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Section I - Understanding Material Properties 
As we observe the world around us, we see that objects exhibit certain characteristics depending upon the material from which they are made.  For instance, we know from experience that a liquid like water will easily pour out of a pitcher because it is a fluid.  Likewise, we know that cold molasses will not pour as easily out of the same pitcher although it is a fluid.  The measure of a liquid's “fluidity” is described by its viscosity.  The more viscous a fluid is, the less tendency it has to flow.  For example, cold molasses is a much more viscous fluid than water.  Thus, a fluid does not have to flow like water to be called a fluid.  Did you know that glass, which appears extremely brittle under the influence of a quick load, is actually a fluid? You can check this by looking at a window in a very old house and comparing the thickness of the glass at the top and at the bottom.  Over many years, the glass will tend to flow towards the ground and the bottom of the window will become thicker than the top!

Likewise, we know from experience that a rubber band will stretch when we pull on it and snap back when we let it go.  We know that it does because we know it is elastic.  Elasticity is the measure of a materials ability to return to its original length when stretched or compressed.  Did you know that steel is also an elastic material? In fact, steel is very elastic, but only over a very small range of stretching (probably too small for you to see with the naked eye).  Designers have taken full advantage of metal's natural elasticity to produce metal springs for everything from shock absorbers to toys.

Biomedical researchers can use this knowledge of material properties to study the way our body functions.  Scientists have characterized blood vessels as an elastic material that can be stretched and recoiled by the pressure of the blood flowing through it.  However, researchers have also identified a viscous nature in the vessels as well.  Blood vessels use this fluid nature (although the viscosity of a blood vessel is probably closer to molasses than water) to absorb some of the high peak pressures due to blood flow.  Therefore, blood vessels are classified as both viscous and elastic, or viscoelastic.  A good example of a viscoelastic material we are probably all familiar with is silly putty.  Silly putty can be bounced like an elastic ball, but it can also flow like a fluid when allowed enough time to do so.  Although we will be concentrating on the elastic properties of blood vessels, it is important to keep in mind that blood vessels also exhibit some fluid-like properties and are not purely elastic.

Section II - Continuous Vs.  Pulsating Flow (The Windkessel)
Fluid flow of blood within a circulatory system is driven by a pumping heart.  With each rhythmic contraction, the heart pumps out a certain volume of blood into its arteries.  These arteries carry the life-sustaining blood to tissues through smaller capillaries.  Blood eventually returns to the heart through the veins.  Although the heart produces discontinuous pulses of blood flow, the body's tissues require a steady flow of blood to maintain optimum function.  In addition, the dramatic changes in pressure due to a discontinuous flow of blood would damage the thin-walled capillaries (where nutrient and gas exchange between the blood and tissues take place).

Blood vessels (especially arteries) are able to convert high-pressure pulses of blood into a continuous flow by stretching with each heart contraction.  As the heart is filling with blood, the blood vessel recoils to its normal size and keeps the blood flowing continuously even when the heart is between contractions.  The arteries take the bulk of this responsibility because only they experience the high pressures due to the contracting of the heart.  The aorta (the major artery leading out of the heart) must be able to withstand tremendous fluctuations in pressure and convert them into a continuous blood flow.  Similarly, the smaller arterioles also maintain a continuous flow of blood within themselves.

Materials Needed (work in teams of 2-4):

•
1 Windkessel set-up
Note: Before proceeding, make sure that the Erlenmeyer flask is filled with enough water so that the longer glass tube (attached to stopper) reaches the water but the shorter one does not.

1.
Look at the Windkessel set-up before you begin.  Diagram the set-up below, being sure to label the following:  pump, rigid vessel, elastic vessel, hose clamps, flask.

2.
With the hose clamps closing off the flow to the elastic vessel, begin pumping the bicycle pump with short brisk strokes.  By observing the bubbles in the flask, describe the fluid flow of air through the rigid tubing with each up-stroke of the pump and also with each down-stroke of the pump.  Take note of how violently the bubbles come out of the tube and into the water.

What's happening to the elastic vessel? Why?


What does a down-stroke represent?

3.
With the hose clamps removed, start pumping again and observe the fluid flow of air into the flask.  How is it different from the previous case?


What is the elastic vessel doing with each upstroke and down-stroke of the pump?


Is the peak pressure of air flow higher or lower now that the elastic element is in the circuit?  


How can you tell?

4.
The Windkessel demonstration is a model of the elasticity of the vessel walls of the circulatory system.  In this model, which components represent…
the heart? _________________________
an healthy artery? _________________________
the blood? _________________________
a diseased artery? _________________________

Add these labels (heart, healthy artery, blood) to the diagram made in question 1.

5.
What was the purpose of the flask filled with water?

6.
From Section I and what you have just observed in this demonstration, how does the elasticity of the blood vessel allow it to keep blood flowing continuously when the heart can only contract in pulses?

Section III - Physics Behind Aneurysms
As we saw in Section II, it is important to have elastic vessels that can withstand some of the high pressures caused by a pulsing flow of blood.  The vessel's elasticity allows it to stretch and convert a pulsating flow of blood into a continuous flow.  However, there are situations when high blood pressures are unavoidable and overly pliant vessels are undesirable.  These can be due to environmental factors (e.g., heavy athletic activity) or pathological conditions (e.g., atherosclerosis--a condition caused by clogging and hardening of the arteries).  During these situations, the vessel must be strong or stiff enough to prevent the appearance of an aneurysm.  An aneurysm is simply an abnormal "ballooning" of the blood vessel that will often lead to rupture.  This can be a very serious situation if the vessel in question normally supplies blood to an important organ such as the brain (a cerebral aneurysm, which leads to a stroke).  An aortic aneurysm can cause massive bleeding and death.

In order to combat this situation, blood vessels are made up of a composite of elastic material (mostly elastin) and inelastic material (mostly collagen fibers).  Elastin is a highly extensible rubber-like protein found in vertebrates.  Collagen fibers are very stiff and relatively inextendible.  The stiffness of collagen is 1000 times that of elastin! (stiffness is a measure of a material's resistance to stretch).  This is like the difference between a cotton string and latex rubber.  Therefore, it takes 1000 times more force to stretch collagen the same amount as elastin.  Study the qualitative plots below showing pressure within the blood vessel vs.  expansion of the vessel.
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At low pressures, the elastin allows the vessel to expand and function normally.  As in the Windkessel demo, the vessel is free to expand and accommodate the high-pressure flow of blood.  At extremely high pressures, more and more of the collagen fibers reinforce the elastin and protect it from expanding uncontrollably.  Therefore, blood vessels will exhibit a pressure-to-expansion relationship that allows the vessel to become increasingly stiff as pressure increases.  The actual relationship for a blood vessel would look more like the following plot.
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Note: What would happen if the systemic pressures are chronically (habitually) above the normal levels?  The Windkessel effects will become diminished.

What if you combine high blood pressure with hardening of the arteries (which is common among the elderly)?  Both contribute to loss of the Windkessel effect and substantial damage to the arteries will result.  This condition can lead to a situation where aneurysms are likely to occur.

Materials (work in groups of 2-4):

• 1 Bicycle pump (salvaged from the Windkessel)


• 1 piece of surgical, latex tubing about 10-12" long


• 1 adjustable hose clamp


• 1 pair of safety goggles per person

• 1 permanent marker

1.
Take a piece of surgical tubing (10-12 inches) and attach it to the bicycle pump via a connector (wet the tubing to secure it high up on the connector-about three notches should do).  Wear safety glasses and make sure these connections are very secure - high pressures will be experienced by the system!  Place an adjustable hose clamp on the other end without closing it.  Begin pumping the bicycle pump at a slow, steady rate while a partner slowly tightens the hose clamp.


You should begin to observe a steady flow of air (as in the Windkessel).  This situation models the normal conditions of blood flow through a healthy artery.  

As you continue to close the clamp, watch the tubing for an aneurysm!  When one appears, immediately close off the hose clamp completely and stop pumping.

2.
Describe what you saw and heard as you closed off the hose clamp and the tubing expanded.


Give an example of what the closing of the hose clamp simulated.

Did the aneurysm occur suddenly or gradually?  

3.
Mark both ends of the aneurysm with a permanent marker and deflate the tubing by opening the hose clamp.


Now draw a small square (about 1 x 1mm) between the two marks and one more the same size on either side just outside the aneurysm region.


Reclose the clamp all the way and pump slowly to make another aneurysm appear.  Where does it occur?  
 


Why?

4.
Look at the squares you drew.  How do their areas compare now?


Gently squeeze the aneurysm with your fingers and compare to adjacent, unexpanded tubing.  Explain why they feel different.

Hint 1:  Since this is a closed system, the pressure within the tubing must be constant everywhere within the tubing; so the air pressure within the tubing is the same everywhere.

Hint 2:  Which is stiffer, an unstretched rubber band or one that is stretched to its limit?

5.
Deflate the tubing.


Next, take some string or reinforced tubing and place it over the aneurysm region so that the marked off areas are well covered (if using the string, loosely wrap it many times over the area of the aneurysm you just marked off; it may help to have someone hold the other end of the tubing steady so that the string does not slip off).


Again, close the hose clamp and begin pumping.  Does an aneurysm appear in the same place?  ________  Discuss why or why not.

6.
What did the surgical tubing alone represent?  

the rigid tubing, or string?  
 
7.
Discuss why it is so important for blood vessels to be made up of the composite of elastic and relatively inelastic elements (elastin and collagen).
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