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Background:

When our group performed Experiment 3 (Instron Tensile Testing: Structural and Mechanical Properties of Chicken Skin), we found that we had enormous variation in our data.  In our discussion, one of the factors that we believed which may have caused the large variances was the loaded fiber angle of the chicken skin samples that we tested.  When harvesting the skin samples, we did not consider the orientation of the rectangular segment that we cut out with respect to the chicken leg.  As a result, we felt that the lack of consistency in the fiber angle of the tested samples of the skin may have caused the large variation in the modulus results.

To study the effects of the effects of fiber alignment, this experiment will look at the anisotropic properties of the anterior cruciate ligament (ACL); thus expanding upon the work that was performed in Experiment 3.  The ACL is a ligament that is found between the femur and the tibia inside the knee.  Physiologically, it is only designed to be stretched in the longitudinal direction and would not have to exhibit strong material properties in the transverse direction (MedlinePlus).  Because of its fiber reinforced nature, it would appear that the ACL is anisotropic, or that the modulus of the material depends on the direction in which it is pulled.  Conversely, isotropic materials have moduli that are independent of the loading angle. 
In a similar study, it was found that in the longitudinal and transverse testing of sheep flexor tendon, the elastic modulus in the longitudinal direction was two orders of magnitude higher than the elastic modulus in the transverse direction (Lynch et. al., 2003).  Because the ACL acts in a similar fashion to the flexor tendon, it is expected that the results of this experiment will be consistent with those found by Lynch et. al.
Hypothesis and Aims:

The central hypothesis of the experiment is that the tensile elastic modulus of the ACL will be significantly higher in the longitudinal direction (0° from the fiber direction) than in the transverse direction (90° from the fiber direction).  
In addition, there will be several goals in this experiment.  First and foremost, the concepts involved in mechanical properties will be studied.  The ideas of anisotropy and isotropy will be considered, and their involvement in the mechanical properties of tissue will be of importance.  In addition, the fundamental material properties of stress and strain will be related to the tensile testing that will be performed on the Instron.

MATLAB will be utilized to determine the elastic modulus of the ACL when loaded in the two different directions.  From the force-displacement curve that is initially returned from the Instron and the LabView software package, as well as the initial geometry of the samples, a written program will calculate the elastic modulus, or slope of the linear portion of the curve.
With a more in depth understanding of the mechanical properties of the ACL, better constructs can be engineered to replace damaged ligaments in athletes who have torn their ACL
Equipment:
Major Equipment:
· Instron Model 4444 bench top materials testing machine.  This will be used to perform the mechanical testing of the samples. 
Lab Equipment:
· CCD Camera (640 x 480 pixels).  The camera will provide a method of error analysis and ensuring the samples are loaded properly.
Supplies:

· Scalpels, scissors and cutting board to harvest the ACL from the knees.
· Length measuring instruments: calipers and ruler to obtain the initial geometry of the samples.
· Gloves will be used when harvesting the samples to keep the hands and samples clean.
· Water bath to soak harvested ACL samples

· A stand and clamps will be used to keep the camera in a stationary position so that the pictures between test runs will be consistent.
· Protractors can be used to determine if the sample was loaded at 0° or 90°.
· Glue will allow the sandpaper to stick ACL so that it does not slip out of the clamps.
Newly Purchased Equipment:

· 4 Knees from Bovine Calves (3-6 Months of age)
Bovine knees will be used in this experiment because the ACL samples that can be harvested will be large enough for simple testing in the Instron Model 4444.  Rat ACL and chicken ACL may be more difficult to recognize and remove during the dissection, but the large bovine knee will be much more navigable for the isolation process.  
· Sandpaper

Sandpaper will be used to ensure that the samples do not slip out of the clamps.  It will be glued onto the ends to provide a rough surface that the clamps will easily be able to hold on to. 

Proposed Methods & Analysis:
Harvesting ACL samples from the bovine knees (Approx. 1.5 hrs)
1. Using the diagram provided in the Appendix (Figure A), open the bovine knee and identify the ACL. 
2. Using the provided scissors, cut the ACL as close to the femur and tibia as possible to maximize the sample size.
3. Place the harvested sample in the provided water bath so that it does not dry out.

4. Before testing the sample, glue a small rectangle of sandpaper onto the area that the clamps will hold onto. This will ensure that the samples do not slip out of the clamps during testing (Lynch et. al., 2003).
Tensile Testing of the Samples (Approx. 2 hrs)
*Note that because each group is only provided 4 knees, it would be beneficial to collaborate with the other group performing the experiment to get more samples per experimental group.  It is suggested that each group attempts to do both longitudinal and transverse tensile testing of the samples.

1. To set up the Instron and prepare for loading, refer to Steps 1 and 2 of Section B in the Specific Procedures of Experiment 3 (Instron Set-Up and Surrogate Sample Testing)

2. Load the sample into the clamps in either the longitudinal direction (fibers of the ACL should be vertical) or the transverse direction (fibers should be horizontal). (n=2 for both cases).  Use Figure B in the Appendix for assistance.
3. Measure the clamp-to-clamp length and the initial thickness and width at the center of the sample.  In addition, take a picture with the CCD camera for later analysis. Note that the transverse testing samples will be too long horizontally to fit into the Instron.  Carefully cut only the center section of the ACL to fit in the clamps.
4. To tensile test the samples, follow Section C in the Specific Procedures of Experiment 3 (Instron Set-Up and Surrogate Sample Testing) Make sure to note where the sample failed.

5. Obtain data from the collaborating group to increase the sample size of the two groups from 2 to 4.

Analysis of Data

The return from the Instron tensile testing apparatus will be a force-displacement curve.  Using the initial clamp-to-clamp length and the cross sectional area (derived from the initial thickness and width), convert the graph into a stress-strain plot (use Equation A).  Stress can be obtained by dividing the force by the cross sectional area and strain can be calculated by dividing the displacement by the original clamp-to-clamp length.  The two sample groups will be the longitudinal group and the transverse group (n=4 for each group).  
Obtain the images of the loaded samples from the partner group to analyze the initial position of each of the samples.  Using a printout of the sample, look at the initial alignment of the fibers.  The clamp can be assumed to be horizontal.  With a protractor, determine the angle formed between the edge of the clamp and general fiber alignment in the sample.  Then determine the angle of the fibers from the vertical.  Find the mean loading angle and the variance for each group. Consider if the loading conditions appropriately consider the central hypothesis.  Samples that do not fall within ±5° of 0° and 90° should be discarded because they do not accurately represent either the longitudinal or transverse loading parameters.

Using MATLAB, pick the points at the beginning and the end of the first linear region of the curve.  Subsequent linear regions may not accurately reflect the elastic modulus because they may be affected by internal tears.  The slope of this initial linear region will be the elastic modulus.  Calculate this for each of the longitudinally tested samples and the transversally tested samples.

Determine the variances of the elastic moduli of the two sample groups, and consequently use either an Unpaired Student’s T-Test Assuming Unequal Variance, or an Unpaired Student’s T-Test Assuming Equal Variance to see if the longitudinal and transverse elastic moduli are significantly different.
Potential Pitfalls & Alternative Methods/Analysis

Because the students will be unfamiliar with the anatomy of the knee, it is possible that they will identify the wrong ligament as the ACL.  There are no clear makers in a bovine knee that they could follow.  A diagram, such as the one provided in the Appendix (Figure A) should be used by the groups to help them navigate the tissue in the knee.  Also, they should be required to identify the first ACL that they can find to a TA so that he or she can make sure that they have found the ACL and will obtain only those ligaments in subsequent harvests.

One of the problems that could beset a group performing this experiment could be that they may not load the samples properly into the clamps.  If the sample is loaded at a very different angle than either 0° or 90°, the mechanical properties may not accurately display the anisotropic properties of the ligament.  Because of the variation that will result in the modulus results, it is possible that the groups will not find statistical significance between the longitudinally and transversally loaded samples.  To prevent this from being and issues, groups will be asked to load the samples very carefully.  An additional safeguard will come from the use of the digital CCD camera.  Post-experimental analysis will tell the groups whether or not they in fact loaded their samples within ±5° of 0° or 90°.  If they did not, they will be able to throw out that data because it does not relate to the testing of the hypothesis.
In addition, it is important to note where the failure occurred in then sample.  If the ACL failed at either of the ends instead of the central region, this would be indicative or a poor trial.  Failure at the ends could indicate improper loading procedures.  Also, the mechanical properties obtained from a non-central region failed sample may not be reproducible.  Students will be asked to take note of the position of failure in the sample so that during their analysis, they can determine if the improper failure adversely affected their results.
The sandpaper is provided to each group to prevent slippage from occurring, but it is possible that because the ligaments are tissue, they will be somewhat slippery and the adhesive holding the sandpaper to the ACL will fail.  As a result, during the testing, it is possible that the samples will slip out if the groups did not properly load the ACL into the clamps.  If the sample does fall out of the clamps, especially early on in the loading, it is possible that they can replace the sandpaper and retest the sample.  If the initial length of the sample is within ±5% of the original length, they should retest the sample.  Otherwise, they will have to lower the sample size in that particular group.  
Budget
Each group will receive 4 bovine knees.  Since there will be 10 groups in total, this means that 40 cow knees will have to be purchased.  They can be bought from: 

Research 87, Inc. 
6 Pleasant Lane, Boylston, MA 01505 
Phone: 508-869-0100


Each knee (stifle joint) costs $40 and the shipping cost is $105 per order so all the knees will be bought at once.  For 40 knees and shipping, the total comes to $1705.

From Amazon.com, a pack of 50 sheets of 9”x11” sandpaper (ASIN: B0006M2TMO) costs $12.95.  With standard shipping, the total comes to $17.95.
The total purchases for this experiment will cost $1722.95.
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Figure A: A diagrammatic representation of the knee.  Students should take notice that the anterior cruciate ligament is in front of the posterior cruciate ligament.  It will be identifiable because it is the first ligament connected to the tibia between the lateral and medial menisci.  
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Figure B: A representation of the Instron setup that will be used to test the samples.  They will either be loaded in the longitudinal direction or the transverse direction.  (Lynch et. al., 2003)
σ = E∙ε
Equation A: The relationship between stress (σ) and strain (ε) will be used to determine the Elastic Modulus (E).  It is important to note that σ is the force applied over the cross sectional (F/A) area and ε is the deformation applied over the initial length (δ/L).  
