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BACKGROUND

The mechanical properties of bone tissue can only be fully understood by investigating its biologic structure. Whole bone structural properties, which are dependent on both geometric and material properties, are important in treating and understanding fractures. A bone’s susceptibility to fracture is correlated to its modulus of elasticity and its capacity to absorb energy.  The bone absorbs energy when it is adequately loaded; this energy is released when the bone fractures. 

Bone, a viscoelastic composite material, has similar properties to a beam, which is a long mechanical member that deforms when force is applied to its straight axis. The load-stress and load-deformation relationship for beams are used to describe beam behaviors. These relationships can also be applied to bones. Beams are assumed to be homogeneous. However, bones, which are tubular and contain a hollow cavity filled with soft bone marrow surrounded by an outer compact hard bone layer, can not be considered homogeneous.  In a prior experiment investigating the fracture properties of chicken bones using bending testing, the bones were treated as homogenous specimens to simplify calculations and to determine its failure properties. However, in order to more accurately investigate the structural and mechanical properties of bone specimens, the effect of the inner cavity of marrow should be considered. Previously, chicken bones with marrow were tested. The maximum force and stiffness of chicken bone with marrow were found to be 335.24±26.79N and 1203.0±94.1N/m, respectively. Expanding on this previous experiment, this experiment proposes to determine the effect of marrow on the failure properties of bone.

HYPOTHESIS/OBJECTIVES AND AIMS

The purpose of this experiment is to use a three-point bending test to determine the failure properties of chicken bones without marrow. The failure properties of chicken bones with marrow and without marrow will be compared. 

Chicken bones without marrow resemble hollow rods with cylindrical cross sectional areas. It is hypothesized these bones would therefore produce more uniform fracture patterns that more closely resemble fracture patterns of beams than chicken bones with marrow. Additionally, it is hypothesized that bone specimens without marrow will exhibit significantly weaker structural properties that the bones with marrow. Based on research1, a 0.11% reduction in maximum force and a 0.44% reduction in stiffness are hypothesized to occur in the mechanical properties of chicken bones without marrow in comparison with chicken bones with marrow.   

EQUIPMENT

Major Equipment: 
· Instron Model 4444 table-top mechanical testing machine

· Customized bending jig 

The 3-point bending test will be conducted using the Instron machine and bending jig. The customized bending jig allows variable positions of beam supports. The Instron produces a digital signal corresponding to the reaction force and applied displacement of the upper fixture, allowing load and linear displacement data to be obtained. From this data, mechanical properties, such as stiffness, fracture energy, and bending moment and shear, of each bone specimen can be derived.  

Lab Equipment:
· Knives

· Cutting board

· Calipers

· Rulers

Knives and cutting board will be used to remove the meat from the chicken bones; calipers and rulers will be used to make bone specimen measurements. Rulers will measure the length of the bone specimens in centimeters, after the ends are removed. Calipers will accurately measure the cross-sectional area of the bones, which will be modeled as circular. 

Supplies: 
· 5 chicken legs

Testing five chicken leg bones is necessary to provide sufficient data. From these specimens, load and linear displacement data will be obtained. 

New Purchased Equipment:
· Mopec Inc Bone Cutting Autopsy Saw 
· Fisherbrand Seeker with Bent End 

· Flexible Probe with Eye (2x)

· Huber Probe (2x)

This equipment will be purchased to effectively make each chicken bone as uniformly rod-like as possible. Chicken bones are actually hollow (shafts with marrow inside them). The saw will be used to cut off the bone ends with tendons attached, so that the specimens resemble uniform rods. The seeker and probes will be used to remove as much bone marrow from inside each chicken bone as possible, without damaging the structure or integrity of the bone itself in the process. After the removal of marrow, the bone specimens will mimic a hollow uniform rod. 
METHODS & PROTOCOL

General Description

Calibrate the Instron. Prepare five bone specimens by removing meat from bone and using saw to remove bone ends. Remove marrow using seeker and probes. Conduct three-point bending test on these specimens. Record data. Conduct linear regression. Perform statistical analysis comparing data of bone specimens without marrow and data of bone specimens with marrow from previous experiment. The entire lab should take 5 hours. 

Calibration of Instron

Set up Instron machine by specifying the speed of crosshead and direction of movement downward. Verify the load cell transducer settings by calibrating and zeroing the force. Use appropriate rate of loading and sampling rate from previous lab that tested chicken bone with marrow. Run Instron machine according to standard procedure. Modify the configuration of the bending jig for which to run the actual experiment if necessary. 
Preparation of Bone Specimens Without Marrow 

· Carefully remove the meat from each chicken leg bone. 

· Cut off both extreme ends of the bone (the parts where the tendons are attached to) using the bone saw to expose the inner part of the bone shaft. 

· Measure and record the length of the specimens with a ruler. The length of the shortest specimen will be the standard length. Cut each bone specimen again with the saw to fit the standard length.

· Using a dial caliper, measure the diameter of the entire cross-section of the bone and the thickness of only the bone shaft of all bone specimens. Record the diameter of marrow within the bone. 

· Remove all bone marrow inside the bone completely with the seeker and probes.

· Repeat with all five bone specimens. Store each bone in a dampened paper towel until time of use.

Testing of Bone Without Marrow

· Mount the first bone specimen in the bending jig. Make note of the bone orientation and the points where the bone is in contact with the lower supports. 

· Determine the position of the upper support fixture and its distance to the bone. Use a marker to mark the position of the lower supports in contact with the bone specimen to find the spacing between them. All of the above will be the same for all bone specimens.

· Conduct the bending test and acquire data. Record resulting fracture pattern by plotting graphs of force vs. displacement.

· Repeat the above three steps with the four other bone specimens, acquiring data for each test.
Data Analysis
· Stiffness will be determined by fitting a linear regression to the data points in between 5% and 75% of the maximum force, as done in the previous experiment. Maximum force will be obtained from the plotted data. 

· A one-tailed unpaired t-test with a confidence level of 5% will be used to compare the stiffness and maximum force of bone with and without marrow (See Appendix-Figure 1).
ANTICIPATED RESULTS

Bone without marrow is predicted to exhibit non-linear load-deformation and stress-strain behavior, which will be dependent on loading rate. Based on preliminary findings from fracture tests of bones with marrow, some quantitative predictions of the fracture results without bone marrow were made. The preliminary findings from the previous experiment are shown in Table 2 (see Appendix).  

In a force-displacement plot, the energy absorbed by the specimen is represented by the integral of the curve. In preliminary findings, the average fracture energy was 1.2045 ± 0.244J, with a standard deviation of 20.3% (see Appendix-Table 2). Figure 1 (see Appendix) shows a generic force-displacement plot of a specimen’s fracture profile. A linear relationship between maximum force and stiffness was not concretely determined. However, on average, the magnitudes of maximum force was 25% that of the stiffness.

In order to predict feasible results for the bone fracture and stiffness of bone without marrow, research on the properties of bone marrow in chicken bones was conducted. Based on this research, a percentage difference for the maximum resistance force of a chicken bone was estimated. In one study, the Young’s modulus of a sample of bone marrow (2 MPa) was insignificant in comparison to the Young’s modulus of a sample of bone specimen (1800 MPa).

Theory suggests that the magnitude of a force is distributed according to the ratios of the Young’s moduli in a system. Based on this finding, the difference in maximum force of bone without marrow was predicted to be 0.11% smaller than the results obtained. Hence, based on previous findings, the stiffness of the non-marrow bone specimens is predicted to be 0.44% smaller than the preliminary findings (see Appendix-Table 2). A table of these predictions are shown below.

	BONE PROPERTIES
	DIAMETER (mm)
	THICKNESS (mm)
	AREA (10^-3m^2)
	STIFFNESS (N/cm)
	MAX FORCE (N)

	Chicken 1
	8.01
	0.50
	0.2016
	1283.6271
	329.41

	Chicken 2
	5.90
	0.44
	0.1094
	1161.467
	343.27

	Chicken 3
	6.85
	0.48
	0.1474
	1106.4103
	343.27

	Chicken 4
	7.92
	0.50
	0.1971
	1311.4043
	365.45

	Chicken 5
	6.82
	0.50
	0.1461
	1125.7249
	292.94

	Mean
	7.10
	0.484
	0.1603
	1197.73
	334.87

	Standard Deviation
	0.88
	0.03
	0.04
	93.73
	26.76

	Variance
	0.770
	0.001
	0.002
	8784.798
	716.089


Table 1.  Predicted results from fracture of non-marrow specimens.

Results predict a decrease in Max Force of 0.11% from non-marrow specimens in comparison to marrow specimens. According to calculations, a 0.393% decrease in the stiffness of the non-marrow specimen is predicted to occur, as determined by the percentage change in the means of the two sample groups, which closely matches the predicted 0.44%.

POTENTIAL PITFALLS & ALTERNATIVE METHODS/ANALYSIS 

Alternative Methods to the Previous Experiment

One potential pitfall could occur in the process of removing the bone marrow from the bone specimens.  It is possible that the marrow will not be completely removed from the bone. 

A solution to this problem would be to use a photoresistor and to send a beam of light through the hollow portion of the bone.  An arbitrary threshold amplitude of light (threshold voltage) would be assigned. Each bone specimen would then have to adhere to this value, to ensure consistency. The use of light would therefore enable the quantitative determination of the amount of marrow that has been removed.  

Experimental results can also be affected by environmental conditions, specimen preparation, and test methods used. Loading rate, deformation rate, specimen size, specimen geometry, mode of loading, and the method of gripping test specimens can influence the mechanical response of bone specimens. A potential pitfall arises from the individual differences in chicken bones.  It can be assumed that all chicken bones share similar geometry. However, the length, diameter and thickness will vary in each individual bone specimen. The difference in length can be solved by setting the length of the shortest chicken bone as a standard length for each bone and cutting the other bones to fit this standard.  Differences in thickness and diameter of the bones can be accounted for by noting the variances in the results and performing calculations to normalize these values. 

Pitfalls That Are Not Accounted For 

Two major pitfalls could occur when conducting an experiment to determine the structural properties of bone with marrow and without marrow.  A major pitfall is the fact that bone has a preferred direction associated with structure. The mechanical behavior of the bone is therefore dependent upon the direction of applied load. To address this pitfall, mechanical testing in future experiments should be done in several different orientations. 
The second pitfall that could arise is changes in water content of the bone, which significantly affects its mechanical properties. In one study2, bone specimens maintained without preservation for 24 hours at room temperature showed a 3% decline in Young’s modulus. Therefore, when marrow is extracted, the specimens need to be rehydrated or stay hydrated prior to mechanical testing. Wrapping the specimens in a damp towel will reduce the amount of drying and change in mechanical properties. However, changes in water content may still affect bone mechanical results.

BUDGET

	Newly Purchased Material
	Quantity
	Price (Each)

	
	
	

	Mopec Inc Bone Cutting Autopsy Saw 
	1
	$75.90 

	Fisherbrand Seeker with Bent End 
	1
	$12.32 

	Flexible Probe with Eye
	2
	$1.75 

	Huber Probe 
	2
	$1.50 

	
	
	

	Total
	6
	$94.72 

	x 20 groups
	120
	$1,894.40 


*All prices listed without sales tax.

1. Mopec Inc Bone Cutting Autopsy Saw 
Supplier: Fisher Scientific (Fisher Catalogue), Catalogue Number: NC9570925; 215.9mm blade, open frame 304.8mm. 

The autopsy saw will be used to cut the ends with tendons attached off of the bone specimens. A saw will cut through bone better and with less damage than shears or knives. Removing the bone ends will make the bone specimens more uniform. 

2. Fisherbrand Seeker with Bent End 

Supplier: Fisher Scientific (Fisher Catalogue), Catalogue Number: 08-995,; nickel-plated steel probe with round handle, curved point tapered and blunt at end, overall length: 152mm.

The blunt end of the seeker will be used to gently separate the marrow from the outer bone to minimize bone damage. Removing bone marrow will enable the specimens to mimic hollow uniform rods. 
3. Flexible Probe with Eye (2x)

Supplier: Fisher Scientific (Fisher Catalogue), Catalogue Number: S17343; 152mm in length, one end is olive-tapered, other end is flat with an eye

Both ends of the probe are functional. The flat end with eye and the olive-tapered end will be used to delicately remove any remaining marrow not removed by the seeker. The olive-tapered end does not puncture tissue. 
4. Huber Probe (2x)

Supplier: Fisher Scientific (Fisher Catalogue), Catalogue Number: S17344; double-ended probe and seeker; angular, tapered probe on one end, straight, tapered probe on the other

The Huber probe has a tapered and curved end to reduce injury to surrounding bone when removing the inner marrow. Angular, tapered probe end will be used to gently separate marrow from outer bone. The straight end will be used for delicate removal of marrow. The Huber probe will remove marrow not removed by either the seeker or the flexible probe. 

APPENDIX
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Figure 1. A standard plot of a specimen shown on the left. On the right, a comparison plot of the preliminary results along with the predicted results for another specimen.

	BONE PROPERTIES
	DIAMETER (mm)
	THICKNESS (mm)
	AREA (10^-3m^2)
	STIFFNESS (N/cm)
	MAX FORCE (N)

	Chicken 1
	8.010
	0.500
	0.2016
	1289.3
	329.77

	Chicken 2
	5.900
	0.440
	0.1094
	1166.6
	343.65

	Chicken 3
	6.850
	0.480
	0.1474
	1111.3
	343.65

	Chicken 4
	7.920
	0.500
	0.1971
	1317.2
	365.85

	Chicken 5
	6.820
	0.500
	0.1461
	1130.7
	293.26

	Mean
	7.100
	0.484
	0.1603
	1203.0
	335.24

	Standard Deviation
	0.878
	0.026
	0.0388
	94.1
	26.79

	Variance
	0.770
	0.001
	0.0015
	8862.6
	717.72


Table 2. Table demonstrating results collected from Bone possessing marrow.
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