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ABSTRACT


It has been previously noted that axolotl (Ambystoma mexicanum) embryos develop lordosis if they are compressed during an early stage of development.  Lordosis is a birth defect characterized by a backwards curvature of the spine.  A method of quantifying the critical force on the embryo to cause this defect was needed.  Determination of the viscoelastic properties of the embryos was also desired to help understand how they react to external forces, and what effects these forces and/or deformations have on their development.  An apparatus was developed using a lever system made out of glass cover slides.  A microscope was set up to measure deformation using a eyepiece reticle.  Analysis of the system was done to determine the force acting on the embryo.  Testing of the apparatus was performed on caviar because there were no axolotl embryos available at the desired stages.   The results were analyzed using the 4-element Burgers model to determine the viscoelastic properties of the material.  In summary, both an apparatus and method for analysis were developed that can be applied to measuring the viscoelastic properties of axolotl embryos, and can be used to do further research on the development of congenital lordosis.
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LIST OF SYMBOLS

a 
= 
Radius of contact area, mm

Ac
=
Contact area, mm2
d  
= 
Diameter of the glass rod, mm

E
=
Apparent modulus of elasticity, Pa

Eo
=
Modulus of elasticity of the elastic element, Pa

Er
=
Modulus of elasticity of the retarded element, Pa

Fe 
= 
Force from the embryo on the lever, N

Ff 
= 
Force from the fulcrum on the lever, N

g
=
Acceleration due to gravity = 9.81 m/s2
Ho 
= 
Initial height of the embryo, mm

Heh 
= 
Height of the embryo and the holder, mm

Hh 
= 
Height of the base of the holder, mm 

K 
= 
constant related to cos(Θ)

L
=
The length of the lever arm, mm

r 
= 
Radius of the embryo, mm

R1
= 
Radius of curvature of the plate = R1’ =  ∞

R2
= 
Radius of embryo = R2’ =  r, mm

Rt 
= 
Radius of curvature of the top of the embryo, in perpendicular planes = Rt’ = r, mm

Rb 
= 
Radius of curvature of the bottom of the embryo in perpendicular planes = Rb’ = r, mm

S2 
= 
Distance from the embryo to the edge of the lever, mm

S1 
= 
Distance from the fulcrum to the edge of the lever, mm

Tret
=
Retardation time, s

V 
= 
Volume of the glass plate, cm3
Wl 
= 
Weight of the lever in the surrounding liquid, N

z 
= 
Deformation of the embryo = δe 
δ
=
The displacement between the end of the lever and the reference slide, mm

δe 
= 
The displacement of the lever arm at the location of the embryo, mm

ε
=
Strain

ηr
=
Viscosity of the retarded element, Pa·s

ηv
=
Viscosity of the viscous element, Pa·s

θ
=
The angle of the lever arm with the horizontal

μ
= 
Poisson ratio

ρg 
= 
Density of glass cover slide, g/cm3 

ρl 
= 
Density of the surrounding liquid, g/cm3
σ
=
Stress, Pa

χ
=
Function of the Poisson ratio, Pa-1

ΔH
= 
Change in height of the embryo

1. INTRODUCTION

Congenital lordosis is a spinal birth defect characterized by an exaggerated backward curvature of the spine. This condition is also referred to as swayback.  Other congenital spinal defects include kyphosis (exaggerated forward curvature the spine), and scoliosis (where the spine forms a left/right s-shape, perpendicular to lordosis or kyphosis).  Lordosis can occur in both the lumbar (lower) and the thoracic (upper) regions of the spine.  Lordosis that occurs in the lumbar spine usually results in hyperlordosis, where the spine approaches the anterior wall of the abdomen.  When lordosis occurs in the thoracic spine, it usually causes respiratory problems and can result in early death (Winter and Leonard 1990). Winter and Leonard (1990) report that thoracic lordosis is the most lethal of congenital spinal deformities.


However, little is known about the cause of congenital lordosis.  Development of an animal model for lordosis could be a good start towards understanding its cause. Björklund et al. (1991) noted that axolotls (Ambystoma mexicanum) develop lordosis if they are compressed between two glass slides for a minimum of two hours during early development (gastrulation stage).  One objective of this project was to design an apparatus and analysis procedure for measuring the viscoelastic properties of the embryos.  This information about the rheological properties of the embryo could lead to a better understanding of how the embryos react to various stresses.  After developing a testing method and quantifying the viscoelastic properties, a second objective was to run trials on the axolotl embryos to quantify the critical force, deformation, and time required to cause lordosis if time permitted.  

2. REVIEW OF LITERATURE


Björklund et al. (1991) have noted that compression of amphibian embryos during an early stage of development can result in spinal deformities.  It was found that if an axolotl (Ambystoma mexicanum) embryo was compressed between two glass plates during the gastrulation stage of embryonic development, it would develop a backwards curvature of the spine, i.e., lordosis or hyperlordosis.  It was observed that this spinal deformation developed if the embryo was compressed for approximately two hours, with the effects being profound after approximately 6 hours.  The embryos were originally 1.8 to 2 mm in diameter, and were compressed to 1 mm.  When the applied force was released, the embryos returned to their original spherical shape within a few hours.  The appearance defects seemed to be dependent on which stage of development the embryos were compressed.  Björklund et al. (1991) stated that the deformities might correlate with the process of primary neural induction, in which the cells that form the brain and spinal cord differentiate from ectoderm. 


E.N. Harvey (1931a, 1931b, 1937) researched the effects of applying compression forces to embryos by centrifugation.  Harvey used various different marine eggs in his experiments.  These experiments were done in order to determine the surface tension forces of living cells.  Thus, these experiments dealt with measuring the internal forces within the embryos and membrane forces that hold the single celled egg together.  Herb Phillips also researched centrifugation.  Phillips and Steinberg (1969) reported that intercellular adhesiveness is revealed through the equilibrium shapes of cell aggregates that had been centrifuged.


Some research has been done in compression of embryonic tissue in order to quantify the viscoelastic properties.  Forgacs et al. (1998) used a parallel plate compression apparatus to demonstrate that the behaviour of living tissue can be analyzed in terms of standard biological models of viscoelasticity.  Chicken embryos were separated into heart, limb bud, liver and neural retina aggregates, and the properties of these tissues were examined individually rather than the embryo as a whole.  These spherical cell aggregates were compressed, and their viscoelastic response was measured.  Force relaxation curves were generated for each of these tissues, and analyzed in terms of a generalized Kelvin-body model of viscoelasticity.  This study showed that the living embryonic tissues relax as elastic materials on short time scales, and similar to a viscous liquid over longer time periods.  Similar conclusions were reached by Jacobson and Gordon (1976).

 
Axolotls (Ambystoma mexicanum) are a type of salamander.  There are several advantages of using axolotl embryos in experimental studies, as explained by Gordon (1999).  First of all, axolotls spawn relatively easily year round in the lab.  Furthermore, axolotl embryos are relatively large in size (approximately 2 mm) which makes them easy to work with.  A third advantage is that the outer layer of cells at gastrulation (the ectoderm) is a monolayer sheet of cells that is directly observable without intervention.  Frogs and toads are other types of amphibians often used in experimental studies, but the ectoderm of these embryos is covered by an extra layer of cells.  However, birds and mammals have embryos that do not have this extra layer of cells and thus axolotl embryos are appealing as models for higher vertebrates. 


Congenital spinal defects are caused by failure of formation and/or segmentation during the formation of the vertebrae.  Gogus et al. (2001) state that congenital lordosis is caused by a defect of segmentation posteriorly, and that no cases or congenital lordosis caused by failure of formation have been reported.  Arlet et al. (2003) have studied scoliosis, the most common type of congenital spinal defect.  They stated that congenital scoliosis is believed to be associated with an insult to the fetus during spinal embryological development, which occurs between the 5th and 8th week of gestation.  It is for this reason that congenital spinal deformities are rarely seen without other malformations to the spinal cord or internal organs.  The most common treatment for congenital spinal deformities was reported in this article to be surgery, with bracing used rarely.

In summary, it is clear that there is only a modest amount of literature speculating on the embryological mechanisms of abnormal spinal curvature. Thus, an animal model for this condition, such as the compressed axolotl embryo, may prove quite valuable.

3. MATERIALS AND METHODS

3.1 Texture Analyzer

A Texture Analyzer TA-XT2i was used to take force-deformation measurements of the embryo.  A picture of the texture analyzer is shown in Figure 1.  The texture analyzer had two suitable modes for this project.  The first mode involves a constant force being applied to the sample, and the deformation of the sample measured with time.  The second mode involves the sample being brought to a constant deformation, and the resulting force on the sample being measured with time.  It was decided that the first mode would be more useful for this project because it was hard to line up the force applicator exactly with the sample to get an accurate displacement.  With a constant force, the applicator moves down until it reaches the sample and stops when it has applied a constant force.  It then adjusts to keep this force constant and records the deformation.  From the force output, it can be determined where the applicator met the sample.
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Figure 1.  Texture Analyzer TA-XT2i


Initial trials were run on embryos at stage 8 of development (refer to staging chart in Appendix A).  An embryo was placed in a petri dish filled with water to prevent it from drying out and positioned under the force applicator. The constant force applied by the texture analyzer was set to 1 g.  

The initial trials revealed that a force of 1 g was past the lower limit of the machine’s sensitivity and it was unable to hold this force constant.  The resulting fluctuations of force exceeded what the embryos could withstand, so no meaningful readings could be made.  Trials were then attempted using a constant deformation of 1 mm.  Even though it was possible to hold this deformation constant, the resulting force output was not accurate enough to be of any value due to the machine’s sensitivity.  Furthermore, it was hard to line up the force applicator with the sample as discussed previously.  Therefore, the texture analyzer could not be used for the testing and a new apparatus needed to be developed.

3.2 Submerged Lever Apparatus


Several constraints needed to be considered for the design of the new apparatus.  It needed to be sensitive enough to relate small deformations and forces.  In addition, it had to allow the embryos to remain under water at all times.  Furthermore, it had to be inexpensive and have readily available parts.  

A lever concept was developed for the apparatus.  By knowing the dimensions and mass (or density) of the lever arm, it is possible to calculate the force acting on the embryo. The applied force could then be related to a measured deformation of the sample over time.  It was known that the force applied to the embryo must be very small, so Fisherbrand microscope glass cover slips were used for the lever arm.  The dimensions of the cover slips used were 50 mm by 22 mm.  The thickness was measured using callipers and found to be 0.15 mm.  For the fulcrum, a piece of 3 mm glass rod was used.  In order to allow the lever system to be underwater, it was construct inside small aquariums built out of Fisherbrand microscope slides.  The dimensions of the slides were 75 mm by 25 mm, and were 1 mm thick.  A 22 mm by 22 mm glass cover slip was attached to two pieces of the 3 mm glass rod in order to provide a level reference for the edge of the lever arm.  Dimensioned plans for the lever system apparatus are shown below in Figure 2.  

A holder for the embryo was necessary so that it stayed in the same location throughout the experiment.  Paraffin wax was melted, and using an eye dropper was placed in the centre of a washer.  When the wax was almost hardened, the rounded end of a pen was pressed into the wax to form a bowl shaped depression.  This holder allowed the embryo to stay in the same location due to gravity, and without having to apply any external lateral forces.  A picture of the constructed submerged lever apparatus with the embryo holder is shown in Figure 3.
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Figure 2:  Dimensioned plans for the submerged lever apparatus
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Figure 3.  Constructed Submerged Lever System

To measure the deformation of the lever, a microscope with an eyepiece reticle was placed on its side.  A microscope eyepiece reticle is a small ruler that can be seen while looking through the eyepiece.  The reticle used could make measurements of 1/10 mm at 10 times magnification and 1/40 mm at 40 times magnification.  The edges of the cover slides were coloured with black permanent marker to make them easier to focus on.  The set-up of the entire apparatus is shown in Figure 4 below.
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Figure 4.  Complete testing apparatus set-up for the submerged lever system

3.3 Testing Procedure

Axolotl embryos have a jelly sac surrounding them that protects them from physical injury and bacterial infection.  Before tests could be run on the embryos, the jelly sac had to be removed so that the properties that were measured would reflect the embryo itself.  The apparatus used to de-jelly the embryos is shown in Figure 5.  The embryo was suctioned in place with the three eyedroppers, and the jelly was removed using tweezers.  
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Figure 5:  Apparatus used to de-jelly embryos


After the jelly sac was removed from the embryos, their development had to be staged in order to determine if the stage of development when the force was applied had an effect on the results.  Staging was done by looking at the embryo under a microscope and comparing it to a staging chart.  The staging chart for axolotls is shown in Appendix A.  


Axolotl embryos have a specific internal concentration of ions.  If placed in pure water, ions may leak out of the cells leading to crenation.  In order to keep the ions in equilibrium, the de-jellied embryos were placed Hortfreter’s solution.  Hortfreter’s solution contains NaCl, K, CaCl2, and NaHCO3 in concentrations similar to that found in the embryos.  Prior to testing, the embryos were placed in 50% Hortfreter’s solution for 10 minutes to allow to equilibrate, and then placed in 100% Hortfreter’s for another 10 minutes.  The mini-aquariums were filled with 20 mL of 100% Hortfreter’s solution for the testing.


An embryo was then placed in the mini-aquarium that had been set-up as shown in Figure 4, with the lever arm brought up.  The embryo was brought into focus and the initial size was recorded using the microscope eyepiece reticle.  The embryo was then placed in the holder.  When the lever arm was slowly placed down on the embryo, a timer was started.  Next, the end of the lever arm and the reference slide had to be brought into exact focus and the initial reading was recorded, along with the time delay of the initial measurement.  The time delay in getting an initial reading was attempted to be as short as possible, but this delay resulted in some inaccuracy during the initial part of the resulting creep curve.  Readings were taken every minute thereafter and the time was recorded when the lever would fall to the next division as seen by the reticle.  Temperature was also monitored because it can have a significant effect on the rate of development of the embryos. Views of what was seen through the microscope at 10 and 40 times magnification are shown in Figures 6 and 7, respectively. [image: image14.jpg]



Figure 6.  View through microscope of lever arm and reference slide, at 10x magnification
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Figure 7.  View through microscope of lever arm and reference slide, at 40x magnification


When the apparatus was ready to perform actual tests, there were no axolotl embryos available at the desired stage.  Therefore, due to time constraints, caviar was used to test the apparatus.  Caviar was used because it is similar in size and shape to the axolotl embryos, and it was assumed that they would have similar properties.  This modified the procedure previously described in that there was no longer a need to perform de-jellying, staging, or the need to use Hortfreter’s solution.  

The caviar was soaked in water for approximately 15 minutes before a test was run.  Quick preliminary tests revealed that the caviar was slightly more resilient to force than the axolotl embryos, so two cover slips were placed together to be used as the lever arm in order to get measurable results, as seen in Figure 7.  This produced a slight error due to slipping that occurred between the two cover slips.  The relative slipping was approximately 0.05 mm.  Three trials were run using caviar, and the results were analyzed to determine their properties.

3.4 Analysis

3.4.1 Force Analysis

A static force analysis was done on the lever in order to determine the resulting force on the embryo.  A representation of the apparatus and the resulting forces on the lever are shown in Figure 8, where:

Fe 
= 
The force from the embryo on the lever 

Ff 
= 
The force from the fulcrum on the lever

Wl 
= 
The weight of the lever in the surrounding liquid
S2 
= 
The distance of the embryo from the edge of the lever

S1 
= 
The distance of the fulcrum from the edge of the lever

d  
= 
The diameter of the glass rod, and thus the height of the fulcrum and the height of the reference slide

L
=
The length of the lever arm = 50 mm

δ
=
The displacement between the end of the lever and the reference slide, as measured by the microscope reticle

θ
=
The angle of the lever arm with the horizontal
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Figure 8:  Force analysis representation of the submerged lever system


Fe and Ff are both unknown resultant forces that act perpendicular to the lever, and are equal and opposite to the forces applied by the lever arm on the embryo and on the fulcrum, respectively.  Wl acts directly downward at the centre of the plate.  It is the equivalent force caused by the distributed load of the self-weight of the lever arm in the surrounding liquid.  This equivalent force acts at the midpoint of the length of the lever.  The magnitude of Wl is found by:


Wl = (ρg-ρl)*g*V/1000
[N]
(1)

where  ρg = density of the glass cover slide, g/cm3 

ρl = density of the surrounding liquid, g/cm3
V = volume of the glass plate, cm3
g  = acceleration due to gravity = 9.81 m/s2


The density of glass, ρg, was specified by the manufacturer, Eerie Scientific, to be 2.53 g/cm3.  The length and width of the cover slips were given by the manufacturer and verified with callipers to be 50 mm and 22 mm, respectively.  The thickness was measured to be 0.15 mm, which fell in the range specified by the manufacturer.  


Using the same variables and configuration as shown in Figure 8, it can be seen that by geometry the angle that the lever arm makes with the horizontal can be calculated by:


θ = sin-1(δ/(L-S1))
(2)

This angle must be accounted for when calculating the actual deformation of the embryo and the resulting force applied.


Looking at the lever apparatus as a static system, the sum of the moments about any point is equal to zero.  The value of the reaction force exerted by the fulcrum on the lever was not needed, so the sum of the moments about the fulcrum was taken to determine the force exerted by the embryo on the lever (and thus by the lever on the embryo).   
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Σ Mf      = Wl*(L/2-S1)*cosθ – Fe*(L-S1-S2) = 0
(3)

Solving for Fe and substituting for Wl,


Fe = (ρg-ρl)*g*V*(L/2-S1)*cosθ         [N]
(4)

        (L-S1-S2)


It should be noted that this force was derived for one cover slip being used as the lever arm.  Since two cover slips were used as the lever arm during testing of the caviar, this force was multiplied by two during the analysis.  The equivalent mass that this force is equal to can be found by dividing the force by the g, the acceleration due to gravity.


The actual displacement of the embryo can be found geometry and expressed as:


ΔH = Ho – (Heh-Hh), 
and
(5)


Heh = 3 – δe, 
and
(6)


δe = δ – S2sinθ
(7)

Where:  ΔH
= Change in height of the embryo, mm

Ho 
= Initial height of the embryo, mm

Heh 
= Height of the embryo and the holder, mm

Hh 
= Height of the base of the holder = 0.4 mm 

δe 
= The displacement of the lever arm at the location of the embryo, mm

Therefore, the strain, ε, can be found by 


ε = ΔH/Ho
(8)


In order for the stress on the embryo to be calculated, the contact area between the embryo and lever had to be determined.  This contact area would change with the angle of the lever arm due to compression and bulging.  The contact area was calculated using two different methods.  The first method (referred to later as Method 1) assumed bulging was negligible and calculated the contact area as a function of deformation.  Schematics of this concept are shown in Figures 9 and 10.  If the change in height of the embryo is known, it is possible to calculate the corresponding radius of contact, neglecting bulging, as follows:


From the equation of a circle, x2+y2 = r2,


when y = δe / 2 (displacement occurs at both top and bottom),


x = √ (δe(r- δe/4)) = a1
(9)


where:  
a1 = radius of the contact area (assumed flat and circular)


r = radius of the embryo

As shown in Figure 9 (c), the contact area is actually at an angle, due to the rotation of the lever.  This angle can be taken into account by calculating a new radius of the contact area, a2, where

  
a2 = √ (δe(r- δe/4)) 
(10)

         
cos(θ)

Once the radius of the contact area is found, the circular contact area, Ac, is found by


Ac = πa2
(11)






Figure 9.
(a) Representation of the co-ordinate system used to find the radius of the contact area 

     
(b) Schematic of the deformed embryo contact area, neglecting bulging and angle



(c) Schematic of deformed area, neglecting bulging but considering angle
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Figure 10.  Three-dimensional representation of the radius of contact area 


The second method (referred to later as Method 2) that was used to determine contact area used the parallel plate contact method from the ASAE Standards.  This method takes into consideration the bulging of the material based on the radii of curvature of the sample.  The first step is to find the apparent modulus of elasticity for parallel plate contact, according to the following equation:

E = 0.338K3/2Fe(1-μ2)    
1  + 
1    1/3 + 
1  + 1     1/3   3/2
(12)

z3/2              
Rt
Rt’
Rb
Rb’               


Where:  
μ
= Poisson Ratio


z 
= δe = Deformation of the embryo


Rt = Rt’ = Radius of Curvature of the top of the embryo  



in perpendicular planes


Rb = Rb’ = Radius of Curvature of the bottom of the embryo  



in perpendicular planes


K 
= constant related to cos(Θ)

Cos(Θ) reduces to zero because the compression is done between two flat objects, and embryo is assumed to be a perfect sphere.  This corresponds to a value for K of 1.351 (Cenkowski  2003).   Furthermore, for a perfect sphere, Rt = Rt’ = Rb = Rb’.


 The radius of the contact area is expressed as:


a = m                  3Feχ                    1/3
(13)


2    1  +
1  + 
1  +
1 


R1
R1’
R2
R2’


where:
R1
= R1’ = radius of curvature of the plate = ∞



R2
= R2’ = radius of embryo = r, m

where the expression for χ is a function of the Poisson ratio:


χ = (1- μ2)/E
(14)

The value for m in equation (13) is again dependant on the value of cos(Θ).  As discussed previously, value for cos(Θ) can be considered to be zero.  This corresponds to a value for m of 1.000 (Cenkowski 2003).  It should be noted that the value for μ cancels out when solving for a, so no value for the Poisson ratio was needed to be assumed.  Again, once the radius of the contact area is found, the circular contact area can be found by equation (11).


Knowing the force and the contact area, the stress, σ, can be calculated by


σ = Fe / Ac
(15)

3.4.2 4-Element Burgers Model


Analysis of the viscoelastic properties was done according to the 4-element Burgers model.  This model symbolizes the characteristics of biological materials as a combination of springs that obey Hooke’s Law and dashpots filled with a Newtonian fluid.  The 4-element Burgers model is a combination of the Maxwell model, which consists of a spring and a dashpot in series, and a Kelvin model, which consists of a spring and a dashpot in parallel.  A schematic of the configuration of the elements in the Burgers model is shown in Figure 11.  The first spring represents the instantaneous deformation of the material.  The spring and dashpot in parallel represent the retarded elastic deformation.  Finally, the lower dashpot represents the viscous behaviour of the material.
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Figure 11:  Components of the 4-element Burgers Model

The 4-element Burgers Model is used to represent creep behaviour.  In a creep test, a load is suddenly applied and held constant, while the deformation (strain) is measured as a function of time.  Figure 12 shows the curve that is expected for creep and recovery test when strain is plotted as a function of time.
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Figure 12.  Creep and recovery curve


The modulus of elasticity represented by the top spring in the 4-element Burgers model, Eo, is found by taking the stress divided by the initial strain.  Eo represents the perfectly elastic portion of the material. Next, a straight line is drawn coinciding with the straight part of the creep curve back to the strain axis.  The difference between this line and the point of initial stress was used to find Er, as shown in Figure 12.  Er is the modulus of elasticity that represents the spring in the retarded element.


The difference between the maximum value on the strain curve and the point where the previously drawn line meets the strain axis was used to estimate the strain of the viscous element, εv.  This was used because there were no measurements taken after the load was removed (the recovery portion), and these distances are theoretically equal.  The coefficient of the viscous element, ηv, was then found by the relation:


ηv = σ t / εv
(16)

where t is taken as the time (in seconds) when the load was removed.


The viscosity of the retarded element, ηr, is found by:


ηr = Tret Er
(17)

where Tret = Time of retardation, s


The retardation time is found by drawing a tangent line to the initial portion of the curve, and finding the point where it intersects the line corresponding to the straight portion of the curve drawn previously.  The time value at this point is the retardation time.  A visual representation of this is shown in Figure 13.
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Figure 13:  Visual representation of retardation time

Due to the nature of the lever system, the force and contact area were both changing with time.  Thus, the stress was changing with time.  As a result, the test that was preformed was not a true creep test and some modifications had to be made to the analysis.  The stress that was used to find Eo was the stress calculated for the first reading.  The stress used to find ηv and Er was taken to be the average value of stress over the straight portion of the curve.

4. RESULTS AND DISCUSSION

The results of the strain measured with time for all three trials on the caviar are shown in Figure 14.  The raw data used to calculate strain can be found in Appendix B.  The overall pattern shown by this data resembles the expected creep curve, as shown in Figure 12.
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Figure 14.  Strain measurements from three trials on caviar


One major source of error when calculating the strain was the accuracy of the additional height from the holder.  It was hard to get an accurate reading of the height of the bottom of the holder with the callipers without depressing it into the wax.  A small error in the height of the holder can have significant effects on the measured strain because the displacements measured in strain were in intervals of 1/40 mm.  

The force applied by the lever arm to the caviar was calculated according to equation (4).  The equivalent mass that was placed on the embryo by the lever was calculated to be 0.29 g.  Although the force changes slightly with the change in angle of the lever, this difference was found to be equivalent to approximately 20 μg throughout the experiment.  This difference is far out of the range of accuracy of the apparatus, so the force can be assumed constant.  The intermediate values used to calculate the force can be found in Appendix B.


A summary of the contact areas calculated by the previously described methods is provided in Table 1.  Only trial 3 is shown as a sample.  For similar results from the first two trials, please see Appendix B.  The data in Table 1 clearly shows that accounting for the angle in the calculation for surface area did not yield significant difference.  However, the difference between method 1 and method 2 is very significant.  The values using method 2 (which considered bulging) were calculated to be approximately half of those calculated by method 1 (which ignored bulging).  


Table 1.  Contact area between lever arm and sample for trial 3

	Time (min)
	
	Calculation Method
	 

	
	Method 1
	Method 1 with angle
	Method 2 

	
	 (mm2)                
	 (mm2)
	(mm2)

	2
	2.35
	2.35
	1.44

	4
	2.39
	2.39
	1.48

	6
	2.43
	2.44
	1.51

	12
	2.47
	2.48
	1.54

	20
	2.51
	2.51
	1.58

	32
	2.55
	2.55
	1.61

	65
	2.59
	2.59
	1.64

	85
	2.61
	2.61
	1.66


Although it was initially thought that the method 2 (with bulging) would produce a higher contact area, a possible reason why the values appear lower for method 2 is that it takes into account the contact between a sphere and a flat plate.  The contact area between a sphere and a flat plate would likely be less than a cross-section through the sphere at a given deformation.  An exaggerated schematic of this concept is shown in Figure 15.  Therefore, the simplifications made for developing method 1 were determined to have a significant effect on the results, and thus the contact found by the standardized method (method 2) was used for the results.
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Figure 15.  Exaggerated representation of reason for differences in contact area calculations

Consequently, even though the force was considered constant, the contact area was increasing (as seen in Table 1), and thus the stress was decreasing.  The stress-strain relationship is shown in Figure 16.  Although the stress was changing, the variation was calculated to be approximately 8 %.  Therefore, this source of error was considered acceptable, and the results were analyzed according to a creep test.
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Figure 16.  Stress-strain relationship for all three trials on caviar

The lines used to find the viscoelastic properties according to the Burgers model are shown in Figure 17.  According to the method previously described, the characteristics for each of the four elements in the Burgers model were found.  These properties are shown in Figure 18 next to the element that they represent.


4. CONCLUSIONS

5. RECOMMENDATIONS

Figure 17.  Lines used to calculate the viscoelastic properties and retention time  
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Figure 18.  Values for each element in the 4-element Burgers model


It should be noted that the values that were calculated for elasticity and viscosity have several sources of error.  Drawing the line to represent the straight portion of the curve was challenging due to the variance between trials.  This line was an estimation to the best fit, and small differences in how the line was drawn had big effects on the calculated properties.  For example, when reading the value for εr, the value where the line crosses the strain axis was taken to be 0.22, and the initial strain to be 0.20.  Thus, the difference was calculated to be 0.02.  When the average stress was divided by this number, this resulted in the Er value of 104.5 KPa.  However, if the line was drawn slightly differently and the point crossing the strain axis was taken to be 0.23, this resulted in a Er value of about half the size.  Therefore, in order for this model to be able to accurately predict the viscoelastic properties of the embryos, many more trials must be done until the results have less variance.  With consistent results, a more accurate line can be drawn over the straight portion of the creep curve, and the readings off the curve will therefore be more precise.

Another possible source of error is the slipping between the two cover slips that were used as the lever arm.  Since all three trials were done in the same way, it is unknown how much of an effect this had on the results.  Using a thicker cover slide if available in replace of the two thinner cover slides would be a possible solution.  

5. CONCLUSIONS

The following accomplishments were made towards the goal of forming an animal model for congenital lordosis:

i. A submerged lever system apparatus was designed and constructed as a viable way to measure deformation of the embryos with an applied force

ii. Caviar was used to test the apparatus, and the viscoelastic properties of the caviar were estimated.  The viscoelastic properties of axolotl embryos may be determined in a similar way.

iii. Tests to observe the development of lordosis were not done on axolotl embryos due to the time constraints of this project.

In conclusion, with some small improvements to the set-up of the apparatus, this design could be used as a feasible way to determine the viscoelastic properties of axolotl embryos, and lead to experiments that could measure the critical force and time period required to cause lordosis.  

6. RECOMMENDATIONS

There are several recommendations for the continuation of this project.  First, improvements should be made to the apparatus.  A permanent apparatus should be set up.  This would avoid the equipment having to be taken apart between trials, and could eliminate error that may have arisen from slight differences in the set-up.  Furthermore, a permanent apparatus could be set up in a more stable way.  The way the apparatus was arranged for this project, a slight bump to the microscope could ruin the entire trial.  Another improvement to the apparatus would be to develop a better holder for the embryo, or a more accurate way of measuring the depth of the depression of the holder.  A source of error in that measurement could have significant effects on the results.

A second recommendation is to run a test on axolotl embryos similar to the way the trials were run on the caviar.  Due to differences in the properties, it may only be necessary to use one cover slip as the lever arm.  Several trials should be done, and the results should be analyzed according to the method used for this project.  The viscoelastic properties of the embryos could then be determined.  A further recommendation is to analyze the properties according to a Kelvin model, which consists of a spring and a dashpot in parallel.  A comparison could then be made between the results of the two models.

 Once the method is perfected and the viscoelastic properties of the embryos are estimated, trials should be run to observe the development of lordosis.  Trials should be run using various forces, and varying the amount of time that the force is applied to the embryo.  A critical force and time relationship can then be estimated for the cause of the deformity.   
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Trial#1

		Trial #1

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.13

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.53

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area- Method 1 (mm2)		Contact Area with slant Method 1(mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area- Method 2 (mm2)		Stress [Pa]

		0		46		46		0		0		0.00		0.00		0.00		2.53		2.13		0.00		0.00

		4		95		46		49		1.23		0.03		1.59		0.92		2.08		1.68		0.45		0.21		0.00286		0.29		2.41		2.41		6675.08		0.0001		0.699		1.54		1864.15

		5		96		46		50		1.25		0.03		1.62		0.94		2.06		1.66		0.46		0.22		0.00286		0.29		2.44		2.44		6475.73		0.0002		0.706		1.57		1826.83

		15		97		46		51		1.28		0.03		1.65		0.96		2.04		1.64		0.48		0.23		0.00286		0.29		2.48		2.48		6286.10		0.0002		0.713		1.60		1790.98

		45		98		46		52		1.30		0.03		1.68		0.98		2.02		1.62		0.50		0.24		0.00286		0.29		2.51		2.51		6105.54		0.0002		0.720		1.63		1756.51

		78		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

		168		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

																										(all are slightly different to more decimals)		(all are slightly different to more decimals)

																										Fe =		(ρg-ρl)*g*V*(25-S1)*cosθ

																														(50-S1-S2)
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		0
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		0
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Strain (ε)

Trial #1
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0

0

0

0

0

0



Trial#2

		Trial #2

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.18

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.58

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area (Method 1), mm2		Contact Area with slant (Method 1), mm2		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area (Method 2), mm2		Stress [Pa]

		0		17		17		0		0		0.00		0.00		0.00		2.58		2.18		0.00		0.00

		3		63		17		46		1.15		0.03		1.49		0.86		2.14		1.74		0.44		0.20		0.00286		0.29		2.37		2.37		7254.10		0.0001		0.685		1.48		1940.16

		16		64		17		47		1.18		0.03		1.52		0.88		2.12		1.72		0.46		0.21		0.00286		0.29		2.40		2.41		7023.71		0.0001		0.693		1.51		1898.85

		28		65		17		48		1.20		0.03		1.55		0.90		2.10		1.70		0.48		0.22		0.00286		0.29		2.44		2.44		6805.27		0.0001		0.700		1.54		1859.26

		54		66		17		49		1.23		0.03		1.59		0.92		2.08		1.68		0.50		0.23		0.00286		0.29		2.48		2.48		6597.91		0.0002		0.707		1.57		1821.29

		81		67		17		50		1.25		0.03		1.62		0.94		2.06		1.66		0.51		0.24		0.00286		0.29		2.52		2.52		6400.86		0.0002		0.714		1.60		1784.84

																												(all are slightly different to more decimals)				**negligable difference within range of accuracy

																														**readings taken every minute, only recorded when change noticed



E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2
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Trial#3

		TRIAL #3

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.23

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.63

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area-Method 1 (mm2)		Contact Area with slant- Method 1 (mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area Method 2 (mm2)		Stress [Pa]

		0		20		20		0		0		0		0		0.00		2.63		2.23		0.00		0.00

		2		64		20		44		1.10		0.02		1.43		0.83		2.17		1.77		0.45		0.20		0.00286		0.29		2.35		2.35		7666.87		0.00013		0.678		1.44		1982.83

		4		65		20		45		1.13		0.03		1.46		0.85		2.15		1.75		0.47		0.21		0.00286		0.29		2.39		2.39		7412.63		0.00013		0.686		1.48		1938.74

		6		66		20		46		1.15		0.03		1.49		0.86		2.14		1.74		0.49		0.22		0.00286		0.29		2.43		2.44		7172.13		0.00014		0.693		1.51		1896.56

		12		67		20		47		1.18		0.03		1.52		0.88		2.12		1.72		0.51		0.23		0.00286		0.29		2.47		2.48		6944.35		0.00014		0.701		1.54		1856.18

		20		68		20		48		1.20		0.03		1.55		0.90		2.10		1.70		0.53		0.24		0.00286		0.29		2.51		2.51		6728.37		0.00015		0.708		1.58		1817.48

		32		69		20		49		1.23		0.03		1.59		0.92		2.08		1.68		0.55		0.25		0.00286		0.29		2.55		2.55		6523.35		0.00015		0.715		1.61		1780.36

		65		70		20		50		1.25		0.03		1.62		0.94		2.06		1.66		0.56		0.25		0.00286		0.29		2.59		2.59		6328.53		0.00016		0.723		1.64		1744.73

		85		70.5		20		50.5		1.26		0.03		1.64		0.95		2.05		1.65		0.57		0.26		0.00286		0.29		2.61		2.61		6234.73		0.00016		0.726		1.66		1727.44
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Combined

		Trial #1								Trial #2								Trial #3						Trial #1								Trial #2								Trial #3

		Time (min)		ε						Time (min)		ε						Time (min)		ε				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]

		0		0.00						0		0.00						0		0.00				0		0.00		0.00				0		0.00		0.00				0		0.00		0.00

		4		0.21						3		0.20						2		0.20				4		0.21		1864.15				3		0.20		1940.16				2		0.20		1982.83

		5		0.22						16		0.21						4		0.21				5		0.22		1826.83				16		0.21		1898.85				4		0.21		1938.74

		15		0.23						28		0.22						6		0.22				15		0.23		1790.98				28		0.22		1859.26				6		0.22		1896.56

		45		0.24						54		0.23						12		0.23				45		0.24		1756.51				54		0.23		1821.29				12		0.23		1856.18

		78		0.25						81		0.24						20		0.24				78		0.25		1723.34				81		0.24		1784.84				20		0.24		1817.48

																		32		0.25																				32		0.25		1780.36

																		65		0.25						% variation=		0.08						% variation=		0.08				65		0.25		1744.73

																		85		0.26																				85		0.26		1727.44

																																										% variation=		0.07

																												avg. variation =				0.075				Thus, justified in using creep behaviour
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Contact Area, Method 1
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Contact Area, Method 2

		

																		OR

		x^2+y^2 = r^2

		x= +/- sqrt(δe(r-δe/4))

		Therefore, contact area = 2pi()r^2 = 2pi()x^2 = 2pi(δe-(r-δe/4))

		If take slant into account, divide by the cosine of the angle

		**THIS METHOD ASSUMES NO BULGING



x

2x



Burgers Analysis

		

		μ = poisson's ratio = 0.5 because apples &  potatoes have a max. value of 0.4, BUT WILL CANCEL OUT OF AREA CALC

		cosθ = (1/R1 -1/R1 + 1/R2 - 1/R2)/(1/R1+1/R1+ 1/R2 + 1/R1)

		cosθ = 0

		From Table 5.1 in Cenkowski's notes:

		m = 1, n = 1

		K = 1.351

		χ = (1- μ2)/E



R1 = ∞

R2 = r

b

a

E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2

F



		

										1727.4405625577		1826.8338810419

		σo / Eo = εo						σo/ Er = εr						σot/ηv = εv												ηr =  tret*Er

		σo		1982.83				σavg		1777.1372217998				t (s)		5100		ηv		258954280.890831				tret (s)		420

		εo		0.2029877859				εr		0.0270122141				εv		0.035		ηv		2.59E+08				ηr		27631856.8486637

		Eo		9768.2004234922		[Pa]		Er		65790.1353539611				σavg		1777.1372217998								ηr		2.8E+07
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σo / Er = εr , and σo = σavg
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Trial #1

Trial #2

Trial #3

Strain

Stress (Pa)

1864.1457149381

1940.1600996371

1982.8253761995

1826.8338810419

1898.8518622555

1938.7350032933

1790.9846830769

1859.2642064472

1896.5609962745

1756.5137381735

1821.2917904568

1856.1810338902

1723.3430319804

1784.8376998685

1817.4829883248

1780.3638850532

1744.7289875119

1727.4405625577



Trial#1

		Trial #1

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.13

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.53

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area- Method 1 (mm2)		Contact Area with slant Method 1(mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area- Method 2 (mm2)		Stress [Pa]

		0		46		46		0		0		0.00		0.00		0.00		2.53		2.13		0.00		0.00

		4		95		46		49		1.23		0.03		1.59		0.92		2.08		1.68		0.45		0.21		0.00286		0.29		2.41		2.41		6675.08		0.0001		0.699		1.54		1864.15

		5		96		46		50		1.25		0.03		1.62		0.94		2.06		1.66		0.46		0.22		0.00286		0.29		2.44		2.44		6475.73		0.0002		0.706		1.57		1826.83

		15		97		46		51		1.28		0.03		1.65		0.96		2.04		1.64		0.48		0.23		0.00286		0.29		2.48		2.48		6286.10		0.0002		0.713		1.60		1790.98

		45		98		46		52		1.30		0.03		1.68		0.98		2.02		1.62		0.50		0.24		0.00286		0.29		2.51		2.51		6105.54		0.0002		0.720		1.63		1756.51

		78		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

		168		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

																										(all are slightly different to more decimals)		(all are slightly different to more decimals)

																										Fe =		(ρg-ρl)*g*V*(25-S1)*cosθ

																														(50-S1-S2)
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Trial#2

		Trial #2

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.18

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.58

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area (Method 1), mm2		Contact Area with slant (Method 1), mm2		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area (Method 2), mm2		Stress [Pa]

		0		17		17		0		0		0.00		0.00		0.00		2.58		2.18		0.00		0.00

		3		63		17		46		1.15		0.03		1.49		0.86		2.14		1.74		0.44		0.20		0.00286		0.29		2.37		2.37		7254.10		0.0001		0.685		1.48		1940.16

		16		64		17		47		1.18		0.03		1.52		0.88		2.12		1.72		0.46		0.21		0.00286		0.29		2.40		2.41		7023.71		0.0001		0.693		1.51		1898.85

		28		65		17		48		1.20		0.03		1.55		0.90		2.10		1.70		0.48		0.22		0.00286		0.29		2.44		2.44		6805.27		0.0001		0.700		1.54		1859.26

		54		66		17		49		1.23		0.03		1.59		0.92		2.08		1.68		0.50		0.23		0.00286		0.29		2.48		2.48		6597.91		0.0002		0.707		1.57		1821.29

		81		67		17		50		1.25		0.03		1.62		0.94		2.06		1.66		0.51		0.24		0.00286		0.29		2.52		2.52		6400.86		0.0002		0.714		1.60		1784.84

																												(all are slightly different to more decimals)				**negligable difference within range of accuracy

																														**readings taken every minute, only recorded when change noticed



E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2
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0
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Trial#3

		TRIAL #3

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.23

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.63

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area-Method 1 (mm2)		Contact Area with slant- Method 1 (mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area Method 2 (mm2)		Stress [Pa]

		0		20		20		0		0		0		0		0.00		2.63		2.23		0.00		0.00

		2		64		20		44		1.10		0.02		1.43		0.83		2.17		1.77		0.45		0.20		0.00286		0.29		2.35		2.35		7666.87		0.00013		0.678		1.44		1982.83

		4		65		20		45		1.13		0.03		1.46		0.85		2.15		1.75		0.47		0.21		0.00286		0.29		2.39		2.39		7412.63		0.00013		0.686		1.48		1938.74

		6		66		20		46		1.15		0.03		1.49		0.86		2.14		1.74		0.49		0.22		0.00286		0.29		2.43		2.44		7172.13		0.00014		0.693		1.51		1896.56

		12		67		20		47		1.18		0.03		1.52		0.88		2.12		1.72		0.51		0.23		0.00286		0.29		2.47		2.48		6944.35		0.00014		0.701		1.54		1856.18

		20		68		20		48		1.20		0.03		1.55		0.90		2.10		1.70		0.53		0.24		0.00286		0.29		2.51		2.51		6728.37		0.00015		0.708		1.58		1817.48

		32		69		20		49		1.23		0.03		1.59		0.92		2.08		1.68		0.55		0.25		0.00286		0.29		2.55		2.55		6523.35		0.00015		0.715		1.61		1780.36

		65		70		20		50		1.25		0.03		1.62		0.94		2.06		1.66		0.56		0.25		0.00286		0.29		2.59		2.59		6328.53		0.00016		0.723		1.64		1744.73

		85		70.5		20		50.5		1.26		0.03		1.64		0.95		2.05		1.65		0.57		0.26		0.00286		0.29		2.61		2.61		6234.73		0.00016		0.726		1.66		1727.44





Trial#3
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Combined

		Trial #1								Trial #2								Trial #3						Trial #1								Trial #2								Trial #3

		Time (min)		ε						Time (min)		ε						Time (min)		ε				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]

		0		0.00						0		0.00						0		0.00				0		0.00		0.00				0		0.00		0.00				0		0.00		0.00

		4		0.21						3		0.20						2		0.20				4		0.21		1864.15				3		0.20		1940.16				2		0.20		1982.83

		5		0.22						16		0.21						4		0.21				5		0.22		1826.83				16		0.21		1898.85				4		0.21		1938.74

		15		0.23						28		0.22						6		0.22				15		0.23		1790.98				28		0.22		1859.26				6		0.22		1896.56

		45		0.24						54		0.23						12		0.23				45		0.24		1756.51				54		0.23		1821.29				12		0.23		1856.18

		78		0.25						81		0.24						20		0.24				78		0.25		1723.34				81		0.24		1784.84				20		0.24		1817.48

																		32		0.25																				32		0.25		1780.36

																		65		0.25						% variation=		0.08						% variation=		0.08				65		0.25		1744.73

																		85		0.26																				85		0.26		1727.44

																																										% variation=		0.07

																												avg. variation =				0.075				Thus, justified in using creep behaviour
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Contact Area, Method 1
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Contact Area, Method 2

		

																		OR

		x^2+y^2 = r^2

		x= +/- sqrt(δe(r-δe/4))

		Therefore, contact area = 2pi()r^2 = 2pi()x^2 = 2pi(δe-(r-δe/4))

		If take slant into account, divide by the cosine of the angle

		**THIS METHOD ASSUMES NO BULGING



x

2x



Contact Summary

		

		μ = poisson's ratio = 0.5 because apples &  potatoes have a max. value of 0.4, BUT WILL CANCEL OUT OF AREA CALC

		cosθ = (1/R1 -1/R1 + 1/R2 - 1/R2)/(1/R1+1/R1+ 1/R2 + 1/R1)

		cosθ = 0

		From Table 5.1 in Cenkowski's notes:

		m = 1, n = 1

		K = 1.351

		χ = (1- μ2)/E



R1 = ∞

R2 = r

b

a

E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2

F



Burgers Analysis

		

		Time (min)				Calculation Method

				Method 1		Method 1 with angle		Method 2

				(mm2)		(mm2)		(mm2)

		2		2.35		2.35		1.44

		4		2.39		2.39		1.48

		6		2.43		2.44		1.51

		12		2.47		2.48		1.54

		20		2.51		2.51		1.58

		32		2.55		2.55		1.61

		65		2.59		2.59		1.64

		85		2.61		2.61		1.66





		

										1727.4405625577		1826.8338810419

		σo / Eo = εo						σo/ Er = εr						σot/ηv = εv												ηr =  tret*Er

		σo		1982.83				σavg		1777.1372217998				t (s)		5100		ηv		258954280.890831				tret (s)		420

		εo		0.2029877859				εr		0.0270122141				εv		0.035		ηv		2.59E+08				ηr		27631856.8486637

		Eo		9768.2004234922		[Pa]		Er		65790.1353539611				σavg		1777.1372217998								ηr		2.8E+07
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σo / Eo = εo

σo / Er = εr , and σo = σavg

σot/ηv = εv
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Trial#1

		Trial #1

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.13

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.53

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area- Method 1 (mm2)		Contact Area with slant Method 1(mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area- Method 2 (mm2)		Stress [Pa]

		0		46		46		0		0		0.00		0.00		0.00		2.53		2.13		0.00		0.00

		4		95		46		49		1.23		0.03		1.59		0.92		2.08		1.68		0.45		0.21		0.00286		0.29		2.41		2.41		6675.08		0.0001		0.699		1.54		1864.15

		5		96		46		50		1.25		0.03		1.62		0.94		2.06		1.66		0.46		0.22		0.00286		0.29		2.44		2.44		6475.73		0.0002		0.706		1.57		1826.83

		15		97		46		51		1.28		0.03		1.65		0.96		2.04		1.64		0.48		0.23		0.00286		0.29		2.48		2.48		6286.10		0.0002		0.713		1.60		1790.98

		45		98		46		52		1.30		0.03		1.68		0.98		2.02		1.62		0.50		0.24		0.00286		0.29		2.51		2.51		6105.54		0.0002		0.720		1.63		1756.51

		78		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

		168		99		46		53		1.33		0.03		1.72		1.00		2.00		1.60		0.52		0.25		0.00286		0.29		2.54		2.55		5933.46		0.0002		0.727		1.66		1723.34

																										(all are slightly different to more decimals)		(all are slightly different to more decimals)

																										Fe =		(ρg-ρl)*g*V*(25-S1)*cosθ

																														(50-S1-S2)
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Trial#2

		Trial #2

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.18

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.58

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area (Method 1), mm2		Contact Area with slant (Method 1), mm2		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area (Method 2), mm2		Stress [Pa]

		0		17		17		0		0		0.00		0.00		0.00		2.58		2.18		0.00		0.00

		3		63		17		46		1.15		0.03		1.49		0.86		2.14		1.74		0.44		0.20		0.00286		0.29		2.37		2.37		7254.10		0.0001		0.685		1.48		1940.16

		16		64		17		47		1.18		0.03		1.52		0.88		2.12		1.72		0.46		0.21		0.00286		0.29		2.40		2.41		7023.71		0.0001		0.693		1.51		1898.85

		28		65		17		48		1.20		0.03		1.55		0.90		2.10		1.70		0.48		0.22		0.00286		0.29		2.44		2.44		6805.27		0.0001		0.700		1.54		1859.26

		54		66		17		49		1.23		0.03		1.59		0.92		2.08		1.68		0.50		0.23		0.00286		0.29		2.48		2.48		6597.91		0.0002		0.707		1.57		1821.29

		81		67		17		50		1.25		0.03		1.62		0.94		2.06		1.66		0.51		0.24		0.00286		0.29		2.52		2.52		6400.86		0.0002		0.714		1.60		1784.84

																												(all are slightly different to more decimals)				**negligable difference within range of accuracy

																														**readings taken every minute, only recorded when change noticed



E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2
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δ (mm)

Time (min)

Strain (ε)

Trial #2

0

0

0

0

0

0



Trial#3

		TRIAL #3

		Diameter of Glass rod (mm)														3.15

		L = Initial Egg Diameter (mm)														2.23

		S1 (mm)														5.78

		S2 (mm)														10.99

		Height from holder (mm)														0.4

		Total Height of Egg & holder initially (mm)														2.63

		Time (min)		Lever pos.		Ref. Pos.		δ		δ (mm)		θ (rads)		θ (degs)		δe (mm)		Height of egg & holder (mm)		Height of egg w/o holder (mm)		ΔH		ε		Fe [N]           (see analysis)		Equiv. Mass (g)		Contact Area-Method 1 (mm2)		Contact Area with slant- Method 1 (mm2)		E/(1-μ2), parallel plate contact, Pa		χ		a=b  (mm)		Contact Area Method 2 (mm2)		Stress [Pa]

		0		20		20		0		0		0		0		0.00		2.63		2.23		0.00		0.00

		2		64		20		44		1.10		0.02		1.43		0.83		2.17		1.77		0.45		0.20		0.00286		0.29		2.35		2.35		7666.87		0.00013		0.678		1.44		1982.83

		4		65		20		45		1.13		0.03		1.46		0.85		2.15		1.75		0.47		0.21		0.00286		0.29		2.39		2.39		7412.63		0.00013		0.686		1.48		1938.74

		6		66		20		46		1.15		0.03		1.49		0.86		2.14		1.74		0.49		0.22		0.00286		0.29		2.43		2.44		7172.13		0.00014		0.693		1.51		1896.56

		12		67		20		47		1.18		0.03		1.52		0.88		2.12		1.72		0.51		0.23		0.00286		0.29		2.47		2.48		6944.35		0.00014		0.701		1.54		1856.18

		20		68		20		48		1.20		0.03		1.55		0.90		2.10		1.70		0.53		0.24		0.00286		0.29		2.51		2.51		6728.37		0.00015		0.708		1.58		1817.48

		32		69		20		49		1.23		0.03		1.59		0.92		2.08		1.68		0.55		0.25		0.00286		0.29		2.55		2.55		6523.35		0.00015		0.715		1.61		1780.36

		65		70		20		50		1.25		0.03		1.62		0.94		2.06		1.66		0.56		0.25		0.00286		0.29		2.59		2.59		6328.53		0.00016		0.723		1.64		1744.73

		85		70.5		20		50.5		1.26		0.03		1.64		0.95		2.05		1.65		0.57		0.26		0.00286		0.29		2.61		2.61		6234.73		0.00016		0.726		1.66		1727.44





Trial#3
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Combined

		Trial #1								Trial #2								Trial #3						Trial #1								Trial #2								Trial #3

		Time (min)		ε						Time (min)		ε						Time (min)		ε				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]				Time (min)		ε		Stress [Pa]

		0		0.00						0		0.00						0		0.00				0		0.00		0.00				0		0.00		0.00				0		0.00		0.00

		4		0.21						3		0.20						2		0.20				4		0.21		1864.15				3		0.20		1940.16				2		0.20		1982.83

		5		0.22						16		0.21						4		0.21				5		0.22		1826.83				16		0.21		1898.85				4		0.21		1938.74

		15		0.23						28		0.22						6		0.22				15		0.23		1790.98				28		0.22		1859.26				6		0.22		1896.56

		45		0.24						54		0.23						12		0.23				45		0.24		1756.51				54		0.23		1821.29				12		0.23		1856.18

		78		0.25						81		0.24						20		0.24				78		0.25		1723.34				81		0.24		1784.84				20		0.24		1817.48

																		32		0.25																				32		0.25		1780.36

																		65		0.25						% variation=		0.08						% variation=		0.08				65		0.25		1744.73

																		85		0.26																				85		0.26		1727.44

																																										% variation=		0.07

																												avg. variation =				0.075				Thus, justified in using creep behaviour
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Contact Area, Method 1
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Contact Area, Method 2

		

																		OR

		x^2+y^2 = r^2

		x= +/- sqrt(δe(r-δe/4))

		Therefore, contact area = 2pi()r^2 = 2pi()x^2 = 2pi(δe-(r-δe/4))

		If take slant into account, divide by the cosine of the angle

		**THIS METHOD ASSUMES NO BULGING



x

2x



Contact Summary

		

		μ = poisson's ratio = 0.5 because apples &  potatoes have a max. value of 0.4, BUT WILL CANCEL OUT OF AREA CALC

		cosθ = (1/R1 -1/R1 + 1/R2 - 1/R2)/(1/R1+1/R1+ 1/R2 + 1/R1)

		cosθ = 0

		From Table 5.1 in Cenkowski's notes:

		m = 1, n = 1

		K = 1.351

		χ = (1- μ2)/E



R1 = ∞

R2 = r

b

a

E = 0.338*K3/2*F*(1-μ2)[(1/R1 +1/R1')1/3 + (1/R2 +1/R2')1/3]3/2
                 z3/2

F



Burgers Analysis

		

		Time (min)				Calculation Method

				Method 1		Method 1 with angle		Method 2

				(mm2)		(mm2)		(mm2)

		2		2.35		2.35		1.44

		4		2.39		2.39		1.48

		6		2.43		2.44		1.51

		12		2.47		2.48		1.54

		20		2.51		2.51		1.58

		32		2.55		2.55		1.61

		65		2.59		2.59		1.64

		85		2.61		2.61		1.66





		

										1727.4405625577		1826.8338810419

		σo / Eo = εo						σo/ Er = εr						σot/ηv = εv												ηr =  tret*Er

		σo		1982.83				σavg		1777.1372217998				t (s)		5100		ηv		258954280.890831				tret (s)		420

		εo		0.2029877859				εr		0.0270122141				εv		0.035		ηv		2.59E+08				ηr		27631856.8486637

		Eo		9768.2004234922		[Pa]		Er		65790.1353539611				σavg		1777.1372217998								ηr		2.8E+07
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