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I. BRIEF BACKGROUND

Energy absorption and rebound minimization are desirable characteristics in safety devices such as protective helmets.  In bicycle helmets, the helmet must manage all the severity of the impact and limit the shock transmitted through the helmet to the cyclist.  It is the purpose of the helmet to attenuate rather than eliminate shock, and to manage the impact by deformation.  The helmet is deformed until the cyclist’s head is slowed to a complete stop or the helmet is crushed to its minimum thickness
. 

In a study by McIntosh, et al
, different designs of rugby helmets were tested and head acceleration and energy absorption were measured.  Impact energy attenuation of different configurations of polyethylene foam was determined by testing.  It was discovered that small design changes could significantly change the impact energy attenuation.  A correlation was found between thickness of foam used and impact energy attenuation.  It was also noted that when designing a helmet, it is difficult to construct a design that will perform well in both repeated, low energy impacts that would only result in cosmetic damage and high energy impacts that would cause concussions.

II. OBJECTIVES/AIMS
· To determine which composite structure had the highest percent energy absorption from a single impact.

· To determine the effect of repeated impacts on the amount of energy absorbed by determining the percent decrease of energy absorption between the first and second impacts.

III. GENERAL PROTOCOL

1. Construct specimens of 3 different composite structures (wood-wood-wood, wood-foam-wood, and foam-wood-foam).

2. Calibrate pendulum.

a. Find the center of mass.

b. Calculate energy loss due to friction.

3. Perform preliminary testing to determine sample size needed for statistical difference.

4. Perform testing on specimens.

a. Record initial “touch” angle.

b. Record release angle.

c. Record rebound angle.

d. Record final “touch” angle.

5. Calculate percent energy absorbed by specimens using energy equation.

6. Perform ANOVA tests to compare the average percent energy absorbed by each different composite to determine which composite had the greatest energy absorption.
7. Perform repeated impact testing on all composite types.  Recorded same values as specified in step 4. 

8. Calculate average percent decrease in energy absorption between the first and second impact for the three composite structures.
9. Perform ANOVA tests to determine which composite had the greatest decrease in energy absorbance between two successive impacts.

IV. SPECIFIC METHODS

· Mass produced wood-wood-wood, wood-foam-wood, and foam-wood-foam specimens in one session to ensure that they had approximately the same drying time.  One individual was designated to create all specimens of a given composite so as to minimize different craftsmanship techniques among each type of composite.

· Calculated the center of mass for the pendulum using a spring scale (by summing the moments about the pivot).

· Used the blunt end of the blade in order to distribute the impact energy over a wider area to ensure the impacts do not cause the specimens to fail.

· Calculated the energy loss due to friction from a free swing of the pendulum.

· Preliminary testing was done on five specimens of each composite type in order to become familiar with the apparatus and testing procedures.  Preliminary testing was also carried out in order to determine the minimum number of samples required to obtain a statistical difference between groups.

· Secured specimen using a rubber band during testing to minimize the displacement of the specimen after the impact.

· Calculated the percent energy absorbed by the specimens from the recorded data values:

· Initial “touch” angle*

· Release angle

· Rebound angle (maximum angle of return)

· Final “touch” angle

· To ensure that the samples experienced only one hit during single hit testing, and also that every hit during repetitive testing was carried out from the same initial drop angle, a protractor was used to stop the pendulum’s arm immediately after the first impact. 

· For each set of specimens, one individual was designated to release the pendulum arm in order to maintain consistency of release technique throughout testing.

*The touch angle is designated as the angle at which the pendulum blade edge rests against the test specimen.  This value is used to designate a quantitative measure for fracture/failure.

V. RESULTS

During preliminary testing, five samples of each composite configuration were tested.  By means of observing when failure occurred for any of the three configurations, it was determined that the ideal drop angle for single-hit testing was 50 degrees without producing any visible crack on the tensile side.  After determining the percent energy absorption of these specimens, 64.46 ± 2.20 % for wood-wood-wood, 59.23 ± 2.04 % for wood-foam-wood, and 71.89 ± 5.43 % for foam-wood-foam; it was determined that there were statistical differences among all three configurations (p<0.01) and between pairs of configurations (p<0.05), and that the ideal number of samples for all three configurations were 19, 16, and 57, respectively.  The failure pattern for each configuration was observed and determined to remain fairly homogeneous throughout testing.  For the wood-wood-wood and the wood-foam-wood configurations, no deformation or failure was observed after single-hit testing.  In contrast, there was some plastic deformation for the foam-wood-foam configuration.  It must be noted, however, that one sample experienced both plastic deformation and cracking at the tensile side. Nevertheless, the pattern remained fairly consistent for this configuration. 

For the actual single-impact testing, due to time constraints, only fifteen samples of each configuration were used, which is in close agreement with what the preliminary testing suggested.  Just as in preliminary testing, percent energy absorption and failure pattern were recorded (as shown in Table 1).  It was determined that there was a statistical difference among all three configurations with respect to percent energy absorption (p<0.01).  However, when comparing pairs of configurations, only two pairs showed statistical difference (p<0.01): wood-wood-wood vs. wood-foam-wood, and wood-foam-wood vs. foam-wood-foam.  The third pair, wood-wood-wood vs. foam-wood-foam, showed no statistical difference (p>0.05), which deviates from what was obtained during preliminary testing.

	Configuration
	Initial Angle

(degrees)
	Rebound Angle

(degrees)
	Energy Absorption (%)
	Failure pattern

	1. Wood/Wood/Wood
	50.26 ± 0.32
	27.88 ± 1.50
	66.61 ± 3.30
	No deformation/failure

	2. Wood/Foam/Wood
	50.35 ± 0.28
	30.91 ± 0.36
	59.62 ± 0.90
	No deformation/failure

	3. Foam/Wood/Foam
	50.10 ± 0.19
	26.20 ± 2.65
	69.96 ± 5.48
	Bending of specimens


Table 1. Fifteen samples of each construct configuration were single-impact tested using 3-point testing pendulum. Their initial and final angles were recorded to determine energy absorption. Observations were made on the specimens after impact to establish whether there was failure.

As for their failure patterns, the constructs all followed the patterns observed during preliminary testing.  Wood-wood-wood and wood-foam-wood composite configurations showed no plastic deformation or fracture; while foam-wood-foam showed plastic deformation.  There were also deviations from the pattern for this last configuration since three samples showed cracking at their tensile side.  Nevertheless, the pattern remained fairly similar.


For the second part of the study, five samples were used to determine whether there was any trend or effect in the percent energy absorption after repetitive hits.  The drop angle was determined to be 40 degrees, since at any higher angle there was a risk of fracturing the foam-wood-foam samples.  For each sample, approximately fifteen hits were performed, or until the specimen fractured.  A trend was indeed observed in all three configurations after successive hits.  It was noted that the wood-wood-wood and the wood-foam-wood composites absorbed less energy as the number of hits increased.  However, this decrease in energy absorption reached a plateau after the fifth or sixth hit.  This trend was shared in all 5 trials for each configuration (as shown in Figures 1 and 2).  The foam-wood-foam configuration behaved in a similar manner for the first few hits: decreasing its energy absorption capabilities.  However, instead of reaching a plateau after a certain number of successive hits (as shown in Figure 3), its energy absorption increased quite rapidly right after failure of the specimens.  Although these specimens experienced fracture, they did not show a clean break.  This can be attributed to the layers of foam, which acted as a sandwiching mechanism, preventing the wood from completely fracturing.  Surprisingly, trial three never experienced failure, and just as with the other two configurations, it reached a plateau after a few hits. 
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Figure 1. Percent energy absorbed vs. the number of successive hits for five samples having the wood-wood-wood configuration. 
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Figure 2. Percent energy absorbed vs. the number of successive hits for five samples having the wood-foam-wood configuration. 

Qualitative analysis, based on the absolute values of the averages of the energy-absorption loss for wood-foam-wood samples showed a more drastic initial reduction and steeper slope, than for the wood-wood-wood samples. Therefore, in order to accurately determine any difference between these two configurations and the foam-wood-foam as well, the difference between the first and second hits (which showed a significant change in all three cases) was determined for all configurations.

Figure 3. Percent energy absorbed vs. the number of successive hits for five samples having the foam-wood-foam configuration. 

The means of all trials for each configuration were determined and used to estimate any significant difference (as shown in Table 2).

This, however, proved to have no statistical significance (p>0.05).

	Configuration
	Energy loss between 1st and 2nd hits

(%)

	1. Wood/Wood/Wood
	5.58 ± 2.23

	2. Wood/Foam/Wood
	7.67 ± 0.68

	3. Foam/Wood/Foam
	7.49 ± 1.02


Table 2. Five samples were used to calculate the energy-absorption loss between the 1st and 2nd hits for all three configuration.

VI. DISCUSSION

In the experiment, two separate energy absorption tests were performed.  The first part of the study was to test which wood/foam composite exhibited the greatest energy absorption during a single impact.  Each type of composite constructed was geometrically uniform, with all dimensions being equal, so the only aspect that varied between each composite was the different layering.  By minimizing the effects of different thickness, widths, etc, the property of interest (varied wood/foam layering) could be tested.  The second component of this study examined the effects of energy absorption of a single specimen upon repeated impacts and specifically looked at the decrease in energy absorption between the first and second impacts.

In part one of the experiment, testing was done to determine the absorption energies of the three types of constructs when the pendulum was dropped from an angle of 50 degrees.  The foam-wood-foam and the wood-wood-wood constructs had statistically greater absorption energies than the wood-foam-wood constructs.  The foam-wood-foam constructs had the greatest mean percent energy absorption, but it was not statistically different than the absorption of the wood-wood-wood constructs.  However, the foam-wood-foam constructs experienced observable cracking and deformation in the process of energy absorption, while the wood-wood-wood constructs absorbed the energy without failure.  The wood-foam-wood constructs showed the greatest rebound ability while experiencing no observable deformation.  A significant reason as to why the wood-wood-wood composite did not deform is because of the greatest number of wooden Popsicle sticks used in the composite.  The wood undoubtedly has much more rigidity and mechanical strength compared to the foam, so the greater the number of wooden sticks, the less likely the composite will fracture.  With this being noted, in future experiments, the number of wooden sticks used in each type composite should also be uniform so that the mechanical strength provided by the wood does not vary from composite to composite.


To accurately record the percent energy absorbed by the construct in each strike, it was important to make sure the potential energy of the pendulum was not converted into other forms of energy.  For example, energy loss due to friction was accounted for by using test swings of the pendulum with no construct in place to note the difference between the initial drop angle and the angle to which the pendulum swung.  In addition to friction, it was important to ensure that no potential energy was converted to kinetic energy of the pendulum apparatus.  Initially, the pendulum was not staying exactly in place as some energy of the swing was converted into kinetic energy of the entire apparatus.  To eliminate this, a foam mat was placed underneath the pendulum to prevent motion.  While this may have prevented movement of the apparatus, it is unknown whether energy was actually lost due to static friction in the foam mat.  This may have added unforeseen error; however, due to the nature of the experiment in that it was a comparison of three configurations and the fact that the methods were identical for all constructs, the actual impact of such error may be considered negligible to the given experiment. 

Uniformity in the construction of the composites was also important to the occurrence of error in the experimentation.  To ensure the constructs were made to be as uniform as possible, all constructs were made at the same time.  Only one person was responsible for making one construct to normalize the technique used.  Still, error may have arisen in the amount of glue used on each or the thickness of the glue.  Because of the small amount of glue used, the effects of such differences were ignored for purposes of this experiment.  If this experiment were to be repeated, measures could be taken to further increase the uniformity of the gluing.  For example, the constructs could be weighed to know exactly the amount of glue that has been used, and this amount could be constant for all constructs, both within a single group and between groups. 
In testing, the blunt end of the pendulum blade was used.  Therefore, the constructs were being evaluated for their energy absorption of a distributed load.  If the experiment were to be repeated it would be interesting to test each construct with the knife edge of pendulum blade.  With this data it would be possible to determine if there was a different in energy absorption between the distributed load and the point impact in all of the constructs.  There could also be a difference between which construct absorbed the most energy during distributed load testing and which construct absorbed the most energy during point impact testing.
In testing the energy absorption of three different constructs data was obtained that suggested a possible application for each construct.  Although the energy absorptions of the wood-wood-wood and the foam-wood-foam were not statistically different they can still be viewed as two distinct designs because each absorbed the energy in a different way.  The foam-wood-foam construct absorbed energy by deformation and did not perform well in repeated energy absorption tests.  These characteristics suggest that a construct like the foam-wood-foam would be useful in an application such as a bicycle helmet.  The purpose of a bicycle helmet is to absorb as much energy as possible through deformation and fracture from a single blow.  The wood-foam-wood construct showed the greatest rebound which would make it useful in an application where the material would need to absorb basically the same amount of energy during successive blows with limited deformation, such as the dent-resistant side panels of newer automobiles.  The wood-wood-wood showed high energy absorption over successive hits with very little deformation. These characteristics would be desirable in a safety device such as a rugby helmet which is designed to stand up to blows, and absorb energy over and over again, day in and day out.  By using only wood and foam, composites were engineered that exhibited different characteristics in the pendulum impact testing. 

One of the larger challenges faced was the way in which failure was handled. Because the study focused on non-failure rebound characteristics, a clear definition of failure was vital to the protocol and tangible results. The definition of failure in the abstract sense is rather obtuse, so to transform it into an empirically-sound concept was difficult.  A reliable way to determine a failed construct was needed, especially for the repetitive testing, so the quantitative definition developed in part one was used. This definition allowed failure of the specimen to be seen in the absorption data and took emphasis off of qualitative characteristics of the testing. In terms of the energy absorption of the construct, it was not clear whether a large rebound was desirable or not. It was reasoned that different applications suggested different desired absorption patterns. As seen in the results, constructing specimens that exhibited very different rebound characteristics was possible. Nevertheless, for future studies and experiments, it would be desirable to first determine what the desirable behavior is in order to fully understand the properties of each composite configuration. In such a manner, the experiment would allow focus to be placed on other aspects of testing that might be important as well, and which might allow a more thorough study. In regards to the objectives presented at the start of experimentation, satisfactory results were obtained in that composite configurations were identified with the objective rebound characteristics in both single and repetitive strikes. As mentioned above, sources of error were identified and accounted for, taking into account the restrictions that materials and equipment placed on the experiment. Because of its nature, this study presented challenges, which to the best extent of each member’s abilities were addressed. 
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