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Brief Background

The ability of a material and the body to withstand high speed impacts are a part of daily life and activities.  High speed impact resistance is especially relevant in situations or activities that require protective apparatus for the body.  The capability of the material to hold up under high speed impact and to repeatedly endure these blows is very important in body protection applications.  This experiment will focus on simple wooden materials and the magnitude of high-speed impact energy needed to cause failure.  The wooden materials will be subject to three-point bending using the impact pendulum apparatus to the test geometric and material properties of wood. 

Geometrically, we used wood of different composition, shape, cross-sectional area, and orientation, and measured the fracture energies.  Materially, the focus was on the effect of an adhesive on the properties of wood.  The fracture energies of wood stacked with adhesive and wood stacked without adhesive were compared to observe the effects of adhesive on the wood.  Lastly, we saturated wood with glue to test what effect adhesive had as a material enhancer.  

Precise knowledge of how much force a material can withstand in a high-speed impact before failure is essential in engineering.  Many of the mentioned methods relate specifically to wooden structural entities, but the protocol used to carry out this experiment can be extended to an array of biomedical materials.  Applications can further be extended from protective material to that used in vivo in high impact situations.  Examples include implanted prosthetics such as the hip, jaw, and various limbs that must be able to withstand rigorous daily application (walking, eating, exercising, etc).

Aims/Objectives:   

Using the impact pendulum, we will investigate the effect geometric and material properties have on fracture energy, as well as whether the speed of impact affects the fracture energy.  With respect to geometric properties, we will investigate the effects of cross-sectional area and impact orientations on fracture energy.  With respect to material properties, we will investigate whether gluing two sticks together is stronger than rubber banding and also the effect of saturating the wood with glue.  

Hypothesis:

We hypothesize that: 

1. There will be a linear relationship between cross sectional area and fracture energy, and therefore between number sticks vs. fracture energy and between width of stick on contact surface vs. fracture energy.

2. The pendulum swinging in the y-direction will result in higher failure energy than the pendulum swinging in the z-direction (see Figure 1 in Appendix).

3. Two glued sticks will have higher failure energy than two rubber-banded sticks. 

4. Saturating sticks with glue will cause the wood to have higher failure energy.  

5. There will be no relationship between impact speed (within the range available by impactor) and fracture energy.

General Protocol:

For each material and structural variable we tested, we used the pendulum apparatus and the principle of the conservation of energy to investigate its correlation to the fracture energy of wood.  To test the relationship between cross-sectional area and the fracture energy of the wood, we varied the cross-sectional area in two ways: 1) increasing the number of stacked woods so that the dimension in the z-direction increases and 2) cutting the wood to vary the dimension in the y-direction.  To investigate whether the direction of impact affected the fracture energy, the wood was impacted in both the y-direction and in the z-direction. To investigate the effect of glue on the fracture energy of wood, we compared two glued wooden sticks to two rubber-banded sticks; and we compared wood saturated in glue to wood without any glue treatment.  To investigate whether varying speed of impact of the pendulum affected the fracture energy of wood, we varied the initial angle position of the pendulum arm.  

Before variable testing was conducted we:

1) Determined the mass and center of mass of the pendulum arm.

2) Calibrated the pendulum apparatus.

3) Determined the energy loss caused by friction of the pendulum arm in a free swing at different angles in order to make a graph of energy loss due to friction vs. angle.  

Specific Methods

Note 1: From steps 1 to 5, the pendulum blade hit the x-y plane of the wooden sticks.  In step 6, which was determining the effect of direction of impact on failure energy, the pendulum arm hit the x-y plane of the wood in one investigation (i.e. the pendulum impacted in the z-direction) and hit the x-z plane of the wood in another investigation (i.e. the pendulum arm impacted in the y-direction).  

Note 2: By “sample,” it means one stick, as in steps 2, 4, 5 and 6.  When more than one stick was used, it is clarified as “bundled” or “glued,” as in steps 1, and 3.

Note 3: For a diagram of x-y-z orientations, see Figure 1 in Appendix.

Note 4: Tongue depressors were used in steps 3 and 6.  Popsicle sticks were used in steps 1, 2, 4 and 5.

1) Effect of cross-sectional area on fracture energy by varying number of sticks:

· Sticks of varying cross-sectional areas were prepared by bundling one, two and three sticks together using rubber bands. For each type, the number of bundles were: 1 stick: n = 8, 2 sticks: n = 11 and 3 sticks: n = 11. 

· For each bundle (one, two and three sticks), the cross-sectional area, which is parallel to the y-z plane, was determined by measuring the depth (z-direction) and width (y-direction) with a caliber.

· Statistical analysis: Linear regression analysis by plotting fracture energy versus number of sticks.

2) Effect of cross-sectional area on fracture energy by varying width:

· 15 samples of varying widths in the y-direction dimensions (ranging from whole width to a sixth of the entire width), were prepared using a paper cutter, cutting along the x-direction of the wood while making sure that the cutting did not introduce fracture to the wood.

· For each sample, the cross-sectional area, which was parallel to the y-z plane, was determined by measuring the depth (z-direction) and width (y-direction) with a caliber.

· Statistical analysis: Linear regression analysis by plotting fracture energy versus cross-sectional area.

3) Effect of glue as an adhesive on fracture energy:

· 11 bundles of two sticks were rubber-banded together.  

· 13 bundles of two sticks were glued together: glue was applied as evenly as possible by first manually pressing the two sticks to squeeze out any excess glue and wiping it away, which was followed by pressing them between two heavy books for twenty minutes.  

· Statistical analysis: t-test between rubber-banded group and glued group.

4) Effect of glue-treatment on fracture energy:

· 11 samples were “painted” with glue and air-dried for 30 minutes.  

· 8 samples of wood without glue treatment were tested.

· All samples were massed, so that the mass could be used to standardize the discrepancies in the amount of glue used.

· Statistical analysis: t-test between glue-treated group and no glue group.

5) Effect of the speed of impact on failure energy

· 4 samples of wood were tested at dropping angle of 60 degrees.

· 4 samples of wood were tested at dropping angle of 90 degrees.

· 4 samples of wood were tested at a dropping angle of 135 degrees.

· Statistical analysis: ANOVA test between groups.

6) Effect of orientation on failure energy

· 10 samples were tested with the pendulum arm swinging in the z-direction and hitting the x-y plane of the wood.

· 10 samples were tested with the pendulum arm swinging in the y-direction and hitting the x-z plane of the wood.

· The cross-sectional areas for the sticks where the pendulum impacted in the z-direction was determined by measuring the depth (z-direction) and width (y-direction) with a caliper, hence their cross-sectional areas are parallel to the z-y plane.

· The cross-sectional areas for the sticks where the pendulum impacted in the y-direction was determined by measuring the depth (y-direction) and width (z-direction) with a caliper (cross-sectional area still parallel to z-y plane). 
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The area of contact between the pendulum blade and the stick at the point of impact was measured by multiplying the width of the stick (y or z-direction of the wood depending on the direction of the pendulum arm swing) with the horizontal width of the pendulum blade.

· Statistical analysis: t-test between groups.

Results

Wooden tongue depressor samples and wooden popsicle stick samples were used for high-speed three- point impact testing using the pendulum impactor device.

Formula for frictional and air-resistance related energy loss at different angles, determined by a linear regression of energy loss over different angles:

Energy Loss = {(-0.0011*Theta 1) + 0.0701} Joules

The average failure energies of the non-glue (0.42+-0.08J) and glue saturated samples (0.68+-0.15J) were found to be significantly different (p = .0002).  On average, glue treatment increased failure energy by 62%, with only a 17% increase in mass.  The average fracture energy was standardized with mass.  The average failure energy/mass of the glue-treated sticks (0.409+-.093J/g) was significantly greater than the non-glue (0.294 +- 0.57J/g) (p=.004) (Table 1).  There was no significant difference in fracture energy between the two different bonding mechanisms (p=0.44); the glued bonding had a failure energy of 1.54+-.24J and the rubber band bonding had a fracture energy of 1.47+-.24J (Table 2).  

When wood was subject to impact at different orientations, the impact orientations were found to produce significantly different failure energies (p =4.53 x 10-7).  On average, samples struck in the y-direction (Efracture =1.32+-.23J) had a 81% higher failure energy than samples struck in the z-direction (Efracture = .73 +-.11J) (Table 3).  

Fracture energies were measured after dropping the pendulum from three different angles corresponding to three different impact speeds. The speed of impact at 60, 90, and 135 degrees did not produce significantly different fracture energies (0.317 +- 0.147J, 0.438 +-0.035J, and 0.458 +- 0.055J respectively) (p=.121) (Table 4).  

The number of sticks bundled and fracture energy showed a linear correlation with R2= 0.7816 (Figure 1).  Varying the cross-sectional areas of the contact surface showed a linear relationship with fracture energy (R2=0.7966).

	Type
	Average Failure Energy (J)
	Average Sample Mass (g)
	Average Failure Energy/Mass (J/kg)

	Non-Glue
	0.42 (0.08)
	1.43 (0.04)
	0.294 (.057)

	Glue-Treated
	0.68 (0.15)
	1.67 (0.12)
	0.409 (.093)


Table 1.  Average failure energies (Standard Deviation) (Joules) and average masses for 8 non-glue and 11 glue-treated, single stick samples tested in pendulum impactor device.

	Type of Bond
	Average Failure Energy (J)

	Rubber Bands
	1.47 (0.24)

	Glue
	1.54 (0.24)


Table 2.  Average failure energies and standard deviations (Joules) for 11 rubber-banded and 13 glued samples tested in pendulum impactor device.  
	Orientation (direction of pendulum swing)
	Average Failure Energy (J)

	z
	.73 (.11)

	y
	1.32 (.23)


Table 3. Average failure energies and standard deviations’s (Joules) for 10 single sticks samples subjected to broad side impact and and 10 single stick samples subjected to thin side impact in pendulum impactor device.  

	Angle (degrees)
	Speed of Impact (m/s) 1 stick
	Fracture Energy (J)

	60
	1.62 (0.012)
	0.317 (.147)

	90
	2.300 (.003)
	0.438 (.035)

	135
	3.008 (.002)
	0.458 (.055)


Table 4.  The speed of impact is shown for 1 stick non-glued impact along with the respective fracture energies.
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Figure 1. Failure energy (Joules) versus number of sticks for samples tested in pendulum impactor device (when dimension in the z-direction was varied to vary cross-sectional area).  
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Figure 2. Failure energy (Joules) versus cross-sectional area, for single stick samples cut to various widths (so the dimension in the y-direction was varied to vary cross-sectional area).

Discussion

In this experiment, we used a variety of wooden sticks to conduct high speed impact testing using a pendulum impactor.  We investigated the effect of geometry and material properties on the fracture energy of wood by conducting a number of experiments to measure these variables, comparing primarily orientations, variations in geometry of the wood, and the effects of an adhesive.  

Using the standard where an R^2 value larger than 0.65 indicates a strong correlation between the x and y variables, there is a linear relationship between cross-sectional area of the wood and its fracture energy as hypothesized.  When the z-dimension was varied by increasing the number of sticks (where the number of sticks is proportional to cross-sectional area), R^2 = 0.7816 and when the y-dimension was varied by decreasing the widths, R^2 = 0.7966.  Hence, because fracture energy is linearly proportional to cross-sectional area, the fracture energy can be standardized by dividing by the cross-sectional area.  This value is equivalent to the slope (a constant) in Figure 2 in Results.   The resulting constant standardized fracture energy indicates that the fracture energy is independent of cross-sectional area.  

The orientation of impact was varied to investigate whether the fracture energy of wood is orthotropic.  The two orientations chosen were the pendulum swinging in the y-direction and z-directions relative to the wood (Figure 1, Appendix).  The average fracture energy is 1.32+/-0.23 J in the y-direction and .73+/-0.11 J in the z-direction of wood.  These two values are statistically different as hypothesized (p =4.53 x 10-7).  Samples struck in the y-direction had an 81% higher failure energy on average.  Both of these two orientations are perpendicular to the grain orientation, hence the grain orientation was not the reason for the significant difference.  The higher fracture toughness of wood in the y-direction can be explained by the formula for the maximum stress on the surface opposite of impact, (-Mr*c)/I, where I = (base* height^3)/12 is the second moment of area, Mr is the resisting moment and c is the distance from the center of the wood to its surface.  We looked at the maximum stress felt on the side opposite of impact because this is where final failure occurs.  For impact in both y and z directions, the Mr value is the same since both orientations use the same cross-sectional areas and wood geometry.  The only variables are c = distance from the center, and I = (base* height^3)/12.  The height of the wood is larger for the impact in the y-direction as compared to the height in the z-direction impact (refer to Figure 2, Appendix).  Hence, I is much larger for the impact in the y-direction, resulting in a lower maximum stress felt on the surface opposite the impact.  Consequently, the wood impacted in the y-direction can withstand larger forces of impact than in the z-direction, assuming that both directions of wood have the same maximum endurable stress.  This assumption is viable because the y and z directions are both perpendicular to the grain orientation and should result in significantly similar fracture energies.  To further test this assumption, we would need wood that has an equal height and base dimensions, which was not feasible due to instrumental limitations (the pendulum could not break through wooden bundles greater than three sticks). 

We are not able to test the fracture energy of wood parallel to the grain orientation because the wood’s width is too small to be tested in the pendulum.  However, if we were able to test for fracture energy of the wood parallel to the grain orientation, the pendulum should impact the wood while swinging in the x-direction.  Further analysis may show a significant difference in fracture energy between impact parallel to the grain and perpendicular to grain.  

Glue used as an adhesive did not cause significant differences in the strength of the wood as opposed to using rubber bands to hold the wood together, contrary to our hypothesis.  However, as hypothesized, when glue was used generously to coat the wood, there was a significant difference in the fracture energies of the single pieces of wood.  According to literature, if an adhesive penetrates sufficiently deep into the wood and is able to become rigid upon curing, the strength of the bond can be expected to exceed the strength of the wood.
  As a result, the wood will break before the glue will break.  The glue used as an adhesive is used in very minimal amounts, just enough to hold the wood together.  Because such small amounts of glue are used to attach the two pieces of wood together, the amount of glue used is not significant enough to cause an increase in the strength of the overall two-stick structure, although the glue interface itself may have been stronger.  Further testing by varying the quantity of glue used for adhesion may show some significant difference between a rubber band group and a glue group at a certain threshold glue amount.  

The same reasoning used above may be applied to the significant difference that is found between the fracture energies of single sticks soaked in glue (.68 +-.15J) and single sticks with no glue (.42+-.08J).  The copious amounts of glue used in this test may have been enough to cause the significant difference (p =.0002), indicating that the strengthening caused by the glue was sufficient to enhance the strength of the wood itself.  That is, the threshold for the amount of glue, if there is one, necessary for glue to strengthen wood may have been passed in this second test.

The failure energies of the glue and non-glue treated samples were both divided by their masses to minimize discrepancies caused by variations in the amount of glue used for each sample.  There was still a significant difference in fracture energy/mass of the glue vs. non-glue samples (p=0.002).  A given mass of glue treated wood will have a higher fracture energy than a given mass of non-treated wood.  This is especially important for applications where the mass (and weight) of the material is important.  It would be beneficial to use a glue treatment for wood to strengthen it without adding significant mass. 

However, in the statement from the literature regarding the bonding caused by adhesive holds the condition that the glue must have sufficient time to become rigid upon curing.
  During tests with single sticks and glue, a set curing period of 30 minutes is set for all samples.  When samples were tested, the wood was not rigid.  This is either due to the properties glue after curing, or to insufficient amount of time given to the glue in order to fully cure.  In either case, it is observed that the wood becomes more flexible and appears to tolerate greater deformation with the glue treatment.  The greater fracture energies of the glue-soaked wood seem to be caused by the increased deformability of the wood.  This is not expected because many studies of materials that use lower loading rates with the construction of a traditional stress-strain curve indicate that ductility is usually increased at the expense of strength.  Under high speed impact, it seems according to our experiment, that increased flexibility caused by the glue allowed the force of the impact pendulum be transferred more effectively within the wood, causing the glue-treated wood to have a greater fracture energy.  With regards to wood curing, it is observed that as the glue is allowed to cure for a longer period of time, it becomes stiffer.  Further experimentation on the time dependence of wood curing may show a relationship between fracture energy and time allowed to cure.

Repeated impact testing was attempted in our experiment, however it was very difficult to accurately devise a method to measure these properties using the pendulum.  The wooden sticks varied greatly in impact properties from stick to stick.  We initially set out to find the number of impacts that non-glue vs. glued sticks could take without failure.  This is abandoned after some agony in finding consistency in the dried sticks alone.  The wooden sticks, all from the same manufacturer and box, fractured after anywhere from 4 to 35 impacts.  This variability would hide any possible significance and the experiment is abandoned.  With repeated impact testing, the properties of wood vary greatly from piece to piece, demanding very precise manufacturing of the wood to guarantee uniformity when subjecting it to these types of applications.

One concern that we had while conducting our experiment was our inability to release the pendulum from the same exact angle every single time simply because it was hard to keep our hand that steady.  Fortunately, we found that speeds of impact we encountered while using the pendulum did not significantly change the failure energy.  Thus, we can conclude that we can have a variation in angle from 0 to 135 degrees without significant affect on our results (p=0.12).  The actual velocities varied between 2.27 m/s to 3.0m/s.  This indicates that at least within this range, the speed of impact does not affect the impact properties of the wood itself.  However, with greater impact speeds (also necessitating different instruments) there may be a difference with further testing.
Wood is a material that has been used for millennia in structures, tools, other artifacts.  Tests are conducted in this experiment to find material and geometric properties of wood under high speed impact.  The sole use of wood under the conditions of this experiment may still be applied to the manufacturing of wooden products (furniture, baseball bats, large-scale structures such as houses, etc).  However for biomedical applications, a vast array of novel materials may be more suitable, such as polymers, metals, ceramics have been developed to be highly specifiable, customizable, and biocompatible.  The methods used in this experiment can still be used to test these materials under high speed impact.  This type of testing would be especially useful in studying protective equipment for uses in combat and sporting activities.  The tests can be further extended to investigate the fracture energy of materials used within the body in areas susceptible to high speed impact such as the limbs, the hip, and the jaw (chewing).

Appendix

Figure 1. Orientation of the wood (x, y and z directions)
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Figure 2.  base (b) and height (h) of wood at different orientations of impact (y and z directions)
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