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Chicken Bone Stiffness and Elastic Modulus Testing:

Differences in Axial and Flexural Properties

Orrin G. Meyers
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Exemplary Force-Deformation Curve used to compute the stiffness of a sample.
Background:

Human cortical bones can be exposed to many dangerously large forces in different directions. Comparing the strength and mechanical properties of bones in these different directions can help characterize what forces put bones at risk when applied in a given direction. Human cortical bone is often modeled with common avian bone like chicken bone which can be found at any grocery store. Experience with chicken femurs in BE 210 Experiment 4 has produced results such as a bone stiffness of 0.08113±0.01882 kN/mm and elastic modulus of 2.63±0.60 GPa (Appendix, Table 2) when tested tangentially under three point bending. In this experiment, all bones fractured on the side of the bone under tension. These data appear to differ greatly from data derived from human femurs tested axially under compression (stiffness of 0.757±0.264 kN/mm (Appendix, Table 1), elastic modulus of 9.1 GPa (2)). This experiment expands on Experiment 4 by axially testing similar bones.
These particular experiments using three point bending and axial loading both produced elastic moduli below the accepted values for their particular type of loading. The accepted value of the tangential (bending) elastic modulus of human cortical bone is 12.8 GPa and the accepted value of the longitudinal (axial) elastic modulus is 17.7 GPa (1). Both have many errors associated with them that affect results differently. Understanding how these errors affect precision is important for the future use of both protocols.
Comparing human bone tested axially to avian bone tested with three point bending allows only general inferences. To characterize the differences between tangential and longitudinal mechanical properties an experiment must be conducted in which a similar sample set is tested under both conditions. This experiment can also help characterize the errors associated with both procedures. A statistical comparison of the error in the experimental values between the two procedures allows researchers to determine which method produces more accurate results. Understanding both the error and intrinsic differences in these two experimental methods will allow future researchers to make an educated decision about which method is suitable for their needs.
Hypothesis/Objective:

The stiffness of bone when calculated from tensile loading with the Instron 4444 will be significantly greater than that of bone tested in flexural bending with a three point bending test. Examining bone mechanical properties will help characterize what types of forces on a bone will be most likely to cause fracture in chicken bones, and by inference, human bone. This experiment will illuminate the magnitude of differences required for a force to cause femur fracture from different loading points and angles by examining the extremes: axial and flexural (longitudinal and tangential). 
An additional hypothesis of this experiment is that the percent error from accepted of the elastic modulus during axial loading will be significantly greater than that of three point bending tests. Error will be characterized from the accepted values of 12.8 GPa for radial testing and 17.7 for longitudinal testing. Examining the error in different protocols that test mechanical properties allow researchers to make an educated decision about which protocol is best suited for their particular testing situation when using an Instron 4444 apparatus. 
Equipment: 

Newly Purchased Equipment:

· 240 (10 for 20 groups) Chicken Legs from Fresh Grocer----- $100 ($5 for 12 pack)
· Need a similar source of all chicken bones to ensure different groups can recreate results.

· Instron Screw Side Action Grips: Catalog- #2710-104 ------- $1,430
· This attachment can grip beneath the voluminous joint portion of the chicken femur so the clamp does not simply slide along the bone.
Total Cost: $1,530.00

Major Equipment: 

· Instron 4444 (with ±2 kN load cell) Bench Top Materials Testing Setup
· Customized Bending Jig
· For Three-Point Bending Test as described in Experiment Four.
· Matlab
· For raw data analysis.
Lab Equipment: 

· Cutting Board for cleaning chicken legs
· Scissors for cleaning chicken legs
· Rulers and Calipers for Bone Dimension Measurement

· Weight set for calibration check
· Protractor to measure the angle between the bone and the assumed perpendicular plane of the top and bottom clamp

· Safety Glasses to protect eyes from bone shards during bone fracture

Supplies:

· Wet Paper Towels
· Plastic Container for holding scraps of skin and meat

Proposed Methods and Analysis:
Methods:

1. Using five of the twelve provided chicken leg bones, complete a three point bending test using a loading rate of 8 mm/min and sampling rate of 8 samples per second. Bend the bone along its short radius. Follow the directions outlined in BE210 Experiment 4: Fracture Properties of Chicken Bones: Bending Testing. Keep in mind that all relevant geometrical measurements must be taken to calculate stiffness and elastic modulus. For inner and outer diameter, measure the bone at the point of fracture on both fragments. Average the two values with Range/2 as the error. For length, measure the length between the supports. Two chicken legs will remain unused and can be used to replace a chicken leg that gives inconsistent or no data. -3 Hours-
2. Replace the Adjustable Bending Jig with the Instron Screw Side Action Grips. This can easily be accomplished by removing the 6mm clevis pin on both the top and bottom portion of the jig, changing attachments, and replacing the clevis pin. If there is trouble with this task ask Sevile for assistance. -15 minutes-
3. Before loading each bone onto the Instron machine, tabulate the relevant measurements including bone length between clamps and the greatest and smallest diameter. 
-30 minutes-
4. Mount the bone in clamps, doing the lower first, upper second. Most bones have a thinner and thicker diameter; clamp the bone across the smaller diameter. Be sure to clamp the bone hard enough to prevent slipping; however, be sure not to damage the structural integrity of the bone by clamping too tight. Clamp the bone as close to voluminous joint regions as possible so the clamp has little room to move if it starts slipping along the bone. Measure the angle between the bone and bottom and top of the clamp.
5. Deform the bone with a strain rate of 8 mm/min and sampling rate of 8 samples per second. Be sure to watch the control screen of the Instron interface for the load being read by the load cell. The cell is only designed for 2 kN so stop the test when the load cell reads 1.75 kN. Ideally, the bone will fracture before this threshold yield. Two chicken legs will remain unused if not used in step one and can be used to replace a chicken leg that gives inconsistent or no data. The Instron operation instructions in Experiment 4: Fracture Properties of Chicken Bones: Bending Testing apply here. -1.5 hours (4 and 5)-
6. Cut or break in half any bone that does not fracture during the test. Take an inner diameter of every bone using the calipers at the point of fracture on both fragments. Average the two values with Range/2 as the error. –15 minutes-
Total Run Time: 5.50 hours (5 hours, 30 minutes)
NOTE: Times given are maximums and if completed efficiently, each step could be completed in about half the allotted time.
Analysis:

1. Calculate the stiffness of the bones from the three point bending (tangential) (n=5) and axial loading tests (longitudinal) (n=5) by plotting the force-deformation curve for each bone in excel or matlab and calculating a linear fit over the elastic region. After tabulating these data, calculate the descriptive statistics on each data set. Be sure to include mean, standard deviation, and variance.

2. Perform an unpaired one-tailed t-test with either equal or unequal variance depending on the results of the descriptive statistics to test if the stiffness the bone deformed axially is significantly larger than the tangential stiffness.
3. Model the cross section of the bone as a hollow ellipse. Where A is the long radius and B is the short radius, the area of a hollow ellipse is π(AouterBouter-AinnerBinner) and its second moment of inertia (I) is π/4(AouterB3outer-AinnerB3inner).
4. Determine the I value calculated from the equation above, the length of the bone in the three point bending test (L), the deflection at the ultimate stress(ymax) and the load at that point (P). Using the beam deflection formula
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 (3), calculate the elastic modulus (E) for each bone broken in three point bending (n=5).
5. After calculating the cross sectional area as described in 3, plot the stress-strain curve of each bone deformed axially. Remember, stress = Load/Area and Strain = Deformation/Initial Length. Calculate the elastic modulus of each bone deformed axially (n=5) by finding the slope of a linear fit over the elastic region of the data.
6. After tabulating these data, normalize the data by dividing each value by the correct accepted value (12.8 GPa for 3 point bending and 17.7 for axial loading). Calculate the descriptive statistics on each data set. Be sure to include mean, standard deviation, and variance.

7. Perform an unpaired one-tailed t-test with either equal or unequal variance depending on the results of the descriptive statistics to test if the error from the accepted value of the elastic modulus in the bone deformed axially is significantly larger than the tangential error from accepted elastic modulus.
8. Optional additional tests- Compare other mechanical properties such as Energy to Fracture and ultimate stress to further characterize the bone.
Potential Pitfalls & Alternative Methods/Analysis:

The protocol offered above has many areas that could create large error. One major source of error is inconsistency of bone dimensions and bone quality. All bones in this experiment are modeled the same, but many show large variations from the hollow ellipse model. Prior experimentation shows that errors of cross-sectional areas of chicken legs can be between 26.5% and 18.6% of the average (30.64±8.11 mm2 and 24.78±4.61mm2 respectively, Table 3). This error, when used in the calculations, leads to high error in the final results. For example, two separate experiments found separate cortical bone stiffness of 0.757±0.264 kN/mm (34.9% =
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, Table 1, 2) and 0.08113±0.01882 kN/mm (23.2% =
[image: image4.wmf]Mean

Dev

St

.

.

, Table 2). This pitfall applies for both axial and three point bending tests. The quality of the chicken bones cannot be characterized prior to testing; its results are only seen afterward. Some part of the large error reported above comes from variations in calcium concentration and matrix strength that gives chicken bone a stiffness that is above or below the accepted or mean values.

Another major pitfall in the protocol of this experiment is the likely inability of a 1.75 kN load to fracture a bone under an axial stress. Similar axial testing with cadaver leg femurs used a 1.5 kN force which did not fracture the bone (2). Data for the ultimate stress of an axially deformed avian femur is inconsistent so a clear goal cannot be set. To counteract this pitfall, the data that needs to be gathered need only contain a large enough portion of the elastic region (at least 10 points) to calculate a representative stiffness from the force deformation-curve and elastic modulus from the stress-strain curve.

A risk with tensile testing using a clamp instead of screws is the clamps simply sliding along the bone instead of deforming the bone. This error does not apply to experiments previously conducted in the BE undergraduate lab because no bone was held with a clamp and is thus difficult to quantify. If the clamp does slip, it will appear in the data as an area of reduced load. This is a result of the reduction of the actually bone deformation. To avoid using this data, the range of linear fit can be changed to use the elastic region either before or after the points that will appear below trend in the data. This alteration should not greatly affect the data, but it will likely create a larger error in the linear fit due to fewer points being used.

Finally, in axial tensile testing, it is difficult to ensure the bone is being deformed perfectly axially. This error can be quantified by measuring the angle between the bone and clamp before a deformation begins. This angle is the variation from truly axial loading. Deforming at an angle can create pressure points at the clamps on the side of bone that is greater than 90o from the plane of the bottom or top of clamp. These pressure points can cause fracture below the true ultimate stress. To reduce this error, a protractor is used to adjust the bone to as close to perpendicular to the surface of the clamp as possible.

Minor pitfalls include the typical assumptions that must be made for all beam mechanical property testing. For instance, the beam, or in this case bone, is assumed incorrectly to be perfectly homogenous. Also, the deformation is assumed to be negligible compared to the length of beam. These minor assumptions tend to cancel each other out over the course of the experiment and cause little quantifiable error.
Budget:

In order for this experiment to be feasible, two items must be purchased beyond current supplies of the lab. First, 200 chicken legs much be purchased from the same store. Chicken legs are estimated at 12 for $5 for a grand total of 20 packs at $100. These chicken legs can easily be purchased at Fresh Grocer on 40th and Walnut in the city of Philadelphia the day of the experiment. Each group will receive one package of 12 chicken legs to use a total of ten as data. It is assumed that chicken legs packaged together come from the same farm and the chickens were raised in a similar fashion.
The second necessary purchase is an Instron Screw Side Action Grips, Catalog #2710-104, which was quoted at a price of $1,430 on April 24, 2007. This attachment is large enough to grip the shaft of bone beneath the voluminous joint of the chicken femur. This attachment is rated for loads of ±2 kN and fits a 6 mm clevis pin (Type Om). It can accommodate specimens of thickness 0 to 30 mm (0 to 1.2 in). Its total weight is 0.96 kg (2.2 lb). One attachment can be used for all groups.
The total budget cost is $1,530.00.
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Appendix:
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Table 1: Shows that the axial stiffness of cadaveric human femurs. The axial stiffness is almost an order of magnitude greater than the tangential stiffness (0.757±0.264 kN/mm and 0.08113±0.01882 kN/mm(Table 2)). Table adapted from reference 2.
	Load Rate: 2.0 mm/min

	Sample 
	Max Force (lbs)
	Stiffness (kN/mm)
	Elastic Modulus (GPa)

	1
	45.81
	0.06097
	3.26

	2
	64.94
	0.10911
	3.23

	3
	42.95
	0.09023
	1.93

	4
	70.64
	0.07382
	2.24

	5
	54.7
	0.07155
	2.49

	Mean
	55.81
	0.08113
	2.63

	Standard Dev.
	11.94
	0.01882
	0.60


Table 2: Results from previous 3 point bending of chicken legs. Stiffness in chicken legs calculated to be 0.08113±0.01882 kN/mm. The large standard deviation (23.2% of mean) comes primarily from variations in the cross-sectional area and quality of the chicken bones.
	
	Cross-Sec Area(mm2) 

	Rate (mm /min)
	5.08 
	50.8 

	1 
	22.76 
	25.50 

	2 
	24.67 
	19.20 

	3 
	25.66 
	39.17 

	4 
	31.70 
	35.42 

	5 
	19.10 
	33.90 

	Mean 
	24.78 
	30.64 

	Standard Dev.
	4.61 
	8.11 



Table 3: Measured cross sectional areas from previous chicken leg 3 point bending experiment.
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