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A MODEL CIRCULATORY SYSTEM FOR USE
IN UNDERGRADUATE PHYSIOLOGY LABORATORIES

Andrew M. Smith

Department of Biological Sciences, Butler University, Indianapolis, Indiana 46208

he cardiovascular system is a central topic in physiology classes, yet it is difficult

to provide undergraduates with quality laboratory experiences in this area. Thus a

model circulatory system was developed to give students hands-on experience
with cardiovascular fluid dynamics. This model system can be constructed from readily
available materials at a reasonable cost. It has a realistic pressure drop across the different
vessels. Using this system, students can investigate the effect that blood volume, vessel
compliance, vessel constriction, and heart activity have on blood pressure and flow. The
system also demonstrates the effect of vessel diameter on resistance and fluid velocity.
This model may give students a more concrete, intuitive feel for cardiovascular
physiology. Another advantage is that it allows dramatic and easily controlled manipula-
tions with quantitative results. Finally, its simple construction allows students to
interchange components, giving them greater flexibility in experimentation.
AM. J. PHYSIOL. 277 (ADV. PHYSIOL. EDUC. 22): $92-599, 1999.

Key words: cardiovascular; teaching; fluid dynamics

Cardiovascular physiology includes a variety of con-
cepts that students have difficulty grasping. Thus
laboratory experiences have been designed to rein-
force student learning of these topics. Medical and
graduate schools often use animal labs, typically with
anesthetized dogs. Such labs are rarely practical at the
undergraduate level because of the cost of keeping
animals and the requirement for surgical skill in the
lab preparations. In addition, concern for animal
well-being has led many instructors to reduce the
number of vertebrate animals killed in their laborato-
ries (5, 14). Fortunately, many circulatory phenomena
can be modeled mathematically or mechanically. There
are a variety of computer simulations of the circula-
tory system (e.g., see Refs. 2, 10, 12, and 14). There
are also quantitative exercises based on real data sets
(e.g., see Refs. 3, 4, and 9). There are few mechanical
models, however, despite several clear advantages to
this approach (6, 11). Mechanical models allow stu-
dents to perform hands-on experimentation with

actual systems. They also allow more dramatic and
easily controlled experimental manipulations than are
possible with animal systems. Thus a new mechanical
model of a closed circulatory system was constructed
for use in physiology teaching laboratories.

The model was designed with several goals in mind. 1)
It needed to be large enough for students to easily see
and feel the effects of their manipulations. 2) It
needed to depict accurately and quantitatively the
major factors affecting flow through pipes. 3) It
needed to have a flexible design to allow students to
devise their own experiments. 4) It needed to be
simple enough that it could be constructed easily and
cheaply from readily available components.

Many different phenomena can be investigated with
the model (Table 1). For example, one can manipulate
the factors that affect blood pressure, such as blood
volume, venous and arterial vasoconstriction, and
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TABLE 1
Features of the model

Variables that can be measured in the model
Pressure
Average fluid velocity
Cardiac output
Factors that can be controlled in the model
Blood volume
Cardiac activity
Vessel constriction
Vessel compliance and capacitance
Number of capillary beds open
Valve sufficiency
Fluid viscosity

cardiac activity. One can manipulate the vessel compli-
ance to see how that affects the function of the venous
reservoir and the arterial damping of pressure pulses.
One can also investigate the physical principles govern-

A N D I D E A S

ing the resistance of a system of vessels and the
relationship between total cross-sectional area and
fluid velocity. Finally, the model demonstrates the impor-
tance of valves.

This paper provides guidelines for the construction
and use of the model circulatory system. It includes a
detailed list of parts, plans for their assembly, and the
exact dimensions necessary to produce reasonable
data. It also presents the results of a variety of
experiments performed using the model. These experi-
ments demonstrate the utility of the model in collect-
ing quantitative data.

CONSTRUCTION OF SYSTEM: OVERVIEW

Figure 1 shows the construction plan. The system’s
final size is roughly 10 ft in circumference, and it

Drain (E)

Balloon (M)

Balloon (M)

Capillary Beds (I)

Balloon (M)

(Wrap with L) Al

Approximately 1'

Pinch Clamps (J)

FIG. 1.

Construction plan for model circulatory system. Letters refer to full part descriptions in Table 2. Short pieces of
polyvinyl chloride (PVC) pipe (K) are glued into the valves (D and E) and are not labeled. Drawing is roughly to

scale.
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typically holds 2-3 liters of water. It has eight capillary
beds, allowing the fluid to slow down as it spreads out
into the greater total cross-sectional area.

For clarity, components are often referred to accord-
ing to the part of the circulatory system they model.
Thus, throughout this paper, terms such as artery,
heart, and vein are used in reference to the system.
Using these terms also makes the relation to real
systems more concrete for students. This should not,
however, imply that the components of the system
exactly replicate the real components, only that they
share the same function and some key features.

Almost all the equipment necessary to build the model
was purchased from Aquaculture Supply (Dade City,
FL). Other large aquarium suppliers would have this
material as well. Polyvinyl chloride (PVC) pipes, pipe
insulation, and balloons were purchased locally. Para-
film lab film and pressure transducers were purchased
from scientific suppliers. The total cost of the system
was approximately $160 (U.S.), not including devices
for pressure measurement. Table 2 lists all the parts
and their necessary dimensions. Dimensions are given
in English units rather than S, because that is how the
components are sold in the United States.

Vessel dimensions were chosen to give realistic pres-
sure drops through the system. Using Poiseuille’s
equation, one can predict the resistance of each vessel
in a closed system relative to the other vessels. This
indicates the percentage of the total pressure drop
that will occur across each vessel. From Poiseuille’s
equation, one can show that the viscosity (1) of a fluid
and the length (I) and radius (a) of a pipe affect the
resistance (R) as follows (15)

R = 8nl/wa’ (1)

For an array of pipes, one can add the resistance of
each section of pipe in the same way as one would for
an electrical circuit. In other words, for vessels in
series, one adds the resistance of each vessel directly.
For vessels in parallel, one adds the reciprocal of
resistance of each vessel to give the reciprocal of total
resistance of all vessels in parallel (15). The calcula-
tion for parallel vessels can be simplified, because in
this model the parallel vessels are identical. Thus one
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TABLE 2

Equipment required to build the system

Supplier Equipment Quantity and Part
Aquarium 3in. (ID) clear vinyl 2 ft (A1), 1ft (A2), 3
supply tubing, heavy wall in. (A3)
g in.)
I-in. (ID) clear vinyl 2ft X 4(B1),2
tubing, heavy wall in. X 10 (B2)
(% in.)
-in. (ID) clear vinyl 7in. X 8 (C)
tubing, thin wall (Y16
in.)
PVC flap check valve, 4 (D)
slip seal, 1-in. fitting
PVC ball valve, slip 1(E)
seal, 1-in. fitting
3- to -in. reducing 2(F)
connector for tubing
-in. Y-connector for 14 (G)
vinyl tubing
3-in. T-connector for 1(H)
tubing
0.86-mm (ID) Teflon 13, in. X 400 (1)
microtubing
Plastic screw clamps 8 ()
for flow control
(large)
Hardware 1-in. (ID) PVC pipe 3in. X 9 (K)
stores
1-in. foam pipe insula- 1ft(L)
tion
Teflon tape, PVC
cement
Miscellaneous  Long party balloons (1 3 (M)
ft X 1.5 in. deflated)
Punching bag balloon, 1(N)
pleated (6 X 2 in.
deflated)
Parafilm laboratory
film
18-gauge needles and 3

stopcocks
Pressure transducers
or gauges

Letters in parentheses are used to identify parts and match labels in
Fig. 1. ID, inner diameter.

can divide the resistance of one vessel of a parallel
array by the total number of vessels in parallel to get
the total resistance for that section. With these calcula-
tions, the dimensions of the vessels were chosen so
that 92% of the resistance (hence, pressure drop)
would occur in the capillary beds, 7% in the arteries,
and only 1% in the veins. Note that these calculations

S — ——— S—
VOLUME 22 : NUMBER 1 — ADVANCES IN PHYSIOLOGY EDUCATION - DECEMBER 1999

S94

2102 ‘LT Ae uo Bio ABojoisAyd-ueape wolj papeojumod



http://advan.physiology.org/

I NN OV A T I

assume steady, laminar flow in an unbranched pipe.
Because these assumptions are not met, there will be
some deviation from the predicted values.

The vessels are made of vinyl tubing and long bal-
loons. The vinyl tubing is clear, allowing students to
observe flow. Most of the tubing is heavy walled (Yg-in.
wall thickness) rather than thin walled (Y1-in. wall
thickness). The thin-walled tubing tends to flatten
when bent, creating higher local resistance. Thin-
walled tubes are only used for the vessels that contain
the capillary beds. This allows them to be pinched to
simulate arteriolar constriction.

Long balloons are used in place of vinyl tubing where
distensibility is necessary. Party balloons that can
inflate to 5 ft in length are used for the vessels. Such
large balloons are necessary to handle the volume of
fluid pumped without excessive increase in diameter.
Unlike the vessels, the heart is made of a punching
bag-style balloon. This type of balloon has heavier
walls than normal balloons and is pleated. Most of the
expansion comes in flattening out the pleats. This
type of balloon handles high pressures well and does
not develop bulges when squeezed. One difficulty
with the balloons is that they deteriorate and may
need to be replaced each semester, especially if they
are left exposed to light.

Given the high pressures that the artery experiences,
there must be a mechanism to prevent excessive
swelling of this balloon. Unchecked, it develops a
localized bulge, comparable to an aneurysm. Whereas
demonstrating an aneurysm is instructive, it interferes
with the normal function of the system, therefore, a
sleeve of pipe insulation is placed around this balloon.
The pipe insulation is a foam tube that is slit along its
length so that it can be placed around a pipe without
disconnecting the pipe. Thus it has a C-shaped cross
section. When in place, the insulation allows the
balloon to expand easily at first, but then it provides
progressively more resistance to expansion.

Large PVC flap valves are used with the veins and
heart. Short sections of PVC pipe connect these to the
vessels, because the valve fittings are designed for PVC
pipe. Unlike many other valves, this type of valve gives
minimal resistance to flow. This keeps the pressure in
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the veins low. Ideally, only a small fraction of the
pressure drop should occur in the veins.

One important aspect of the venous system is its
function as a volume reservoir. It must be able to
accommodate pulses of blood while the heart is
contracting. Thus the venous balloons are pre-
stretched by being inflated once before use. The use
of large-volume, highly distensible balloons assures
that the veins can handle a full pulse with little
increase in pressure. The same type of balloons are
used for arteries, but they are not preinflated, so they
are more resilient and contain a smaller volume at rest.

Water is added to or drained from the system through
a side branch terminated by a ball valve. This is also
used to remove excess air bubbles. It is useful to keep
some small bubbles in the system, though. These give
students a way to follow the flow and measure
velocity.

Pressure can be measured using electronic transduc-
ers (model BLPR, World Precision Instruments, Sara-
sota, FL). The transducers can be connected to a
bridge amplifier and a computer-based analog-to-
digital data acquisition station. For laboratories that do
not have access to chart recorders or computer-based
data acquisition systems, it would be possible to use
mechanical pressure gauges (such as a diaphragm
pressure gauge; Fisher Scientific). Connecting such a
gauge to the system would be slightly more compli-
cated, though. In either case, the measurement de-
vices are the most expensive components of the
model; each typically costs around $100. Even with-
out pressure transducers, the model effectively demon-
strates many important principles. Indeed, the ability
of students to feel the pressures and get a tactile,
intuitive sense of the system’s response is one of the
strengths of the model. Nevertheless, there is a
significant advantage to be gained by allowing quanti-
tative measurements.

ASSEMBLY INSTRUCTIONS

To assemble the model, gather the parts listed in Table
2 and cut the tubing into the lengths shown. Cut the
closed ends of the balloons so that they form tubes.
Glue the short pieces of PVC pipe into the valves a day
in advance, using PVC cement, and then prepare each
capillary bed by bundling 50 capillary tubes and
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inserting them into a 7-in. length of thin-walled %-in.
tubing. The bundles of tubes fit snugly in the larger
tube and are aligned and placed 2 in. from the venous
end using a syringe plunger. This placement leaves
over 3 in. for a screw clamp at the beginning of each
bed.

Once the capillary beds are ready, connect the parts as
shown in Fig. 1. Many of the connections use standard
slip-on tubing connectors. To connect the balloons to
the PVC pipe, slip the end of the balloon around the
pipe and wrap it tightly with at least five layers of
Parafilm (more for the high-pressure connections).
This is sufficient to give a reliable seal. The only
connection that does not seal well is where the 3-in.
tubing (A3 and A2) fits into the PVC pipe. To prevent
leakage here, wrap the end of the tubing with Teflon
tape before inserting it into the PVC, and then wrap
the joint tightly with Parafilm. If leakage between the
PVC and vinyl tubing is a concern, switch from 1-in. to
3,-in. valves at these points, and then use PVC slip
fitting-to-tubing adapters (34 in. to 3, in.) instead of PVC
pipe to connect the valves to the vessels. To add or
remove any component, elevate that section so that
water will not flow out when the connections are
broken.

Pressure transducers can be inserted at a variety of
points. Three convenient spots are immediately down-
stream of the main arterial balloon, immediately up-
stream of one of the capillary beds, and downstream
of the capillary beds where they unite into one large
vein. Wrap each spot with Parafilm, and then insert an
18-gauge needle with an attached stopcock. The
Parafilm improves the seal around the needle, and the
large needle size ensures that the needle transmits
pressure changes with minimal damping. A trans-
ducer can be connected to each needle via the
stopcock. Alternatively, use just one transducer and
move it from spot to spot, closing off the unoccupied
needles with the stopcocks. In addition to the use of
large needles, the response of the transducers is
improved by carefully flushing all air bubbles from the
transducer chamber (7).

RESULTS OF SAMPLE EXPERIMENTS

Sample data were collected to demonstrate the perfor-
mance of the system. These experiments could also
form the basis for a lab exercise. For these measure-
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ments, normal operation was defined as when the
system contained between 2 and 3 liters of water,
there was no constriction of the vessels, and the pulse
rate was approximately 40 beats/min. Each beat
involved squeezing the heart smoothly until the experi-
menter’s hand was fully clenched. Most of the pres-
sures described were relative to the baseline when
there was no flow. It should be noted that the baseline
was actually several millimeters of mercury above
ambient because of the stretch in the walls of the
balloons. Thus the relative pressure readings can drop
a few millimeters below zero.

The pressures measured using the system were reason-
able, though low. Under most conditions, the arterial
pressures were between 30 and 60 mmHg during
systole and 10 to 30 mmHg during diastole. The factor
that limited the pressure was the distensibility of the
balloon representing the major artery. Without the
foam insulation, a few sample balloons inflated easily
at 25 mmHg and burst at 75 mmHg. Higher pressures
could be achieved by decreasing the distensibility of
this vessel. This would also lead to less damping of the
pressure pulses, though, unless a greater length of
flexible vessel was used.

The pressure drop through the system was also
reasonable. The mean pressure over a duration of
roughly 10 beats was calculated using the data acquisi-
tion software. Under normal conditions, the major
arteries accounted for 33 = 6% (mean = SD) of the
pressure drop, the capillary bed accounted for 65 *+
5%, and the veins accounted for 2 += 2%. From the
dimensions of the system, Poiseuille’s equation pre-
dicted values of 7%, 92%, and 1%, respectively. Thus
the pressure drop across the arteries was greater than
expected, and the pressure drop across the capillary
beds was less. This probably resulted from a variety of
factors. One such factor was that Poiseuille’s equation
assumes constant, laminar flow, whereas the flow was
actually pulsatile and turbulent. In addition, the
branches and bends in the pipes would have in-
creased their resistance (15). Finally, water could flow
between the capillary tubes as well as through them,
thus lessening the resistance of the capillary beds.
These ideas could be tested by students. For example,
one could measure the relative pressure drop while
manipulating the steadiness and turbulence of the
flow. One could also measure the pressure drop
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across a branch relative to a straight section of the
same length.

If one wanted more of the pressure drop to occur
across the capillary beds, one could make the capillary
tubes longer; doubling their length would double
their resistance. Alternatively, one could use only four
capillary beds instead of eight. This would also double
the total resistance of the capillary beds, but the fluid
would move twice as fast through the capillaries. Thus
it would not demonstrate as effectively the decrease in
velocity that occurs as total cross-sectional area in-
creases.

In addition to producing reasonable pressures and
pressure drops, the system effectively demonstrated
many of the factors that control blood pressure. For
example, venous constriction was modeled by having
a student apply pressure with the forearms to the
venous balloons. Doing this greatly increased the
venous return and made it possible to roughly double
the systolic and diastolic pressures throughout the
system (Fig. 2). Arteriolar constriction was modeled
by tightening the screw clamps on the %-in. tubing

110 4
0 D Systole
90 B Diswole
“eb
T 70
g
et 50 -
2
)
& 30
10
—
-10— Normal  Venous Arteriolar Rigid
constriction  constriction  artery
FIG. 2.

Sample systolic and diastolic pressure measurements
under different conditions. Pressures were measured
at beginning of main 3%,-in. artery. Venous constriction
was achieved by compressing the venous balloons
with uniform pressure. Arteriolar constriction was
achieved using pinch clamps upstream of the capillary
bed. To achieve arigid artery, the balloon was wrapped
tightly with overhead transparency plastic. Each col-
umn represents the average of several consecutive
beats; standard deviations are roughly 10% of the
average in each case.
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leading into the capillary beds. Pinching these fairly
flat increased the mean arterial pressure 45% (Fig. 2).
Obviously, in both cases, the exact magnitude of the
pressure increase depended on the degree of constric-
tion.

The system also effectively demonstrated the impor-
tance of arterial flexibility. When the arterial balloon
was wrapped tightly with a sheet of plastic so that it
could not expand, the systolic pressure shot over 100
mmHg and the diastolic pressure dropped to nearly
zero (Fig. 2). Thus the flow alternated between racing
through the vessels and stopping abruptly. When the
balloon was allowed to expand, it damped out these
pressure oscillations and flow was correspondingly
more continuous.

The blood volume could also be controlled in this
system. To test the effect of blood volume on pres-
sure, the system was filled with 3.5 liters of water. The
pressures were then recorded under normal operating
conditions for roughly 30-s intervals. Two hundred
fifty milliliters of water were drained from the system
between each interval. The baseline pressure was
taken to be the pressure when the system was at rest
at its lowest volume. As expected, the mean pressure
decreased continuously with blood volume (Fig. 3).
This decrease was caused by reduced stretching of the
vessel walls and the consequent reduced venous
return to the heart. Because venous resistance was
minimal, the venous pressures primarily reflected the
baseline pressures caused by passive stretching, which
would not drive flow. The decreased baseline pres-
sure, though, reduced cardiac filling and thus stroke
volume. This reduced the pressure that drove flow, as
was apparent from the reduced pressure drop be-
tween each of the transducers. Thus the system
effectively modeled circulatory shock. One could also
manipulate the vessel constriction and heart rate to
show the mechanisms by which the body compen-
sates for shock.

In addition to pressure, one could study fluid velocity
and flow in the system. For example, the fluid clearly
slowed down as it branched into a larger number of
vessels, because of their greater total cross-sectional
area. By timing the progress of several different air
bubbles, the average velocity in the four arterial
branches was estimated to be roughly 55% of that in
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FIG. 3.

Effect of fluid volume on mean pressures recorded in
system. Pressure was recorded at beginning of main
Y,-in. artery, several inches in front of the capillary
bed (arteriole), and where the capillary beds reunited
into a single vein. Pressures were recorded for 30 s,
and mean pressure was calculated by data acquisition
program. There was no vessel constriction, and pulse
rate was between 35 and 50 beats/min.

the main artery, as predicted. One could also calculate
the flow, thus cardiac output, by multiplying the
average velocity by the total cross-sectional area at
that point. In addition, monitoring the progress of the
bubbles was useful in demonstrating shunting when
some of the arterioles were constricted.

Finally, it should be possible to demonstrate the effect
of gravity on the system. If the components could be
clamped in place and the table tilted, one could
measure this effect. This may be impractical, however.
Not only would the size of the model be problematic
but also the venous balloons may swell too much.

DISCUSSION

This model gives reasonable pressure values and
makes many important principles of circulatory sys-
tem design concrete and immediately obvious. A
primary strength of the model is the ease with which
one can manipulate variables and collect quantitative
data. Because a number of factors can be manipulated,
the results are often complex, and there is consider-
able room for experimentation.

The model described in this paper differs from previ-
ous models in several ways. It lacks the precise
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mechanical control of the pump that they feature, but
it has several significant advantages. One is that the
dimensions of the vessels give a realistic pressure drop
through the system. Thus beds of capillary tubes
create the peripheral resistance rather than a single
arbitrary constriction. The other parts of the system
are also more similar to anatomic structures and
derive their effect on flow in the same way. Thus it
should be easier for students to relate their experience
with the model to real systems. The other primary
difference from previous models is the simplicity of
construction and the detailed plans provided. This
should encourage many teachers to build copies of
this model, even those with little experience either in
building models or with cardiovascular physiology.
The instructor could even have students devote a lab
period to assembling the model from precut pieces
and then spend subsequent labs experimenting with
it. The process of construction would familiarize them
with the system and make them comfortable with
modifying it. The instructor could also provide a
variety of pieces with different dimensions for the
students to experiment with. As an example of the
model’s accessibility, one student group in a recent
semester designed and added a pulmonary circuit to
the model as one of their independent projects.

Although this paper describes parts of the model using
anatomic terms, students should be reminded that the
model only approximates real structures. It highlights
principles in an intuitively clear way, but real systems
are more complex. The model makes predictions
about the way a real system would behave under
certain circumstances. Students can then look up
published data to determine whether these predic-
tions are correct. If they are, then the mechanics of
the model may accurately reflect the real system.
When they differ quantitatively or qualitatively from
real data, though, students can analyze the results and
determine the reason for this difference. Engaging in
this process is highly instructive, and students will
likely learn more than if the results did match.

This model can be used in a variety of contexts. Its
flexibility and simplicity suit it particularly well for
independent projects. During such projects, students
learn during the planning, execution, and analysis of
experiments. These types of experiments stimulate
critical thinking and typically increase student motiva-
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tion (1, 8, 13, 16). The model is also highly effective in
demonstrations. It is large enough to use in a lecture
setting with a small class. Finally, the model can be
used in traditional, guided laboratory experiments.
One can develop a handout to guide students through
the manipulations described in this paper. The main
drawback to this is the need to construct sufficient
models to accommodate a full class. Given the size of
the model, this may not be practical. Alternatively, the
model can be used in self-guided laboratories where
the students do the experiments at their convenience.

A version of this model has been used successfully for
three semesters at Butler University. The student
response has been enthusiastic in demonstrations.
During the first two semesters, though, it was not
used extensively in the independent projects, possibly
because the students were uncertain about how to
use it for detailed experimentation. Thus a handout
similar to Table 1 was developed, describing the
factors that could be manipulated. The incorporation
of this handout increased the number of groups doing
projects on the system to a level comparable to the
other major systems studied (for example, muscles,
nerves, or metabolic rate).

In summary, this model has the potential to be an
excellent teaching tool. It is large and easy to handle
so that students can get an intuitive feel for the factors
that affect blood flow. It provides realistic, quantita-
tive data. Its design allows for a variety of experimen-
tal modifications. Finally, it can be constructed from
readily attainable parts at a reasonable cost. Because of
its utility, the development of this model significantly
broadens the type of experimentation that is possible
in a typical physiology lab.
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