.
The process of model design and redesign promotes
scientific conceptual understanding and scientific
literacy (Berland and Busch, 2012; Fortus et al.
2004; Grossmanet al. 2012; Minogue and Jones,
2006). Further, they apply their knowledge to explain
how the model illustrates the phenomenon (Diaz
and Cox, 2013; Lachapelle and Cunningham,
2007; Mehalik et al. 2008; Minogue and Jones,
2006; Silk et al. 2009).

Through support of a guided inquiry
approach, students build the physical models in the
context of engineering design. This challenges
students to explore a natural phenomenon and
explain how the model illustrates the scientific
concepts and processes observed (Barron et al., 1998;
Petrosino, 1998; Windschitl et al. 2008). In the case
presented in the cardiovascular system (CVS)
module, students research physiological
processes presented in the patient’s test results
and then use this information to build models that
can explain the biological processes illustrated
therein. These learning

Poster: STEM: Stressors on the Circulatory System

experiences foster understanding of biological
processesand physics principles and build literacy
and investigative research skills through the use
of journal articles and other resources that guide
the planning and design of the constructed
models. Taken together, the module presents rich
situated learning experiences (Sadler, 2009) that
build students’ health advocacy skills as they
learn to demonstrate major health issues affecting
many older Americans today.

The concepts and activities that follow are
aligned with the Next Generation Science Standards
(NGSS; Achieve, Inc., 2013) in life science, and
address big ideas in life science; physical science;
engineering, technology and its applications; and
mathematics. More specifically, the secondary
performance expectation to plan and conduct
investigations to provide evidence that feedback
mechanisms maintain homeostasis. The module
activities also include performance expectations
addressing core ideas in physical science; engineering,
technology and its applications; and practices in
mathematics. Specifically, the lessons address fluid
dynamics as it relates to flow through tubes varying in
diameter and with varying levels of fluid viscosity.
Refer to Table 1 for a detailed list of science standards.

Table 1. Cardiovascular Module Connections to
General Science Standards

Plan and conduct an investigation to provide evidence
that feedback mechanisms maintain homeostasis.

Develop and use models to illustrate that energy at the
macroscopic scale can be accounted for as a
combination of energy associated with the motion of
particles (objects) and energy associated with the
relative position of particles.

Design and build and refine a device that works within
given constraints to convert one form of energy into
another form of energy.

Design a solution to a complex real-world problem by
breaking it down into smaller, more manageable
problems that can be solved through engineering.
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Student Outline

Objectives

Students will learn:
e how to create and work with physical models to explore a phenomenon (tubes and pump models).
e the general anatomy of the cardiovascular system, relevant subsystems, and practical health-related terms

associated with the cardiovascular system.

o the physics of fluid flow and pulsatile pressures of the heart simulated in the cardiovascular models.
e how the health of a person affects their ability to partake in physical activities.
o that the environment can have an effect of the physiology of a person.

Introduction

What happens if your circulatory system is not healthy? Would it affect your ability to participate in outdoor
activities such as hiking, skiing, or riding a bicycle? Your level of physical fitness could be the one factor that
changes your vacation plans from embarking on a week long hiking adventure in the mountains to enjoying the
pictures of your friends’ hiking adventure. The following scenario introduces you to such a case. Through your
study of the cardiovascular system, atherosclerosis, and the danger of occluded blood vessels at high elevations,
physician explain the choice Cindy will have to make. First, let’s start with the conceptual problem.

Cindy Goes to the Doctor

Cindy, a 40-year old high school teacher, is planning a summer trip with her teenage daughter trekking
along the Continental Divide Trail in Colorado and Wyoming. According to the Trails.com web site
(http://www.trails.com/continental-divide-trail.aspx),

The Continental Divide Trail might well be the most extreme of the three major National Scenic Trails. The
“CDT” covers the greatest distance at approximately 3,100 miles, reaches an ultimate high point of 14,270
feet at Grays Peak, Colorado, and has a low point of 4,280 feet, less than 2,400 feet below the highest point on
the Appalachian Trail.”

The trip Cindy and her daughter have planned will be very strenuous as they traverse the high-altitude peaks.
Is Cindy healthy enough to safely complete the trip? That is the question her physician must answer.

Cindy’s Health History

For the past few years, Cindy’s health has been declining. She was in very good shape in high school as a
member of the cross-country track team. However, through college and thereafter, her physical fitness and eating
habits began a steep decline. After completing college, she became a high school biology teacher in Lexington, KY
(elevation 978 feet) and has not made much time for exercise or eating healthy meals. She enjoys a lunch of diet soda,
chips and an occasional candy bar, and low-quality dinners that require little preparation, such as spaghetti from a can
or a quick meal from KFC. As a result, she has gained considerable weight since beginning her career in teaching.
Although Cindy really wants to go on this trip with her daughter, she wants to make sure she is “healthy enough” to
do so. She has scheduled a checkup with her physician before beginning her training for the trip.

Cindy’s Physical Check Up
Upon learning of Cindy’s plans to hike the Continental Divide, her physician performed a complete physical.
She measured Cindy’s weight and blood pressure, checked her pulse, listened to her lungs, tested her reflex reactions,
and examined her abdominal region. The physician drew blood and ordered a complete blood work up, including a
complete lipid panel to check Cindy’s cholesterol and triglycerides. The physician was concerned because Cindy was
5’5" and weighed 175 pounds, bordering on obesity levels. She was greatly concerned about Cindy’s ability to function
normally in the high altitudes of the Continental Divide.

Check Up Results

The results from the physical were of concern. A comparison of Cindy’s blood pressure at her ankle and
brachial arteries measured greater than the acceptable and healthy levels of 15 mmHg difference (4nkle-Brachial
Index [ABI] is measured by dividing the higher of the two blood pressure measurements at the arms by the higher of
the two measures near the ankle (Bonham, 2012; Hoe et al., 2012; Sarangi et al., 2012; Wound, Ostomy and
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Continence Nurses Society, 2012). Cindy’s blood pressure in the right arm is 160/95 and she is considered
overweight by 40 Ibs for her height and body structure. The physician ordered a Doppler ultrasound and a stress test
to assess her circulatory and cardiac function.

Upon her follow-up visit, the physician reported to Cindy the lab and test results along with specific
recommendations. Cindy’s blood analysis revealed a HDL (high density lipids) of 40 mg/dL and an LDL (low density
lipids) of 165 mg/dL. The total cholesterol is 210 mg/dL. The hemoglobin level is 11 gm/dL with a hematocrit of
36%. The ABI was 0.80, which indicated poor blood flow to the ankle or brachial arteries. Doppler ultrasonography
revealed poor circulation in Cindy’s femoral and carotid arteries. Cindy’s right femoral artery was about 50% occluded
and her carotid arteries were both about 25% occluded due to plaque buildup. The physician suggested a conventional
angiography of her circulatory system to examine for severe problem points in her circulatory system, including her
coronary arteries because she performed poorly on the treadmill stress test.

The physician advises Cindy that her health is not physically fit for the strenuous hiking trip along the
Continental Divide at such an altitude and further notes that training for the hiking trip also could be dangerous in her
unhealthy state. The physician recommends medications to start reducing the plaque buildup in her arteries and dietary
control of lipid and cholesterol intake. The physician also suggests another test to determine whether Cindy has a
nutritional deficiency in iron and B;; or an underlying disease that might be responsible for the low hemoglobin and
hematocrit values.

Designing a Demonstration Model

Cindy is in denial about her health status. She explains to the physician that she will just stand and walk
around her classroom while teaching and will begin walking each evening. She reasons that if she increases the
distance and elevation of the walk she takes each night, she will get back in shape for the hiking trip, which is still a
month and a half away. She said she does not think the narrowing of her arteries should have much impact on her
workouts because she has not experienced any physical issues up to this point. She does not understand the physician’s
concern that the blood pressures in her leg and arm are so different. She feels a better diet would be good and plans to
start on this diet modification right away. However, she does not see the need to take the drugs the physician called a
statin. She informed the physician that it was good to have thin blood with a low hematocrit so the blood will flow
better at high altitude. Since she was planning to go stay with her daughter in Denver the week prior to starting the
hike, she reasoned that her blood likely would get thicker during her initial time there. She has heard that blood
becomes thicker when one stays in the high mountains like those outside Denver.

The physician is very frustrated with Cindy’s denial of her health status. When Cindy returns for her follow-
up appointment, the physician is determined to use visual models to demonstrate to Cindy what is happening within
her blood vessels; the potential reasons for the underlying disease accounting for the low hemoglobin and hematocrit
values; and why hypertension is dangerous for her health. The physician also plans to demonstrate with the models
the impact of altering her hematocrit with her present conditions. With the help of the physician’s brother, a
physics instructor at the local college she recruits a group of college biology and physics students to design models
that can be used to demonstrate the issues involved in the problems mentioned: ankle-brachial index,
atherosclerosis, and viscosity of flow in constricted tubes. You are part of the college student team.

Lesson 1: Modeling the Plaque Buildup: Resistance to Flow

The goals of this first lesson are to use physical models to learn how the physics of fluid dynamics explain
the issues of atherosclerosis - the narrowing of arteries that occurs through the progression of this condition.

Atherosclerosis, also referred to as hardening of the arteries, is commonly a result of multiple plaques
building up along the arterial walls. Plaques build up in the circulatory system from a diet high in fats, such as Cindy’s
frequent fast food dinners of fried chicken with a side of french fries. The result of this buildup is narrowing of the
arteries. When the blood vessel narrows it also creates turbulent blood flow. The swirling motion of the blood can
deposit more plaques, increasing the potential for blood clots to form in these regions. There are various stages in the
severity of atherosclerosis with the most severe stage resulting in the lining of the blood vessel breaking down and
hemorrhaging, releasing blood into the surrounding body tissues.

In this first lesson, it might be good to work in teams of three and four to explore the effects of narrowing the
channels on the flow of blood through the “blood vessels”. Plastic tubes and colored water can be used to simulate the
blood vessels and blood flow, respectively, and varying sizes of binder clips and “glue plaque” can be used to simulate
occlusions in the vessels. In addition, it would be helpful to read about the mechanics of blood flow through the
circulatory system and the health risks from hypertension in order to build your knowledge (Wang et al., 2006).

There are several ways to create plaque buildup in the model. A realistic approach is making a glue plaque
as it is easily observed when mixing colored fingernail polish in a clear epoxy mix. The epoxy can be applied to the
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inside lining of a clear plastic tube. The tube is filled with water and a coupling is used to make the tube connected
for water flow. Fine sand or black pepper can be added to the water to make the turbulence of the water flow over the
plaque more visible. These tiny pieces represent plaques and other small particles found in blood flow. Small pebbles
or large grains of sand also can be placed in the water to illustrate how particles such as fatty plaques in the blood can
be caught on the edges of the glue plaque, simulating the formation of blood clots.

The following YouTube link presents the steps in construction and demonstration of the turbulent flow and
clots: http://youtu.be/KHxOwnh4Y Vo

Lesson 2: Ankle-brachial Index

The second lesson focuses on the ankle-brachial index (ABI), which is a non-invasive procedure to screen
for peripheral arterial disease of large vessels. This can be associated with diabetes and lower extremity arterial disease
(American Diabetes Association, 2003; WOCN Clinical Practice Wound Subcommittee, 2012). The procedure is
performed by comparing systolic blood pressures in the ankle to the higher of the brachial systolic blood pressures of
the upper arm. Thus, if a blockage is present in a large blood vessel in the leg, the systolic blood pressure past the
block will be lower than before it. The ankle is the lowest place in the leg to readily obtain a blood pressure with a
blood pressure cuff. The systolic pressure will then be higher in the brachial (upper arm) compared to the ankle, so
the ratio (ankle/brachial) will be lower than in a person without any blockage in the large vessels in the leg.

To design a model to represent ankle-brachial differences, two tubes that branch off from a primary line of
the tube circulatory system model can be used to obtain visual measures in the height of fluid or gauges can be used
to directly measure pressures quantitatively. Clamps can be placed at various locations along branching tubes to
observe the effect constrictions might have along the blood vessel. Conversely, using clamps of varying strength can
demonstrate the constricting effect when plaque forms along a blood vessel in comparison to an occlusion formed
when plaque eventually blocks the vessel.

A YouTube link presents the steps in construction and demonstration of the pressure differences in two
regions of a simulated cardiovascular system:

https://www.youtube.com/watch?v=XVr-MT3k0mw&feature=youtu.be

Lesson 3: Atherosclerosis Loss of Elastic Recoil - Windkessel Effect

The atherosclerosis (hardening of the arteries) will not only result in restriction of flow in the arteries but will
also reduce the elasticity of the vessels. Of particular concern is the loss of elasticity in the aorta since it dampens the
large systolic pressure wave by extending and maintaining diastolic pressure with its recoil. This is referred to as the
Windkessel effect (Wang et al., 2005). With the loss of elasticity one can imagine the effect as a pulse wave of water
enters a narrowed steel pipe. The pressure will first be high at the peak of the wave and then drop quickly as the pulse
wave passes. However, if the pulse wave enters a rubber tube, which can expand and recoil, the peak pressure will be
dampened by the elastic extension and the recoil will help to maintain the pressure wave after the peak has passed. In
the human model the systolic and diastolic pressures will have a greater difference in values in someone with
atherosclerosis of the aorta as compared to a healthy circulatory system (120/60).

The Windkessel effect is easily modeled with a pump bottle, a tube, and a balloon. To demonstrate the steel
pipe analogy described above, the pump bottle is attached directly to the tube. As the pump bottle is squeezed, the
peak wave is apparent as pressure exerted from the pump forces water through the tube. However, soon thereafter the
pressure drops, and the water movement greatly slows. Adding a small balloon between the pump and the tube
illustrates the effect when the vessel can expand with the passing of the peak pressure wave and then recoil, creating
pressure within the vessel even after the pressure wave have passed. A peripheral branch of the tube after the connector
can be used as a means to measure the pressure wave. Some downstream resistance can be applied to represent
afterload the pump has to work against.

A YouTube link presents the steps in construction and demonstration of the Windkessel effect in relation to
systolic and diastolic blood pressure: http://youtu.be/UJt3-1GnhVU

Discussion

To summarize the learning from the four lessons, develop a recommendation for Cindy. Do you recommend
that she accompany her daughter on the hiking trip? Consider Cindy’s medical record in your response. Provide a
comparison between the values a healthy person would be expected to have and relate them to Cindy’s reported values.
In addition, accurately use key medical and physiological terms (e.g., atherosclerosis, hematocrit, Windkessel effect,
ankle-brachial index) introduced in the exercises in the explanations. Describe how the models demonstrate specific
health conditions that Cindy’s test results reveal and use them to illustrate how her conditions could affect her health
if she attempted the hiking adventure.
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Working in groups, prepare a short, informal presentation to illustrate how the model demonstrates the effects
of atherosclerosis on the cardiovascular system. Peer review between groups may be helpful to modify and improve
models and explanations. Follow up discussions also may be helpful to improve the models or question the accuracy
of the simulation.
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Materials

The following materials are needed to
perform these activities:

Circular Hose Experiments
e 2 x 45 inches of tubing (total 90 inches) with
1/2 inch outer diameter (OD) and 3/8 inch inner
diameter (ID); Excelthane Polyurethane
Tubing, Part # 54501 US Plastics
e 2 couplings for 3/8 inch hose — we used 1/2 to
3/8 inch Poly-E Reducer Connector (Part #

062019 US Plastics)

e Pebbles

e Super Glue® to glue mass for simulated
atherosclerosis

e Water

e Black Pepper (spice) for seeing the water flow
and turbulence of flow

Differential Flow Model

e 2x60 inches of tubing & 1 x 12 inches of tubing
(total 132 inches) with 3/16 inch OD x 1/8 inch
ID x 1/32 inch wall width (WW), Excelthane
Polyurethane Tubing, Part # 54501 US Plastics
Corp)

e 2x25inches, 1 x 60 inches of tubing (total 110
inches); 1/4 inch OD x 3/16 inch ID x 1/32 inch
WW, Excelthane Polyurethane Tubing, Part #
54504 US Plastics

e 2 T-couplings for 3/16 OD hose (They work
when forced; Part # 064345 US Plastics)

e  One 3-way stopcock to fit hose (1/8 inch ID);
(Sigma-Aldrich part S7521 - 10 per pack,
stopcock 3-way Luer lock)

e 50 or 60 ml syringe (Sigma-Aldrich, Part #
7683698, 30 per pack; or US Plastics, 60 cc/ml
Dispensing Syringe, 3/16 inch ID x 6 1/2 inch
length (Part 66384, Manufacturer: Plas-Pak,
Manufacturer Part # 60B12/C12B)

e Red food coloring

e Water
e Plastic shoe box or dish basin to catch excess
water

e  Twist ties

e A wire frame to hold the model (Walmart:
Whitmor Black Wire Storage Cubes, set of 4;
need 1/2 of the kit for each group project)

Vertical Flow
e 2 plastic funnels, wide neck (9 mm x 43 mm
stem, 50 mm top; Sigma-Aldrich part Z637548,
24 per pack)

e Various size tubing that slip into each other
with about 5 inches each, beginning with 11/16
inch OD then getting smaller to 3/16 inch OD

e A wire frame to hold each group model

(Walmart: Whitmor Black Wire Storage Cubes,

set of 4, need 1/2 of kit for projects)

Water

Plastic shoe box to catch excess water

2 beakers or cups

Food coloring

Pinch clamp or a clothes pin

Pancake syrup

Stopwatch or timer on smart phone

Twist ties

Windkessel Effect Pressure

e 8 feet of 3/8 inch ID hose/tubing

e One T connector (to fit a 3/8 inch ID hose/tube)
(Home Depot: Watts brand Polyurethane
Tubing, Part # A-291)

e  Yard stick

e Plastic shoe box or dish basin to collect waste
water

e  Pinch clamp or clothes pins

e Pump Gallon bottle with pump (Part # 66078
US Plastics; Gallon Translucent Bottle and
Pump 38mm Cap)
Water
Party balloons (long thin ones) to fit the tubing
A wire frame to hold the model (Walmart:
Whitmor Black Wire Storage Cubes, set of 4;
need 1/2 of kit for each group project)

e  Twist ties

Notes for the Instructor

Preparing Students for Interpreting Cindy’s Health
Status

The integrative nature of the exercise is in
researching how high altitude may alter the viscosity
of the blood and how the viscosity of the blood is an
issue with atherosclerosis increasing the risk of blood
clotting. Physical model building can illustrate various
aspects, but a higher level of integration is being able
to draw relationships, such as the relationship between
the increased risk of blood clots at high altitudes and
the medical conditions presented for Cindy. The
students will need to research key medical and
physiological terms (i.e., atherosclerosis, hematocrit,
Windkessel effect, ankle-brachial-index etc.)
introduced in Cindy’s story. Through their building
and manipulating models, they also will need to
research key physiological processes and other terms
presented to make reasonable connections between
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their findings and Cindy’s health issues. Ultimately,
the goal of the proceeding exercises is for students to
translate new biological and physics knowledge and
scientific and engineering practices in the context of
health issues Cindy and likely someone in their
families might currently be experiencing. Thus, it
creates real-world context for their learning. Materials
and tutorial videos are provided to support planning
and building models. The videos are posted on
YouTube for easy access to illustrate how to assemble
the models for each of the proceeding exercises.

Assessment

An assessment check is needed to measure
student learning during and after model construction
and use. An evaluation should address the level of
scientific understanding and the ability of the designed
models to accurately simulate results of occluded
blood vessels. In the teacher institute, each small
group made short, informal presentations to the entire
group to illustrate their model and explain the ways in
which it demonstrated the effects of atherosclerosis.
Follow up discussions gave the audience opportunities
to make suggestions on ways to improve the models or
question the accuracy of the simulation. This was quite
informative for redesigning the physical model.

Other assessment options for the students
could include lesson checks and written summaries.
The instructor might informally meet with each group
to discuss the working models and how they simulate
turbulent flow and the potential for blood clot
formation. Written summaries also can be used to
assess student understanding. However, in either case,
time should be allotted for student groups to receive
critique from other groups and exchange ideas for
improving their models, and time to make
improvements. This is an essential component of
engineering design and testing of models, critiquing
their usefulness and feasibility, and making updates to
improve the model.

In addition, assessment of the learning
could include a team project designed to be presented
at an educational heath fair. Public presentation of the
findings from a classroom investigative activity that is
based on a practical situation can be informative for
the student researchers as well as the public. Further,
it can promote better health for the students and the
public. This was attempted in 2017 after working with
a high school class in rural Kentucky. At a public
event, students were able to present hearts and tissue
from cadavers, with permission from the University of
Kentucky, and under supervision of a designated
faculty member. In addition, students presented
finding from their research on the related topics
covered in this exercise (Cooper et al., 2017).
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Crossing Disciplines

There are other uses for these flow dynamic
models. The basic concepts of fluid dynamics are
illustrated with these models such as resistance and
flow in the narrow tubes. The pressure differential
before and after resistance can be a building block for
addressing Bernoulli’s principles. There is a parallel to
fluid flow in a city water drainage system and
pressures which can blow a manhole cover off the
street when flow is restricted or the fluid dynamics
behind water drainage from rain gutters. Another
abstract of a correlation can be made to the flow of
electricity as well with flow and resistance. Thus, the
models could be shared among biology and physics
classrooms within a school for illustrating the basic
principles and how they relate to different situations.

The viscosity module with the pancake syrup
is a little messy so make sure to use some protective
rag or plastic floor covering when conducting this
module. This was really the only module which
required substantial clean up. The use of plastic tubes
and easily assembled bookshelf racks allows for easy
storage in bins for following classes.
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