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Objectives


· To investigate non-failure rebound characteristics of wooden structures.

· To understand the importance of determining safety characteristics of a material.
· Development of an experimental approach for identifying appropriate and reasonable rebound characteristics.

Background


A. Biomedical Relevance and Importance

Rebound testing provides insights into how materials will act under single and repeated stresses and the effectiveness of the material within its designed operational environment. Whether the material can handle large single stresses or maintain its condition after multiple stresses over the lifetime of the object are important criteria, especially for the protective equipment industry. This industry includes bike helmets, protective padding, shoe designs and car bumpers.  In particular, safety factors depend on:

· ratio of ultimate stress to allowable (design, safe or working) stress

· number of repeated stresses allowable for the lifetime of the material

· maximum level of stress that a part will be permitted to endure

B.  Scientific Relevance


Hardness: Measure of a material's resistance to localized plastic deformation.  

Methods of characterizing hardness are split into three main categories:

1) Scratch Tests

2) Rebound Tests (the interest of our experiment)
3) Indentation Tests
This experiment is a simple version of the Sceleroscope hardness test used by industry engineers to determine the rebound characteristics of a material.  In the test a rounded-diamond tipped hammer is dropped from a height onto the material and the rebound height recorded.  The scale is set so that fully hardened steel has a value of 100. 

The key variables in this experiment will be calculation of degree of deformation, rebound force, and incident velocity.  These can be determined by calculations performed on the data collected from the pendulum apparatus. The energy of the wood rebound can be calculated using the difference of the initial and final angles as given by the equation: 

Ewood = mgr (cos(2 - cos(1) – Eloss
Where Eloss is the energy lost to friction.  To find the rebound force the wood created, we need to divide Ewood by the distance the pendulum traveled, which is the arc swept out by the pendulum after it makes contact with the wood.  Since the value of the angle when it hits the wood is 0 degrees, the angle the pendulum travels corresponds to the most positive angle recorded.

The incident velocity can be derived via manipulation of the law of conservation of energy. Since the total energy of the pendulum system remains the same after accounting for frictional losses, at the point of impact, which is the point of maximum kinetic energy, KE = ΔPE + Frictional losses, but KE = ½ mv2, so that:


v = √ 2g(l – lcosθ1) – 2/m(Frictional loss)

Hypotheses
1. Higher velocity will cause a larger degree of rebound energy since impulse transmitted is higher.

2. Repeated impacts to the same wooden sample will cause its rebound energy to decrease.

3. Wood is brittle, and repetitive impacts will not cause significant deformation. 

4. Dried sticks have lower rebound energies than non-dried sticks.

General Protocol
 Apparatus and Equipment:

· DC Power Supply (in lab bench)

· Impact Pendulum apparatus – equipped with rotational potentiometer

- cylinder = 461 g


- rectangular plate-mount = 128 g

- knife edge – 26 g


- each ring = 54g

· Wood surrogates

· Spring balance

· Protractor

· Calipers

General Procedures:

· Calibrate pendulum

· Determine frictional loss per angle traversed 

· Determine failure limit 

· Conduct repetitive impact testing on non-dried surrogates 

· Perform drying treatment on wooden surrogates

· Conduct repetitive impact testing on dried wooden surrogates 

· Compile the data from BIOPAC into a useable database

· Calculate rebound energies, incident velocities and deformations

· Analyze data for statistical trends

· Postulate possible causes of behavior by interpreting trends

Specific Methods
Preparation

· Connect impact pendulum with BIOPAC and calibrate voltage to pendulum angle, where 0° is the point of contact of the pendulum with the wood in order to determine deformation.
· Define rebound energy as the energy absorbed by the material during impact without fracturing.

A. Determining limit of non-failure impact

· Strike fresh samples at <50 degrees and decrease the angle until the wooden composite maintains its structure in order to determine the fracture limit.  

· Repeat test for fresh samples at critical angle to determine average fracture limit, which was experimentally determined to be 35.6 degrees.

B. Test Samples

· 20 undried wooden surrogates were divided in the ratio of 1:1 for strike angles of 25 and 30 degrees respectively, which correlate to approximately 50% and 70% of the energy of the average fracture limit.

· 16 dried wooden surrogates were divided in the ratio of 1:1 for strike angles of 25 and 30 degrees.

C. Drying Treatment Procedure
· Weigh the wooden composites to be dried before the drying process.

· Dry wooden composites in an oven at a temperature of 100 ºC to simulate weathering effects.

· Weigh the wooden composites again after drying to ensure a statistically significant loss in weight due to the loss of moisture.

· Perform testing on wooden surrogate as quickly as possible to prevent moisture from re-accumulating.

D. Repetitive Impact Testing and Conditions

· Clamp the pendulum apparatus to the lab bench to prevent it from moving during testing.

· Secure each wooden surrogate to the apparatus using wires to prevent the wooden surrogates from being thrown off during testing.

· Strike each sample repetitively at stated angle.

· Repeat 40 times each, unless fracture occurs during trial.

· Tabulate initial strike, incidence strike, and final rebound angle for each strike.

· Convert angles to relative energy using equation 




ΔPE = mgr*(cosθ2 – cosθ1) -Eloss

· Define deformation as the minimum angle or impact angle recorded by BIOPAC divided by the initial angle, to normalize the values.

· Calculate incident impact velocity using the formula:


v = √ 2g(l – lcosθ1) – 2/m(Eloss)

E. Statistical Analysis
· Perform one-tailed t-tests on initial rebound energy at 25 degrees vs. 25 degrees Dry, 30 degrees vs. 30 degrees Dry and 25 degrees vs. 30 degrees in order to determine the effects of repetitive impacts on rebound energy.
· Perform two-tailed t-tests on mean slope of rebound energies over repetitive impacts to determine if there is a difference in the trends of changing rebound energy.
· Perform t-testing between the dried and original sample’s slope parameter to determine statistical difference and possible effects of the drying treatment 

· Repeat the above testing for deformation and velocity.

Results
A. Rebound Energy
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Fig. 1: The initial rebound energies of the samples are plotted in their sample sets. The error bars indicate 1 SD from the mean.

	Sample Sets
	Rebound Energy (J)
	SD (J)

	25° Original
	0.058517
	0.003893

	30° Original
	0.094803
	0.004496

	25° Dry
	0.050318
	0.005819

	30° Dry
	0.081336
	0.003575


Fig. 2: The mean rebound energies of the samples and their SD are tabulated and sorted by their sample sets.

The initial rebound energy was recorded at 25° and 30° for both the original and dry sample sets. Fig. 2 shows the distribution of the rebound energies grouped by its sample set. The error bars indicate 1 standard deviation from the mean. Two sample t-testing was performed on the data sets and statistical significance was found between the 25° original and 25° dry samples, the 30 original and 30° dry samples, and the 25° original and 30° original samples at α = 0.05. Therefore, drying the samples reduces the rebound energy of the sample at both 25° and 30°. Also, hitting the sample with a greater force increases the rebound energy. 

	Sample Sets
	Mean Slope (J/Impact)
	SD (J/Impact)

	25° Original
	0.002506
	6.87256E-05

	30° Original
	0.0000439
	0.004449969

	25° Dry
	0.00094288
	0.002894312

	30° Dry
	0.0014425
	0.003672153


Fig. 3: Mean slope of rebound energy vs. impact plots and their SD

Linear regression was performed on the rebound energy vs. impact graphs. The slope of these regression lines generally do not explain the data sets well, as only about 14% of the regression has a R2 of greater than 0.5. The mean slopes of each sample sets are tabulated in Fig. 3. t-testing against the null hypothesis mean of 0 at α = 0.05 showed no significance in any sample sets. Therefore we can not determine any statistical relationship between rebound energy and the number of impacts. As a result, rebound energy does not seem to be affected by the number of impacts, which would explain the slopes of zero.  Since there is no correlation between impacts and deformation, we cannot perform any statistical comparisons between the sample sets for repetitive impacts.

B.XDeformation[image: image2.emf]Fig. 4: Final Deformation
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Fig. 4: Final deformation of the sample after 40 impacts are plotted in their sample sets. The error bars indicate 1 SD from the mean.

	Sample Set
	Mean Final

Deformation
	SD

	25° Original
	0.010439
	0.008037

	30° Original
	0.012077
	0.006783

	25° Dry
	0.003618
	0.001606

	30° Dry
	0.005107
	0.003364


Fig. 5: The mean final deformation of the samples and their SD are tabulated and sorted by their sample sets.

The final deformation after 40 times of repetitive impact was obtained at 25° and 30° at for both the original and dry sample sets. Fig. 4 shows the distribution of the final deformation grouped by its sample set. The error bars indicate 1 standard deviation from the mean. Two sample t-testing was performed on the data sets and no significance (p > 0.05) was found between the 25° original and 25° dry samples, the 30 original and 30° dry samples, and the 25° original and 30° original samples. However, despite the lack of significance, we can clearly see that the variations in the original samples are much greater than the dry samples with the aid of the error bars. This suggests that the original samples undergo generally more deformation than the dry samples.

	Sample Set
	Mean Slope (1/impact)
	SD (1/impact)

	25° Original
	0.0001078
	0.000115929

	30° Original
	0.001073
	0.001473304

	25° Dry
	0.000052625
	6.32657E-05

	30° Dry
	0.00074625
	0.000892491


Fig. 6: Mean slope of deformation vs. impact plots and their SD

Linear regression was performed on the deformation vs. cycle graphs. The slope of these regression lines generally do not explain the data sets well, as only about 36% of the regression has a R2 of greater than 0.5. The mean slopes of each sample sets are tabulated in Fig. 6. t-testing against the null hypothesis mean of 0 at α = 0.05 showed no significance in any sample sets. Essentially, deformation does not statistically vary with the number of impacts, despite a somewhat upward trend in deformation vs. impacts on some of the plots.  The lack of statistical significance implies deformation and repetitive impact have no correlation.  Therefore, since there is no correlation between impacts and deformation, we cannot perform any statistical comparisons between the sample sets as in the final deformation section.

C. Velocity
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Fig. 7: Velocity vs. rebound energy is plotted and linear regression is performed. The error bars indicate 1 SD from the mean.
Linear regressions are performed on the initial velocity and initial rebound energy. As shown by the Fig. 7, the regression explained the data very well with the R2 both above 0.94. Rebound energy was determined to increase with the velocity of the pendulum with statistical significance at α = 0.05. No statistical difference was found at α = 0.05 when comparing the original and dry samples, which implies that the change in rebound energy per velocity change is unaffected by the drying process.

Discussion
Increasing the initial angle or the initial energy increases the rebound energy of the sample. Raising the amount of initial energy causes the amount of energy in the system to increase, and thus the amount of energy absorbed increases as well. Drying the samples removes moisture present in the samples, reducing their mass. Thus at the same level of initial energy, the sample with decreased mass is unable to absorb the same amount of energy, which would explain the reduction in rebound energies after the drying treatment.

Repetitive impact does not change the rebound energy of wood significantly, which was unexpected, since the structural integrity of the wooden surrogate should decline with wear and tear much like materials used in everyday life. One possible reason could be that at non-failure impact energies, the structure of the wooden surrogates is unaffected by the impacts since we are still in the elastic region of the material. The material returns to its original state in event of any non-failure impact and any failure occurs only if the fracture point is reached. 
At all initial strike angles, there was no relationship between the degree of deformation and the number of repeated impacts (p>0.05), and the graph of min/initial versus the number of trials is a horizontal line. This is unexpected because it was hypothesized that the stress from repeated impacts would weaken and erode the structural integrity of the wooden surrogates. As stated earlier, wood may be an elastic material at lower energies of impact, so that insignificant deformation occurs during impact, and the wooden surrogate returns to its initial state after each impact.  An interesting observation was that there was a higher degree of variance in the original samples than the dried samples.  This can be explained by the fact that level of moisture present in the original samples was not controlled, whereas the drying treatment caused the amount of moisture present in each sample to decrease to a similarly low level.

Rebound energy was found to vary proportionately with velocity. This correlates with the first result, which dealt with relating rebound energy to the different initial angles. Since a higher velocity translates to a higher energy input, the rebound energy will increase. However, comparing the original and dried samples, no statistical difference was found between the two. Thus the mass or the presence of moisture does not influence rate of increase of the rebound energy over velocity (slope), only the level of the rebound energy (intercept).

Potential sources of errors existed in this experiment and various measures were devised to minimize them. For example, an important element in pendulum design is to ensure that the wood surrogate is impacted with the center of strike coincident with the center of percussion, so that very little shock and absorbed energy is transmitted into the pendulum apparatus. The apparatus used in this experiment shifted by huge distances (to compensate for momentum changes) during our repeat impact testing. Since the wooden surrogate did not absorb energy until fracture, it balanced out momentum changes by moving. Although we could secure the apparatus by clamping it to the laboratory bench, the distance the apparatus moves without being clamped shows that a significant amount of energy is transmitted into the pendulum apparatus. The inability to accurately quantify the energy absorbed after clamping the device means that there are still uncontrolled errors in our experiment. 

Lastly, due to the small size of the wooden surrogate, the momentum transferred to it in each repeated impact causes the wooden surrogate to move and shift from its upright position.  To account for this we secured the wooden surrogate using thin wires, which might induce error as they absorb energy from the pendulum, causing changes in the values of recorded rebound energy.

Improvements on experimental design

One of our original aims was to investigate if heating will change the strength and hence the rebound energy of the wooden surrogates, simulating weathering effects. The oven in the lab however, is highly undependable as temperature fluctuations occur very easily. Upon opening the oven door to place the samples within, the temperature dropped from 100oC to 80oC because the oven door is large and allows heat to escape rapidly. Subsequently, it takes a long time to get back to the desired temperature. Hence, testing samples at a specific high temperature is unfeasible with the equipment available. Placing the sticks in a container submerged in a boiling water bath (100oC too) would be an improvement, as it would maintain a more consistent temperature. In addition, investigating the effects of 100oC water on the wooden surrogates could be done, although the level of moisture in the sticks would be changed.

Also, we could have used wooden surrogates of varying sizes, shapes and masses to determine the effects geometry has on rebound characteristics. We used the same type of sticks throughout the experiment to maintain homogeneity, and thus investigating the effects of geometry was unfeasible due to the large amount of time needed to collect, convert and analyze the data with an 18 hour limit. With such a time constraint, we were unable to investigate all the variables that we would have liked. Increasing the amount of time or reducing the scope of the experiment might be beneficial for future experimenters.

The experimental results imply that wood would not be a reliable material for safety devices.  The properties of wood are so random and varied due to its natural growth process that a manufacturer cannot expect the same material properties for each piece of wood. This would hinder safety device production because safety equipment must adhere to a rigid set of standards.  Instead, the use of some sort of synthetic polymer with a rigid and consistent production process would be ideal. Within the safety device industry, we can see our experimental findings being confirmed as most products are manufactured from synthetic material such as fiberglass and not biological materials such as wood. 
