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Bone Strength Laboratory - Assignment
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Technical Objectives 

1. Discuss the variety of material property choices that nature has made in various human body components.

2. Compare and contrast nature as a designer to human engineers as designers. 
3. Explain the difference between strength and stiffness of a material.

4. Define the ultimate tensile strength and modulus of elasticity of a material.  

5. Determine the modulus of elasticity of a bone using a bone bending apparatus.

6. Determine the ultimate tensile strength of a bone using a bone breaking apparatus.

THE BONE LAB: Measuring Strength and Stiffness of Bones

The purpose of this laboratory is to determine the effectiveness of bones as the human body’s load bearing structural members.  In the laboratory, the modulus of elasticity of a bone will be determined, using a cantilever beam bending apparatus.  And the ultimate tensile strength of an animal bone will be determined using a simply supported beam breaking apparatus.  

The Human Skeleton 

The skeleton system is the body’s frame, its foundation.  Like a building, the body needs a way to support the forces exerted by every day activity.  Bones are the body’s load bearing supports.  Helped by muscles the bones carry the weight of the body and protect vital organs.  
Bones in the body have at least six functions: 

1. structural support

2. locomotion 

3. protection of various organs 

4. storage of chemicals 

5. nourishments, and 

6. sound transmission (in the middle ear).

This laboratory will focus on the support function of a bone, which is essentially a function of two mechanical properties: strength and stiffness.  

Bone Bending

Human skeletal bones, such as the tibia and femur in your leg have been designed by nature to resist bending under transverse loading.  Still, these bones actually do bend and, as many of you may know from experience, bones can also break under excessive force.  We can analyze the stress and deflection in a bone the same way we analyze a transversely loaded beam in civil 

When a bending force is applied to a beam there is relatively no stress in the center but the top and bottom are put into compression and tension respectively (see figure).  That is, the bottom is being pulled apart while the top is being force together.  
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Since the stress is highest at the top and bottom of the bone, (and zero in the middle), nature has designed bones to be hollow such all the bone material is on outer radius. 
Analysis of a Bone in Bending
Recall from last week that, for a rod in tension with an applied axial load, F, the deflection () is calculated as follows:

(6)
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Note that deformation of an engineering component is always a function of three things:

1. Applied load (F)

2. Geometry (L / A)

3. Material properties (E) 

For a beam (or bone) in bending, the deformation is also a function of load, geometry and material properties according to the following equation:

(7)





In equation (7), the deformation is actually the second derivative of y with respect to x, the applied load is the bending moment M(x), the material properties are the Young’s modulus, and the geometrical parameter is the moment of inertia, I.

Moment of Inertia
In axial loading, the cross section area, A, is the geometrical parameter that resists stretching.  A fatter rod will stretch less than a skinny rod under the same applied force, F.  

In bending, the geometrical parameter that resists bending is not the cross sectional area.  Rather, it is the moment of inertia, I.  To resist bending, civil engineers use I-beams.  Similary, to resist bending, nature has designed bones as tubes, with the majority of the material as far as possible from the centerline.    

Moment of inertia is easily calculated for simple geometrical cross sections as follows:
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For a rectangular cross section:                              For a hollow, circular section:
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Exercise 1.

Calculate the Moment of Inertia [in4] for the center cross-section of a human or cow bone.

Bone Type:_________________________

Laboratory Experiments
In today’s laboratory experiments, you will be using a cantilever beam apparatus to measure bone stiffness (i.e. modulus of elasticity) and a simply supported beam apparatus to measure bone strength (i.e. ultimate tensile strength).  

Each of these configurations is sketched below.  Equation (7) can be easily solved for either configuration.  

Cantilever Beam



Simply Supported Beam

As mentioned, it is possible to solve equation (7) to derive an exact equation for the deformation of the bone, y(x) as a function of location along the bone, x.   The solution, y(x) is called the equation of the elastic curve.

Solution of the Equation (7) for the Cantilever Bone

It can be shown that the solution y(x) to the differential equation (7) for the cantilever beam is:


(9)
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Equation (9) is an exact equation that describes the deflection of the beam y(x) for the entire length of the beam (0 < x < L).

Deflection at the End of an End-Loaded Cantilever Beam

For the end loaded cantilever bone, the maximum deflection occurs at the end, x = L.  Thus, equation (9) can be solved for the maximum deflection by substituting x = L:

(10)
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Equation (10) can be used to measure the modulus of elasticity of bone.  Having calculated the moment of inertia of the bone, by applying a load, F, to the end of a cantilever bone, and measuring the deflection, y, it is possible to solve for E. 

[image: image11.wmf]F

F


[image: image12.wmf])

(

4

1

4

4

0

i

r

r

I

-

=

[image: image13.wmf]b

h

b

h

[image: image14.wmf]3

12

1

bh

I

=


Lab 1 Experimental Procedure: Bone Stiffness

Equation (10) shows that the deflection (y) at the free end of the clamped bone should vary linearly with the applied force, F.   By performing the following experiment it is therefore possible to determine the modulus of elasticity (E) of the bone since, according to equation (10), the slope of the F vs. y curve is equal to 3EI/L3
1. Measure and record the inner diameter of the bone.

2. Measure and record the outer diameter in the direction that the force is being applied.  (Assume the bone is a circle.)

3. Measure the length from the edge of the inner circle screw hole to the end of the bone.  

4. Secure the bone to the clamp using the two screws.  Push the bone down so that it is secure.

5. Place the dial gauge at the end of the bone.

6. Record the initial position of the gauge as the zero position.

7. Zero the load reading by pushing the black button on the right upper corner of the machine.

8. Bring down the crosshead using the lower adjusters until the load cell reading no longer changes.

9. Record the distance moved and the force reading.

10. Now using the top adjusters apply more force in intervals of 0.02 inches and record the force reading.  

11. Repeat the previous step until eight measurements have been recorded.

12. After the experiment is performed, release the force from the bone, and remove the bone from the clamp.

13. Calculate the Moment of Inertia, I. 
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14. Make a plot of applied Force, F, vs. Deflection y.  

15. According to equation (10), the slope of the curve is equal to 3EI/L3.   Solve for E in psi.

Follow-up Questions

1. Does the modulus of elasticity make sense?  Compare to steel, plastic and wood.

2. Compare the Modulus of Elasticity found from the Sneaker Material laboratory to the Modulus of Elasticity obtained from this experiment.  Which is larger and give reasons for the differences?

3. The artificial bones that were tested are made up of a glass fiber reinforced epoxy composite material.  Write a short description on another composite material and its uses.

Additional Work Space: Lab 1

Lab 2 Experiment: Bone Strength

So far, we have calculated the stiffness of a bone by measuring the deflection of a clamped bone vs. the applied load.  It is also possible to calculate the ultimate tensile strength of a bone by applying a transverse load until the bone breaks.  

Recall that for a rod undergoing an axial load, the normal stress is simply the force divided by the cross sectional area.  In fact the stress is nearly constant across the cross section.  

In bending, however, the normal stress varies throughout the cross section.  In this experiment, we will be applying a force at the center of the bone and measuring the reaction force at one of the supports as shown: 

As mentioned previously, this configuration is called a simply-supported beam since it is not clamped at either end.  

For this configuration, it can be shown that the maximum normal stress as a function of applied load can be calculated as follows from:

(11) 
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where F is the applied load [lb], L is the length of the bone [in], D is the diameter of the bone [in] and I is the moment of inertia [in4].  By performing an experiment in which a bone is loaded with a force F until it breaks, we can determine the ultimate tensile strength, u using the equation above.

Experimental Procedure: Bone Strength

By performing an experiment in which a bone is loaded with a force F until it breaks, we can determine the ultimate tensile strength, u using the equation above.  For this ex

For this experiment, you will be using a cow bone.  

1. Measure and record the inner diameter of the cow bone.

2. Measure and record the outer diameter of the cow bone in the direction that the force is being applied.  (Assume the bone is a circle.)

3. Measure the length of the cow bone, L. 

4. Place the bone on the concrete pylons, with the load cell under one of the ends as shown:








5. Put on your safety glasses.

6. Zero the load cell reading.

7. Slowly increase the force on the hydraulic cylinder, carefully keeping your eye on the force reading in lbs.

8. Listen for the bone to break and record the maximum force before you heard the bone breaking (note that once the bone breaks the force will rapidly drop).  

9. Use equation (11) to calculate the ultimate tensile strength, u, using the maximum force prior to rupture of the bone.

Follow-up Questions

1. Does the ultimate tensile strength make sense?  Compare to steel, plastic and wood.

2. Comment on the laboratory set-up.  Name some problems with using this technique to measure ultimate tensile strength.  

Additional Work Space for Laboratory 2
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