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The Study of Cross Sectional Area’s Effect on Bone Ultimate Fracture Force through Image Analysis

Background

The knowledge of a relationship between a bone’s resilience to exterior forces and its structural properties is useful when one considers the design of prosthetic devices.  In this proposed experiment, the three-point bending test of the bone fracture experiment will be combined with MATLAB image analysis techniques from the gel electrophoresis and suture experiments.  In the bone fracture experiment, it was hypothesized that as the cross-sectional area of chicken bone increases, the downward force required for fracture would also increase.  From the available equipment and methods of analysis, a statistically supportable conclusion could not be made.  A linear regression which plotted downward fracture force against chicken bone cross-sectional area suggested the hypothesis may be true, but the R2 value of the linear fit (0.214) was very poor (Figure 1).  Further analysis showed that the standard deviations of the bone thicknesses were up to 37% of the mean.  The proposed experiment aims to study the hypothesized relationship again with a less error-prone method of analysis.  Originally, the cross-sections of the bone were assumed to be oval rings.  However, measurements with rulers and calipers showed that the thickness of the compact bone varied throughout the cross-section.  It is proposed instead that an image be taken of the bone cross-section, in which the number of pixels can be counted and converted into area with the aid of a MATLAB program (measurement error in the suture lab through this method was only ~1.7%).  This can be done because compact bone was observed to be much lighter than spongy bone.  The contribution of the spongy bone to strength can be ignored because research by Rath shows that calcium in a bone’s hydroxyapatite matrix is largely responsible for its strength; it was also found that spongy bone is less calcified than compact bone.1 By eliminating the approximation of cross-sectional geometry, irregularities in bone thickness will be properly accounted for.

Hypothesis:  
It is hypothesized that as the cross-sectional area of compact bone increases, the downward force required to fracture the bone will also increase.

Sub-Aim:
This experiment strives to improve the accuracy of measurements previously made in the Bending: Bone Fracture experiment.  Cross-sectional area quantification through MATLAB will replace the calculation of cross-sectional area through the hands-on measurement of bone dimensions.  This method will eliminate the need to approximate the shapes of bone cross-sections and reduce the propagation of error caused by the use of a formula with two uncertain variables (bone diameter and compact bone thickness).     


Equipment  
Major Equipment:
Instron Model 4444 benchtop materials testing machine
Customized Bending Jig (variable positions of beam supports)
Lab Equipment:
CCD Camera (640 x 480 pixels)

Ruler
Stand to mount camera (as in the Displacement Measurement: Image Analysis experiment)
Supplies:
Wood Surrogates (~25)
Knives and cutting board

Paper towels

Protractor
Newly Purchased Equipment:
Black construction paper
10 chicken legs (per group)
Ten chicken legs per group are necessary because a graph will be made between the cross-sectional area of chicken legs and the force required to fracture it.  If the sample size is not large, the line of correlation will be statistically insignificant.  Due to the methods employed to calculate image thresholds, black construction paper will be needed as a background for the pictures taken by the camera.


Proposed Methods:  
1. Remove skin and meat from 10 chicken drumsticks.  Only the large bone will be considered, so remove and discard the smaller bone attached to each drumstick.
2. Complete Instron setup, 3-point bending testing, and surrogate testing as described in part A of the “Specific Procedures” section of the Bending: Bone Fracture experiment.  Use a cross-head speed of 5 mm/min.  The sampling rate should be 5 samples/second.
3. Mount the CCD camera on the bench.  Behind the area where the picture is being taken, mount a piece of black construction paper.  From a distance of 10 centimeters away, take a 640 x 480 picture of a ruler.  Determine the conversion from pixels to centimeters.
4. After a wooden surrogate is broken, take a picture of the newly-exposed cross sections.  For each surrogate, there should be 2 pictures (one for each fragment).  Be sure that every picture is taken from 10 centimeters away.  Take pictures of the broken chicken bones in the same manner.
5. Determine the cross-sectional area of the samples using a MATLAB program as follows:

a. Draw a box to determine a threshold.  For the wooden surrogates, select an area of the black background.  For the chicken bones, draw a box in which the number of compact bone pixels and spongy bone pixels are approximately equal.  The average pixel value will be the threshold

b. Convert the image to a binary black-and-white image with the threshold value determined from part a.

c. Count the pixels above the threshold (since black pixels will be 0 and white pixels will be 1) and convert to square inches.

d. Repeat steps a-c 5 times for each fragment.  For each wooden surrogate or bone, take the average of the 10 measurements and record this as the cross-sectional area of the sample.

6. After all of the bone and wooden surrogate cross-sections have been captured, take a picture of the ruler again and determine the conversion from pixels to centimeters.  This will identify the drift in the camera calibration.

7. Graph force vs. deformation and note the force exerted by the Instron at bone failure.    
Proposed Analysis

To determine if ultimate fracture force is directly proportional to chicken bone cross-sectional area, force data will be taken in three-point bending tests of ten bones. To increase sample size, groups can collaborate so they will have a total of 20 data points.

Determine the material properties of the wooden surrogates and the chicken bones by converting force and deformation data to stress and strain data.  Stress is defined to be ultimate fracture force/cross-sectional area and strain is defined to be deformation/length (deformation at fracture/bone diameter).  Ultimate fracture force will be defined as the maximum force recorded during the three-point bending test (which is where failure occurs). Also calculate the elastic modulus (stress/strain).  The stress and elastic moduli should be more accurate due to the increased accuracy of the cross-sectional area.  Compare the material properties of the wooden surrogate and the chicken bone.  

In the chicken bones, only the cross-sectional area of the compact bone will be measured.  According to Rath, bone strength is heavily reliant on a collagen matrix reinforced by hydroxyapatite (a combination of calcium and phosphorus).1 Spongy bone is less calcified than compact bone, so it will be less indicative of a bone’s strength.  In addition, a study determined that the compressive yield strength of compact bone (159 MPa) was much higher than the yield strength of spongy bone (1.86 MPa).2   Observations from the first bone fracture showed that spongy bone is filled with holes.  For these reasons, it can be inferred that compact bone is the primary source of bone strength and spongy bone can be safely ignored.


To see if cross-sectional area increases as ultimate fracture force increases, fracture force data will be plotted against the cross-sectional areas of the respective bones.  Fracture force will be measured in Pascals, while cross-sectional area will be reported in square centimeters.  Cross-sectional area of a single sample will be the average of the ten measurements of area done in MATLAB.   If the hypothesis is correct, a linear correlation of the points should show that force increases proportional to cross-sectional area with a very high R2 (showing strong correlation).


It is expected that students will spend approximately 30 minutes preparing the bones and wooden surrogates, 30-40 minutes to complete the three-point bending tests, and approximately 90 minutes to complete the image analysis in MATLAB, assuming that the program is written before the class period.


Potential Pitfalls & Alternative Methods/Analysis  

In the original experiment, it was observed that the fracture did not always occur perpendicular to the bone (Table 1).  This was caused by movement of the bone on the bending jig.  One possible way to account for this error would be to determine the perpendicular cross-sectional area through the use of trigonometry.  With the use of a protractor, the angle at which the fracture occurred relative to the plane of the Instron can be measured and used to mathematically adjust for the applied forces and cross-sectional areas.  In addition, rolling of the bone during loading would result in the contribution of unquantifiable torsional forces.


It will be assumed that the spongy bone will completely fill the area enclosed by the compact bone.  The MATLAB program will rely on the assumption that the background and the spongy bone in its entirety will be darker than the compact bone.  It is possible that the fracture will not be clean and that residual fragments of the compact bone will be scattered over the cross-section.  The best way to minimize this error is to ensure that the bone is loaded in the most secure manner possible onto the Instron.  The “imfill” function in MATLAB could also be used to fill small specks in the spongy bone, but this may result in the removal of pixels which actually represent the area of the compact bone.

Calibration of the camera must also be taken into account.  The conversion factor between pixels and centimeters determined before the experiment should be calculated again after the experiment has been completed.  The difference in the conversion factor can be reported as uncertainty in the cross-sectional area measurements.  For measurements to be accurate, the students must place the bones the same distance from the camera every time.  This distance should always be verified by the ruler.


A lot of uncertainty will arise from the way in which threshold is measured.  The picture taken by the camera will ultimately be converted into a binary image by MATLAB.  The threshold that will determine which pixels are white and which pixels are black is user-defined.  It is recommended that the user draw a box at the boundary between the compact and spongy bone: the average pixel value of all of the pixels inside the box will be the threshold value.  A box should be large enough to encompass a good region of the cross-section.  However, the cross-section is more circular than square; as a result, a very large box may favor one type of bone over another.  The image will be analyzed 5 times: students should attempt to draw their threshold boxes as similarly as possible.  This will reduce the uncertainty in the cross-sectional area measurements.

An alternative method to quantify the compact bone cross-sectional area would require the use of MATLAB’s edge detect function.  In this method, all of the pixels would be counted inside the edges of the compact bone.  The drawback of this method is that edge detect may account for holes inside the spongy bone if the threshold values are not calculated properly.  In addition, edge detect will not precisely trace the compact bone; therefore, measured cross-sectional area may be smaller than the actual area.

Budget  
	Purchases
	Costs
	Supplier
	Specifications

	Chicken Drumsticks (200)
	$85.00
	Fresh Grocer
	20 packs of 10 drumsticks

	Black construction paper
	$0.86
	Riverside Paper Company
	9 x 12 inches
50 sheets

	Total
	$85.86
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Figure 1 - Results from the Bending: Bone Fracture experiment suggest that as cross-sectional area increases, the force required to induce fracture will also increase.  However, the R2 value of the linear regression (0.2144) is too low for a conclusion to be made.

	
	Failure Pattern – Wood Surrogates
	Failure Pattern – Bone Samples

	1
	failed at contact point of moving crosshead, fracture perpendicular to length of surrogate
	clean fracture, straight, separation of sample in two

	2
	overlapping Popsicle sticks slid past one another during loading, jagged flap 0.9cm in length resulted on bottom of sample.
	failure but incomplete separation of sample, no distinct snap

	3
	failed at contact point of moving crosshead, fracture slightly slanted
	clean fracture, straight, separation of sample in two

	4
	failed at contact point of moving crosshead, fracture perpendicular to length of surrogate
	clean fracture, straight, separation of sample in two

	5
	failed at contact point of moving crosshead, fracture perpendicular to length of surrogate
	clean fracture, straight, separation of sample in two

	6
	failed at contact point of moving crosshead, fracture perpendicular to length of surrogate
	clean fracture, straight, separation of sample in two

	7
	failed at contact point of moving crosshead, fracture perpendicular to length of surrogate
	clean fracture, slightly slanted, separation of sample in two

	8
	
	Jagged fracture, straight, separation of sample in two


Table 1 – The fractures were not always perpendicular to the major axis of the bone.  Unquantifiable inconsistencies in the fracture pattern will cause error in the cross-sectional area measurements.




















































































