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[bookmark: _Toc119335695]Introduction
In this report, we will be analysing how a change in weight applied to a rubber band affects its mechanical properties such as its ultimate tensile strength and yield strength. An experiment will be conducted where an increasing load will be added to a rubber band until it fails. 
Rubber is an elastomer. An elastomer is a polymer that has elasticity, the molecules of elastomers are held together by weak intermolecular forces (covalent bonds/van de waals), and tend to have low young’s modulus and high yield strength. (McKeen, 2012). When a rubber band is stretched, it is known to go back to its original shape. This is due to it still being in its elastic region. If the stress on the elastic band is to increase beyond its elastic limit, then the band undergoes plastic deformation. This is when the rubber band will not go back to its original shape as it is permanently deformed. (Moebs, Ling and Sanny, 2016)
As the rubber band in this experiment is an elastomer, it is expected that as the strain on the band increases due to a higher load being added to it, the stress on the band will also increase. It is predicted that there will be a point where the band can no longer stretch anymore, and fatigue fractures will show, shortly after this the band will reach its ultimate tensile stress.

















Experimental Method
This experiment shows a rubber band, loaded with a known weight incrementally, until it snapped. After each weight increment was added to the band, the length of the band was recorded.
The following equipment was required:
· Rubber band
· Rule
· Hooks
· Weighing scales
· Container to hold weight
· A weight to be added
[image: ]The first step of the experiment was measuring the length of the rubber band without any forces being applied to it. (As seen in figure 1).
Figure 1 shows the rubber band being measured with a ruler. The length of the band shows 50cm.
The hooks seen in figure 1 are not applying a force to the band.

[bookmark: _Toc119241221][bookmark: _Toc119241332][bookmark: _Toc119241349][bookmark: _Toc119334971][bookmark: _Toc119153970][bookmark: _Toc119153989][bookmark: _Toc119158179][bookmark: _Toc119163529][bookmark: _Toc119165370][bookmark: _Toc119240772][bookmark: _Toc119240780][bookmark: _Toc119240809][bookmark: _Toc119240817]Figure 1 - Measurement of rubber band
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[image: ]The next step of the experiment was to find a container which would be used to hold the weight added to the rubber band.
Figure 2 shows a bucket was used.
The bucket was weighed before applying it to the rubber band. This was to ensure that all weight added to the band was recorded.
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[image: ]In order for the bucket to be held by the rubber band, hooks were bought to attach the two together. Two hooks in total were applied to the rubber band, one to hold it to the ceiling, and one to the bucket (as seen in figure 3)
A rule was used to measure the length of the band when the empty bucket was added to the hook. This length was recorded. 
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Once the empty bucket had been applied to the rubber band, and the length of the band was recorded, a known weight was emptied into the bucket. The weight used in this experiment was compost.
[image: ]Figure 4 shows a pot used to scoop the compost out of the bag and into the bucket. The empty pot was zeroed on the weighing scales. This meant that any weight added to the pot now would not include the pot’s weight. 
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[image: ]
Figure 5 shows the pot with 270g of compost. This compost was added to the bucket attached to the elastic band. The length of the rubber band increased. This length was recorded, along with the weight added.
Another 270g pot of compost was added to the bucket/band and the length of the band was recorded once again. This was repeated until the band could no longer hold the weight of the bucket of compost and snapped.
[bookmark: _Toc119241229][bookmark: _Toc119241340][bookmark: _Toc119241357][bookmark: _Toc119334975][bookmark: _Toc119158183][bookmark: _Toc119163533][bookmark: _Toc119165374][bookmark: _Toc119240776][bookmark: _Toc119240784][bookmark: _Toc119240813][bookmark: _Toc119240821]Figure 5 - 270g of compost in pot




[bookmark: _Toc119335696]Results
Below is a table of results for the weight in grams of compost added to the bucket, along with the length of the band at each weight increment.
[bookmark: _Toc119335697]Table of results
[image: ]The first column shows the “compost (gf)”. This is the compost in grams added to the rubber band. The second column is the weight in grams of the bucket and compost together. The third column is the length of the band when the weight is added.
The first line of the table (highlighted yellow) shows the length of the band with no load applied to it.
The second line of the table (highlighted blue) shows the empty bucket added to the rubber band. The length of the band increased to 160mm.[bookmark: _Toc119241231][bookmark: _Toc119241342][bookmark: _Toc119241359][bookmark: _Toc119334976][bookmark: _Toc119163534][bookmark: _Toc119165375][bookmark: _Toc119240777][bookmark: _Toc119240785][bookmark: _Toc119240814][bookmark: _Toc119240822]Figure 6 - Table of results for length of band compared to weight added





The third row of the table (highlighted orange) shows 270g of compost added to the bucket. This caused the band to extend from 160mm to 199mm. 
The table shows that as the load is increased on the rubber band, the band increases in length. This is constant throughout the experiment until 3.65kg and 312mm where the rubber band breaks. 
[bookmark: _Toc119335698]Graph of results
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The graph above shows the results of the experiment. There is a clear trendline showing that as the load on the rubber band increases, the length of the band increases. 
[bookmark: _Toc119335699]Analysis of results

[bookmark: _Toc119335700]Engineering Strain
From our previous results, we can now work out the engineering strain. 
Engineering strain = 
 (epsilon) = Engineering strain
 = Change in length
L = Original length
Therefore, looking at the results for the total length of the rubber band, we have:
[image: ]Choosing the first two values in the table, we can work out the engineering strain: =  = 2.2
This equation is then used for all the remaining length value for example, the next value will be:  = 2.98
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Figure 9 shows the final results for all the engineering strains, using the formula above.                                                     
[image: ]Once all the engineering strain values had been calculated, we then calculated the true strain values.
[bookmark: _Toc119241237][bookmark: _Toc119241348][bookmark: _Toc119241365][bookmark: _Toc119334979]Figure 9 - Table of results for Engineering strain

[bookmark: _Toc119335701]True Strain
The formula for true strain is seen below:
True strain = 
t (epsilon) = true strain
 (sigma) = the sum of
 = Change in length
L = Original length
Instead of using this formula for true strain for large increment sizes of delta L, the approach can be defined using integration (TheEfficientEngineer, 2020). The integral calculation for true strain is seen below:

Where Lf = final length of the band
Lo = The original length
Therefore:


= 
[image: ]Applying this to the experiment results:
  = 1.163
This is the first value for the true strain. This formula was completed for each length measured in the experiment and the results are shown in figure 10.




[bookmark: _Toc119334980]Figure 10 - Results for true strain of rubber band


[bookmark: _Toc119335702]Engineering stress
Engineering stress is the “applied force, divided by the undeformed area over which the force is applied” (Anderson and Macon, 2021). In the case of this experiment, this means that the force (N) applied to the rubber band is always divided by the nominal cross-sectional area of the band.
Firstly, the band was measured for its width and thickness using a vernier caliper.
The results are below:
	Thickness of rubber band (mm)
	Width of rubber band (mm)

	1
	1.5


[bookmark: _Toc119334981]Figure 11 - Section of rubber band
The area of the rubber band was therefore (1 x 1.5mm) 1.5 mm2
As there are two sides to the rubber band, the total cross-sectional area (when no load was applied) was 1.5 x 2 = 3mm2
The formula for the force in newtons is F = mg
Where m = the mass applied to the rubber band
And g = acceleration due to gravity (9.81)

Figure 12 shows the results of the force and the engineering stress from the experiment. 
To achieve the force in newtons, the force (gf) is multiplied by 9.81m/s2 and then divided by 1000. (F=mg)
Column 3 shows the result of the forces (N) divided by the original cross sectional area of the band (3mm2). 
For example row 2’s engineering stress is:
  = 1.3407. This was repeated for all remaning forces.



[bookmark: _Toc119334982]Figure 12 - Force and Engineering stress calculations



[bookmark: _Toc119335703]True stress
The true stress is the force applied to the rubber band at each stage of the experiment divided by the cross-sectional area of the band at that same stage. This is different to the engineering stress because as the band has an increased load on it, the cross sectional area will decrease as the band is being stretched, therefore, the results for the engineering stress and true stress will be different. (Wyatt, 2020)
To calculate the true stress, we must first find the cross-sectional area for each change in length of the rubber band. To do this, the formula is below:
 
The original cross-sectional area of the band is 3mm2
The original length of the band with no load applied to it is 50mm.
So, the formula is:  = 0.9375mm2
This was repeated for every new length, and a cross sectional area result was produced (as seen in figure 13)


[bookmark: _Toc119334983]Figure 13 - Cross sectional area at each band length










Once the cross-sectional area results were produced, the calculations for the true stress could now begin. 

[bookmark: _Toc119334984]Figure 14 - Table of results for True Stress













True stress =   
True stress (highlighted yellow in table) =  = 4.29024. 
This was repeated for every force and cross-sectional area, giving a list of results for the true stress, as seen above.








Graphical Results[bookmark: _Toc119334985]Figure 15- Engineering stress strain curve


Figure 15 shows the graphical results for the Engineering stress strain. From the graph, we can see that the elastic band breaks at around 12N/mm2. This means that the ultimate tensile stress is 12N/mm2. The trendline shows that as the engineering strain increases, the engineering stress increases at an increasing rate. The graph also shows that the rubber band will stretch to around 5.2 times its original length before it fails.








[bookmark: _Toc119334986]Figure 16 - Youngs modulus of Engineering stress strain curve

Figure 16 shows the straight line at the start of the trendline (stress is proportional to strain). This means that the youngs modulus of the rubber band can be calculated.
The gradient of a straight line is calculated using:  =  = 0.6666
The youngs modulus for this rubber band is 0.667x106.
[bookmark: _Toc119334987]Figure 17 - True stress strain graph


Figure 17 shows the true stress strain curve. The trendline shows that the ultimate tensile stress is around 75N/mm2 compared to around 12N/mm2 on the engineering stress strain curve. The curve clearly shows that as the strain on the rubber band increases, the stress of the band increases exponentially. [bookmark: _Toc119334988]Figure 18 - Modulus of true stress strain graph

Youngs modulus =  =  = 3.48x106.  This is an approximation reading from the graph.
[bookmark: _Toc119335705]Experiment Analysis
Overall, the experiment was generally a success. However, there were some accuracy downfalls with the experiment. The first accuracy issue was with the measurement of the rubber band when the load was being added. The rubber band was hanging from the ceiling in the garage, which made it quite high up. This made it difficult to measure the exact length of the band at each stage of the experiment. Also, because two hooks were used to stretch the band, it was difficult to measure the length of the band exactly.
The next inaccuracy was the measurement of the section for the rubber band. This was performed using a vernier calliper, however using a micrometer would have been a more accurate way of measuring. The band was only measured once for the thickness and once of the width. To improve the accuracy and reliability of this data, multiple points around the band should have been measured for the thickness and width, and a mean of the results should have been used.
The weighing scales which were used to measure the weight of the compost is a cheap kitchen electronic weighing scale. I am unsure of the accuracy of this equipment. It would have been better to use proper weighing scales which the accuracy was known, or use multiple scales to ensure the result was correct.
The compost which was used as the weight for the experiment would stick to the inside of the cup which was used to measure/pour into the bucket. This meant that sometimes when the pot was placed back on the weighing scales, there would still be some compost residue left at the bottom of the pot. It would most likely be better to use a different load if this experiment were to happen again.
Lastly, if the experiment were to be repeated multiple times and graphs drawn for each, this would greatly improve the accuracy and reliability of the results, as the band which was used in this experiment may not have the same mechanical properties compared to other bands of the same shape/size.











[bookmark: _Toc119335706]Discussion
The outcome of the experiment has met my expectations of how the rubber band would cope with an increase load being placed on it. As stated in the introduction of this report, the theory of elastomers shows that there is an elastic region and a plastic region. This is evident in figures 15-18, which are the stress strain graphs for the experiment. The trendline of the graphs clearly show at which point the elastic band reaches its yield strength and becomes permanently deformed (the point at which the trendline of the stress strain stops being proportional to each other).
It was also predicted in the introduction of this report that the chemistry of the elastomer will only allow it to stretch to a certain length. After this, the stress will become too much, causing fatigue fractures and ultimately leading to the band breaking. This is also seen in the experimental graphs at the final point of the trendline. This is where the band has reached its ultimate tensile stress and broken.
If I were to have had more money and time for this experiment, there would be a few adjustments I would make to increase the accuracy of my results. The first adjustment I would make would be to change where the experiment was held. The experiment was completed on a cold morning in my garage. Temperature is a factor which can affect the chemistry of the rubber used, so this could have affected my results. To improve on this, the experiment would be taken in a controlled temperature building with multiple bands being tested.
The next adjustment I would attempt to make would be finding a way to add the load to the rubber band in same time intervals, so the strain rate on the band throughout the experiment is the same. (Wyatt, 2020). 

[bookmark: _Toc119335707]Conclusion
To conclude this experiment, I believe that overall, it was a success. The results from the experiment and graphs were as expected with little to no anomalies. The expectations stated in the introduction based on the chemistry of elastomers were proven in the results. The accuracy of the experiment is one aspect of the project which could be improved for next time. Repeated experiments using the same sized rubber bands in a controlled temperature area would increase the accuracy of the results. However, the results of this experiment are a good guide to studying how elastomers generally behave under tension.
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270 2300 281 462 172633166] 22.563 0.533807829 7.521 42.26802
270 2570 287 474 174745921| 25.2117 0.522648084. 8.4039 48.238386
270 2840 295 49 177495235 | 27.8604 0.508474576 9.2868 54.79212
270 3110 301 5.02 179508726 ] 30.5091 0.49833887 10.1697 61.221594
270 3380 308 5.16 181807678 | 33.1578 0.487012987 11.0526 68.084016
270 3650 312 524 1.83098018| 35.8065 0.480769231 11.9355 74.47752
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