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Background

Bone undergoes a variety of loading types in the course of typical usage, including tension, compression, bending and torsion.  It is able to sustain these varying loads due to its composite nature which confers different mechanical properties.  Cortical bone is composed of three major components: 12% water, 28.1% organic material, and 59.9% inorganic material (by mass).
  The organic material is made up primarily of Type I collagen, which confers the tensile properties of bone.
  Collagen is a ductile material that deforms considerably before fracture, enhancing tensile strength.  Hydroxyapatite is the primary inorganic component of bone and has the chemical formula Ca10(PO4)6(OH)2.  Hydroxyapatite is a brittle material that makes a ceramic crystalline structure.  Brittle materials fail under high loads, with relatively small deformation.  Crystalline structures are more susceptible to fracture under tensile, rather than compressive forces because tension causes small imperfections to be propagated. In tension, small imperfections lead to rapid fracture, but imperfections are not similarly amplified under compression.
  By testing the tensile and compressive strengths, the relative contributions of these two major components on ultimate stress and failure mechanics can be tested.


This experiment expands on the three point bending test of chicken bone. The three point bending test was used to determine failure properties, along with the ultimate displacement and force.  It was found that fracture of chicken bone always began on the underside of the specimen, the region under tension.  This indicates that this test primarily measures the tensile properties of bone.  The ultimate stress was determined to be 161±31MPa, which falls close to the literature values of 50-150MPa
.  In this experiment, this value of ultimate stress in tension will be compared to the ultimate stress in compression to model two typical loads applied to bones in vivo.

Hypothesis:


It is hypothesized that the ultimate stress of chicken cortical bone will be higher in compression than in tension.  Ultimate stress in tension will be determined using a three point bending test, and ultimate stress in compression will be determined using a uniaxial compression test.  As a composite material, bone shows mechanical properties of all of its components, most noticeably collagen and hydroxyapetite.  Because the most abundant component of bone is hydroxyapetite, it is hypothesized that its mechanical properties will be similar to those of a crystalline ceramic – stronger in compression than in tension.


Wood surrogates will be tested prior to the bone not only to allow students ample opportunity to learn to use the Instron and the saw, but also to test a more uniform material.  Wood is anisotropic, like bone, and has also been shown to have differing compressive and tensile strengths.
  However, the shape and size is easier to work with than bone.   A sub-goal of this experiment will be to compare the ultimate stress in tension and in compression, like the bone experiment, to determine if wood is a good surrogate for the composite properties of bone.  It was found that the values for ultimate stress differed significantly for bone and wood, 161±30MPa and 78±10MPa respectively, indicating that the overall loads that the two materials can bear are different. However, this experiment may show that the relationship between compressive and tensile properties is similar among bone and wood.
Equipment:

Major equipment:


An Instron Model 4444 will be used in this experiment to test the mechanical properties of chicken bone and wood.  The Instron will be used for this experiment because it applies a load at a constant rate controlled by a computer.  The Instron will be used with two different attachments, a three point flexure attachment and compression plates.


The LabView computer program should be used as the interface between the Instron 4444 and the students.  This will record the data of load and displacement at a sampling rate determined by the students.  This data allows for the calculation of all necessary mechanical properties, including ultimate stress, failure energy, and Young’s modulus.

Lab equipment: 

Standard equipment used to dissect the chicken bones, including a tray and scissors, will be supplied.  These will be used to remove the skin and muscle from the chicken bones before mechanical testing.   A ruler and caliper are used to measure the dimensions of the bones and to correctly cut the required lengths for compression testing.  Goggles must also be worn during testing and when cutting the bone or wood to protect the students’ eyes from debris.

Supplies:  

Ten chicken bones are required for this experiment.  Five will be used in compression testing and five will be used in the three point bending test.  Five of each must be used because occasionally the bone will fail at the head rather than at the applied load in the three point bending test. 

 Each group will receive one rod of cylindrical birch wood.  Rods are 36’’ long, which allows them to make the minimum 5 pieces for tensile testing (3’’ each) and 5 pieces for compression testing (1’’ each).  Having a cylindrical bone surrogate will make the values closer to those of wood.  Additionally, the cylinder provides the students with better practice using the saw.

Newly purchased equipment:  

Compression plates will be purchased from Instron.  These 2’’ in diameter compression plates will be used to measure the compression properties of bone.  The 2’’ in diameter is large enough for both the wood surrogate and the bone samples.  Compression plates apply a uniform load across the entire cross section of the samples.

A miter saw will be used to cut the bone into 1’’ long sections to be placed in the compression plates.  The bone must be cut into cylindrical pieces in order to correctly measure the compressive properties.  The natural shape of the bone is too uneven to be loaded in compression plates directly and provide evenly distributed stress along the entire bone.  The miter saw provides both the power necessary to cut through bone and the precision necessary to make even cuts that could not be reached using a hand held hacksaw.  Additionally, it has built in clamps which will keep the bone steady and straight when cutting.  The built-in laser on the saw provides extra control to make the cuts parallel.  The 7.25in blade was the smallest found and the 60 tooth blade will provide the smoothest cut.  Ideally a diamond saw would be used, but these are extremely expensive and beyond the budget for this experiment.

Methods:


The initial phase of the lab requires the tensile testing of a wood surrogate and chicken bone.  Tension in this case will be tested using a three point bending flexural test.  It has been seen previously that fracture occurs on the base of the bone specimen, the region under highest tensile load.  In this experiment, the wood surrogates used will not be of rectangular geometry, but rather cylindrical to better model bone.  Five pieces of wood surrogate, about 3’’ each, will be cut from the 36’’ rod provided to each group using a saw.  Although this test does not require even edges, students are encouraged to practice making even cuts as it will be important for compression testing.  Carefully measure the dimensions of the surrogate, specifically diameter and distance between supports and loading site.  Perform a three point bending test at 5in/min with a sampling rate of 20 points per second.  Using Matlab, determine failure and ultimate stress properties of wood using a force displacement curve, as seen in Figure A1.  Failure is determined by the last point before the sudden drop and ultimate force and displacement is the peak of the graph.   Use ultimate force and displacement to determine ultimate stress (TIME:  30min).

 
Using methods from the wood surrogates, five bone samples are be loaded into the Instron.  Skin and muscle should be removed from the chicken bone and the bones must be wrapped in damp paper towels.  The bones must be kept moist because water attaches to the collagen polymers to confer additional tensile strength.
  Be sure to lay each bone as flat as possible on the supports to prevent sliding.  Take two measurements for diameter of the bone at the point where the load is being applied, one on the long axis and one on the short axis.  Perform the bending test, as above, at 5 in/min with a sampling rate of 20 points/second.  After fracture record the fracture pattern.  If the bone fractured at the location of the support, rather than at the applied load, this data cannot be used because at this point there is no moment to be measured (Appendix figure A2). After fracture measure the thickness of the bone and calculate inner radii. (TIME: 45 min to dissect the chicken, 20 min to perform tests)


Using the force displacement curve, determine ultimate force and ultimate displacement.  These values can then be used to determine Young’s modulus and ultimate tensile stress.  Flexural stress is determined by the equation: 
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, where M is the bending moment, y is the distance from the neutral axis (the average radius of the bone) and I is determined using Equation A1 in the appendix assuming a hollow cylindrical geometry.  This geometry is used because in a previous experiment it was determined that Young’s modulus calculated using three different cross sectional areas, oval, circular, and rectangular, are not significantly different (p=0.12).  Therefore cylindrical (using the average of the two diameters) is the simplest of the three and will be used here.


The second part of the experiment is compression testing.  Five wood surrogate samples must be cut, using the saw, to a length of approximately 1 in.  The upper and lower surface should be made as close to parallel as possible to ensure uniform loading.  Place the surrogate on the lower plate and adjust the top plate so it is just touching the top of the surrogate, as in Figure A3.  Like the tensile test, run the Instron at 5in/min with a sampling rate of 20 points/min.  Plot a force vs. displacement curve using Matlab.  In compression, this curve will most likely have a less distinct fracture point, because the material will most likely reach a crushing point rather than a fracture point like in tension.  Compute ultimate stress: 
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, A is the cross sectional area of the surrogate. (TIME: 30min)


Follow the same procedure to measure compressive properties of bone.  Five chicken bones will be used once again after removing the skin and muscle.  These must be cut, using a saw, to a length of approximately 1inch.  Measure the height, two outer diameters and thickness of the bone before testing.  Place the chicken bone with the larger diameter on the bottom plate.  Using Matlab, plot a force displacement curve.  Although the failure force and displacement may be difficult to locate, there will be a peak for ultimate force and displacement.  Calculate ultimate stress using the above equation for each sample.(TIME:45min)


Analyze the data by performing a one-tailed unpaired t-test on the values of ultimate stress in tension and in compression for both the wood surrogates and the bone samples.  Determine the significance of the difference between the two types of loads, within a 95% confidence interval.  Ultimate stress is used as the determining factor because it incorporates differences in geometry and it is easily distinguishable in both tensile and compressive tests, unlike fracture.  (TOTAL TIME: 2:50hrs)
Potential Pitfalls & Alternative Methods/Analysis:

The primary potential pitfalls of this experiment are related to the varying geometry of chicken bone.  The major problem arises when the chicken bones are cut to be tested in compression.  The two cuts need to be parallel to each other and perpendicular to the axis of the bone.  However, using a miter saw this perfect cut may not be possible.  To obtain an appropriately straight incision a diamond saw would be required, but is not within the budget for this lab.  Another alternative would be to cast the ends in PMMA (poly methyl methacrylate) which would ensure the load is applied evenly.  However, this is not within the budget and time constraints of this experiment because PMMA requires extensive preparation of the bone and time to set.  Having an uneven surface will cause an inconsistent load distribution on the bone, causing an underestimation of ultimate stress and failure properties.  One way to quantify this error is to take multiple measurements of the height of the sample and calculate a parallelism index.  The equation for this is I = ¼*(Dmax+Dmax-D1+Dmax -D2 +Dmax-D3) = Dmax- ¼*( D1+D2+D3 )
, where Dmax is the maximum height difference and D1,D2, and D3 are the other height differences.  A high index indicates an uneven cut.


Another potential source of error is the thickness of the bone.  Various measurements of the thickness of the bone should be recorded and used to create an uncertainty value for the cross sectional area of the bone.  This is important in both the tensile and compressive values.  


A better way to measure the tensile strength of bone would be in a uniaxial tensile test.  However, the same issues of casting the bone in PMMA arise.  In the three point bending test is has been found that although it does fracture at the region under tensile strength, the compressive properties of the bone confer added strength in a bending test.  More specifically, it has been found in chicken bone that the neutral axis, used when determining flexural stress, actually moves towards the compressive surface in bending.
  This means that the measured value for ultimate tensile stress is slightly higher than the actual tensile stress.


Chicken bone must be kept moist after removal of the skin and muscle to maintain mechanical properties.  This is accounted for by keeping the bones wrapped in moist towels after removing the muscle until performing the mechanical tests. 


Temperature may also affect the mechanical properties of bone.  For many materials, Young’s modulus is temperature dependent.  The actual values for ultimate stress may be different in the native temperature of the body.  However, because the compressive and tensile properties are only being compared, testing at the same room temperature should control this problem.


The orientation of the loaded bone could also affect this experiment.  When loading the bone on the three point bending test the bone should always have the same orientation.  Because the bone has varying thicknesses, the thickness of the part on the region of tension will affect the ultimate stress.  In compression testing, the 1 inch portion cut from the bone should be kept constant as the geometry and composition varies along the length of the bone.  

Budget:
	Item
	Quantity
	Total Price
	Supplier
	Specifications

	Compression Platens
	1
	$650
	Instron – verbal quote from sales associate on 4/23/2007
	Catalog number: 2501-083

Diameter: 50mm

Capacity: 10kN

Compatible with Instron 4444.  http://www.instron.us/wa/acc_catalog/detail.aspx?aid=112

	Miter Saw
	1
	$79.99
	Sears
	Craftsman 7-1/4 in. blade with Laser Trac.  Built in adjustable clamp to keep the bone or wood surrogate straight and steady.

60 tooth blade – smoother cut.

http://www.sears.com/sr/javasr/product.do?cat=Bench+Power+Tools&pid=00921195000&vertical=TOOL&subcat=Miter+Saws&BV_UseBVCookie=Yes


	Wood Surrogates
	2 packs of 10 
(1 rod per group)
	$12.52
	McMaster-Carr
	Part Number: 9683K15

5/8’’ in diameter

36’’ in length

Material: Birch

http://www.mcmaster.com/

	Chicken Bones
	200 
(10 per group)
	$198.00
	Fresh Grocer
	Raw Chicken Drumsticks

http://www.thefreshgrocer.com

	
	Total:
	$940.51
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	[image: image6.wmf]4

P

=

I

[image: image3.png]Force ()

150

100

Trial 1
Trial 2
Trial 3
Trial 4
Trial §
Trial 6
Trial 7

Displacerment ()





	
[image: image4]

	Figure A1: Force-displacement graph for wood surrogates in previous experiment.
	Figure A2: Free body diagram of a three point bending test.  It can be seen that at the point of the force there is a bending moment, which is used to find flexural stress.  At the supports (R1 or R2) there is no such moment and as such there is no flexural stress.

	
[image: image5] Figure A3: diagram of the loading of a bone or wood surrogate specimen in the Instron compression plates.  Lower the top plate until it touches the top of the specimen.  


	Equation A1:  Equation for the second moment of inertia for a body with a circular cross sectional area.  This is used in the calculation of Young’s modulus and flexural stress.
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