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Abstract

Many running injuries are caused by continued use of improper or worn running shoes. The increase in incidence of injury can be directly correlated to the degradation of the materials used in shoe sole construction. The degree to which a shoe degrades is directly related to the changing elasticity of these materials. Three different methods are proposed to measure elasticity in a shoe sole. Strain gauges, Conductive Polymer Force Sensors, and Retro-reflectors will be tested for effective measurement and incorporation into a shoe sole. It is the goal of this research team to select one of the three proposed methods into a functional prototype.

Design Problem


The goal of this project is to create a device that can alert runners when their running shoes are worn beyond their useful life. The device should fit inside the sole of the shoe without affecting the performance of that shoe, and alert runners when there shoe soles are worn to the point where there is an increased risk of injury. Ideally the device will directly measure the changing elasticity of the shoe sole materials over time. However, indirect methods can be considered provided that they show correlation to the degradation of the shoe sole materials.

Problem Motivation
It is a fact of life, eventually the pair of tennis shoes that you own will begin to get old and wear out. For those who are not avid runners, the terms ‘get old’ and ‘wear out’ are often associated to the appearance of a particular pair of shoes. For the avid runner this is not always the case, as shoes that are worn past their useful life do not always appear worn since these shoes are only used for running. An example of this can be seen in the pictures below (fig. 1a,b). Figure 1a shows a running shoe that has been worn for about 400 miles. Figure 1b shows a shoe that is new and has only been worn for 50 miles. Note that it is nearly impossible to tell the difference between the two. 

It is here where the motivation for our project becomes clear. The average running shoe lasts between 300 and 500 miles depending on factors such as the size of the person wearing them or there running style. As a shoe is used passed this threshold, the risk for injury of the runner can increase as much as 50 to 75 percent or even more depending on how many miles shoes have been used for (www.runnersworld.com). The problem with this is that there is nothing to tell runners when their shoes are worn out. Right now there are only two ways to know for sure. The first is to keep a log of how many miles you run in a pair of shoes and to know your threshold for a pair of shoes based on past experience. The other method is to go by feel. Avid runners can often tell that there shoes are becoming worn because they begin to feel extra soreness in there muscles or joints. Obviously there are flaws in both of these methods. So the goal of this project is to create a device that can measure the wear of a shoe sole in a quantitative manner and alert the runner when a new pair of shoes is needed.
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Figure 1a- Old running shoe                 Figure 1b- New running shoe

Background

Elastic Effects of Shoe Sole Material:


The sole of a running shoe serves as a cushion between a runner’s foot and the impact surface. The sole disperses the force of impact over the entire foot better than a bare foot could do itself. Some of the force of the impact is also absorbed into the material itself. The capacity with which the sole material effectively absorbs this impact is called its elasticity.


The mechanics of forces on a material can be described by the stress-strain equation:
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The pressure (() is usually estimated by measuring the force of impact (P, weight of the runner or force with which the foot strikes) divided by the area (A, area of the shoe sole). E is the Elastic modulus, and the value used as the determinant for material elasticity. ( is the strain a certain stress ( creates on a material with elasticity E, and is a function of total length on which forces are acting (in this case, the thickness of the shoe sole).


The wear and replacement of shoes is dependant a sole material’s loss of elasticity, as described previously. As a shoe ages elasticity E decreases, whereas the other variables (P, A, and () do not. The maximum forces a sole material can ideally absorb are described by a variation of eqn. (1):
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Thus as elasticity E decreases, so do the total forces the sole absorbs.


Extra forces experienced during impact are transmitted through the runner’s foot and leg; these are the adverse effects avoided via replacing worn shoes. As shoes age and elasticity decreases, the runner experiences increasingly larger internal stresses. These stresses can lead to injuries such as fractures and strains as the runner body responds in a mechanistically similar fashion through bones and joints.
Running:


Most runners start a stride by striking the ground on the outside of the heel, then the rest of the foot comes down rolling slightly inward, and as the heel lifts the runner pushes off of the forefoot. The rolling action of the foot from the heel to the ball and toes is termed pronation and is the classification characteristic of the various running styles. Each running style has a stereotypical midsole wear pattern that is described in the shoe wear section below.

The most common running styles are supination (underpronation), normal pronation, and overpronation. Supination is the running style associated with the high-arched foot that strikes the running surface on the outside of the foot and pronates very little. Normal pronation is the average running style that moderately pronates and localizes the landing force at the middle of the foot. Overpronation is the extreme pronation case of the flat foot that drastically rolls inward during the running stride, placing the force on the inner portion of the foot. The last possible stride, the forefoot striking stride, is very uncommon in long distance running, because it puts the body at a very uncomfortable forward leaning angle that is common in short-distance running; this is very inefficient. Figure 2 shows the three most common pronation styles in runners.
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Figure 2: Common Pronation Styles

(http://www.dummies.com/WileyCDA/DummiesArticle?id-450,subsat-SPORTS.html)
When determining running style, the individual can stand barefoot in wet sand or on a rug with wet feet. This leaves a print of the foot, illustrating both the foot shape and the associated pronation style. Figure 3 shows sand imprints of the overpronator, the supinator (underpronator), and the normal foot.

Figure 3: Wet sand imprints
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(http://www.dummies.com/WileyCDA/DummiesArticle?id-450,subsat-SPORTS.html)

Shoe Materials and Wear:


The running shoe is composed of four elements: the uppers, the midsole, the footbridge (arch as it has been termed), and the outsole. The uppers are typically made from leather, nylon, or vinyl depending on the quality of the shoe and its uses. The footbridge is made from a plastic or foam material, and the outsole is made of rubber. The layout of a running shoe and its components can be seen in figure 4. The midsole is the portion of the shoe that we will be focusing on when we are testing wear, because a pair of shoes can be worn without true visual signs: the midsole materials lose elasticity without affecting the entire shoe. Typically the midsole is made from a combination of Ethylene and Vinyl Acetate (EVA) and Polyurethane (PU) polymers. When force is exerted on these polymers, there is a reduction of the air content in the foam cells, and after enduring a long run the foamed copolymer does not appear to fully recover. With loss of air content, the midsoles begin breaking down structurally causing unwanted stresses in the bones of the runner, especially the knee.
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Figure 4: Components of a running shoe

(http://www.dummies.com/WileyCDA/DummiesArticle?id-450,subsat-SPORTS.html)
The midsole wears according to the striking pattern of the runner. The forefoot striker is more often a short-distance runner, but about five percent of the running population has adapted this style for long distance. This runner will wear the midsole directly under the ball of the foot first. The overpronator severely rolls their foot over when striding, causing a wear localized over the inside portion of the ball of the foot and at the back of the heel where the foot first contacts the running surface. The neutral striking runner will wear out the midsole under the ball of the foot like the forefoot striker, but in addition they will wear out the heel region like the overpronator. The last wear pattern occurs in the supinator who pronates very little. Typically this runner will wear the outside portion of the midsole of the forefoot and the heel respectively. Figure 5 is a series of diagrams depicting the four different wear patterns seen in running shoes.
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Figure 5: Midsole wear patterns
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(http://www.fleetfeethouston.com/tips/basics.asp)

Design Constraints


After meeting with our client, Professor David Beebe, a list of design constraints was created. First of all, the device needs to be lightweight so it does not affect the performance of the shoe. The device should also fit into the shoe sole without causing the runner any discomfort. Ideally, the runner will not know the device is present until the sensor goes off telling them that a new pair of shoes is needed. Even more important then these two constraints is the fact that the device must last the life of the shoe. This is clearly important since we are trying to measure wear at the end of the shoes useful life. To add to this, any wiring or circuitry must be able to stand up to the force that is exerted on the sole during normal running. Next, the device must have a clear indicator to indicate when the shoe is worn out that can be understood by a runner that might not under stand the theory behind the device. The last constraint is that our prodotype should be as cost effective as possible, so as to allow for possible mass production in the shoe market. 


Another factor that we may consider in the later phases of our design project is the many different combinations that are used to make running shoe soles. It certainly would be ideal if the device would be compatible with as many different varieties of materials as possible. This constraint, however, is secondary to the many mentioned above. 

Literature Search


We searched the internet and “The Lore of Running” book written by Tim Noakes MD to see if any work has been done on an indicator of shoe wear that is related to shoe sole elasticity. Group members also tried to contact employees within Nike and Reebok to see if either of those companies had done any research on this topic. However, no useful information relating to this project was found. We also ran a patent search for a shoe wear indicating device but yet again nothing was found. 

Our client suggested researching the wear indicating bristles on toothbrushes in hopes that they measured elasticity of the toothbrush bristles. A patent search yielded two possible solutions. US Patent # 5,720,941 submitted by The Gillette Company dealt with the wear indicating toothbrush. Basically, the bristles of the toothbrush were covered with two different polymers. The two polymers were two different colors and had different water solubility properties. When the toothbrush was used in water, the water would wash off the outside polymer layer leaving the different color polymer on the bristle. This change of color would indicate that the toothbrush was worn out. This patent was time dependant as opposed to dependent on elasticity. Since this patent did not propose any way to measure elasticity of a material there was no further research done on this topic. Another patent (US Pat. # 6,314,907) was found to be related to wear indicating toothbrush bristles as well. However, this time the patent dealt with indicator bristles that would change colors based on the number of vibrations of the toothbrush. Once again this method of indicating wear of a toothbrush was more related to time rather than elasticity of materials so this method was ruled out as a solution.

Electrical vs. Mechanical vs. Chemical Methods


Three solutions were first considered to begin design process. These included electrical, mechanical or chemical methods. Each method was researched and analyzed and then the design matrix seen below was used to determine which would be the best solution to the project. The main mechanical method that was proposed was to use a spring that would break once the shoe sole had sufficiently worn out. The breaking of the spring would then activate a light source that would indicate that shoe was worn out. This method proved to be unreliable since the spring could be broken if an extreme amount of force was applied to the shoe sole. For example, if someone jumped off a high ledge or a cliff the landing would yield enough force to probably break the spring. This premature indication of shoe wear would pose to be a major problem.


There were several chemical methods considered. Two of these methods dealt with the indicator bristles on a toothbrush. One of these methods indicated wear by the number of vibrations the toothbrush underwent, while the second method indicated wear when water had eroded off a polymer from the toothbrush bristle. Both of these methods proved to be more time dependent than dependent on elasticity. Professor Beebe suggested a chemical method which involved a shoe sole which was partially composed of little ceramic balls that break and release dye when enough force was applied to them. A major flaw of this method was that all of the balls would break if a large amount of force was applied to them (i.e.-jumping off a high surface). If this were to happen then the shoe sole would prematurely indicate loss of shoe elasticity and that would be a major problem in the design. 


Lastly, a variety of electrical methods were considered to provide a solution to this project. These electrical methods included: strain gauges, conductive polymer force sensors, variable force sensors, and retro-reflectors. All of the electrical methods have a major advantage when compared to the chemical and mechanical methods. This advantage is the fact that the output from the electrical devices could be integrated over time. This integration over time would allow for a better measurement of elasticity and eliminate the possibility of the device prematurely indicating that shoe sole is completely worn out.


Below is a design matrix that was used to determine which method would fit the needs of this project the best. Each method was judged in 4 categories (complexity, feasibility, cost, & performance) and was given a rating between 1 (being the worst) and 3 (being the best). The electrical method proved to be the most effective method to measure elasticity of materials as well as the cheapest, simplest, and the most feasible. 
	
	Electrical
	Mechanical
	Chemical

	Complexity
	3
	3
	1

	Feasibility
	3
	2
	1

	Cost
	2
	2
	2

	Performance
	3
	1
	3

	Totals
	11
	8
	7


Alternative Solutions

Strain Gauge Option


Strain gauges are a simple, inexpensive mechanism considered for our prototype design. They measure strain through a material using electrical resistance as a function of the length of the resistive element (Fig. 6). Any change in length along the horizontal axis of the strain gauge shown will deform the resistive element on the right. This change in length creates a proportionate change in electrical resistivity to a current passed through it. Electrical activity output is dependent on the gauge type.


The strain relation measured here is useful for our product because it can be related to material elasticity. The specific interaction of strain and elasticity were discussed in the Elastic effects section. It can be presumed that the stress ( within the shoe material will be relatively uniform (force of impact and sole area should remain relatively static for a runner over shoe lifetime). Therefore, any change in material elasticity would be directly observed through strain in the gauge (eqn. 1).


There are a few drawbacks to incorporating this design. The orientation of the gauge is important for its function. The gauge shown (fig. 6) would measure strain along the shoe sole from toe to heel, not top to bottom. Some sort of feedback system would need to be devised to observe the stress measured by the gauge.


Factors also under consideration are abnormally high stresses. No compensation is included for a sudden spike in stress, such as when jumping or stomping. The ultimate, or “failure” value for elasticity will also need to be determined. One possible design incorporates a fractional change in strain; if a shoe is considered worn after losing 50% of its elasticity then 200% strain would indicate wear. Initial strain value requires calibration, but would adequately take into account characteristics individual to the runner.

Conductive Polymer Option


Another option under consideration uses a device somewhat similar to strain gauges called Conductive Polymer Force Sensors (fig. 7). These are flat devices that can measure forces, again using a change in resistivity due to material deformation. Highly sensitive, and expensive, sensors of this type are used in touch-screen computer monitors and PDA displays, but these are designed for low-pressure detection. Industrial sensors for mid to high range pressures are cheaper and more specific to our variety of use.


Sensors like this are more effective for orientations within a shoe sole. Unlike strain gauges, these sensors are flat and do not lose accuracy or sensitivity with applied area. A drawback created by this same property is the variability with which the same sensor would respond to a different runners impact forces. The sensors measure direct force, which is not directly related to elasticity unless calibrated to include several other variables. 


Force Differential Set-up  


A mechanism we devised to side step these limitations incorporates two sensors into the sole (fig. 8). One sensor is placed near the bottom surface of the sole and measures the forces experienced during impact (F). The second sensor is placed near the top surface and measures forces remaining after the elastic effect of the sole (f). A proportion of the two signals (F/f) would exhibit how much of the impact force has been successfully absorbed via elasticity, and how much force remains to be absorbed internally. As elasticity decreases, this proportion approaches 1.


Once again a calibration is needed to determine just how much elastic loss is too much. The proportion could easily be modified when incorporating the two sensors into an output design. The ergonomics of this set-up need to be considered also; a sensor too close to the top of the sole could irritate the foot itself, and one to close to the bottom could interfere with running style. 

Retro-reflector option:


One of the alternative solutions was to incorporate a retro-reflector into the shoe sole. The retro-reflector would be able to measure the distance between the top and bottom of the shoe sole. With this distance value, the elasticity of the shoe sole would be able to be measured. A retro-reflector consists of a light emitting diode (LED) and a photo diode. The LED emits light from the top of the shoe sole which then travels through a translucent material to the bottom of the shoe sole where the light will be reflected back up towards the photo diode. The photo diode is capable of measuring the amount of light that is being reflected back up from the bottom of the shoe sole. This amount of light is directly related to the distance between the bottom reflective surface and photo diode. In order for enough light to travel through the shoe sole, some sort of translucent polymer must be used wherever the retro-reflector device is placed. In addition, the bottom surface of the shoe sole must be composed of some sort of reflective material as well or else not enough light would reflect and travel back to the photo diode. 
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            Figure 9: Light Emitting Diode              Figure 10: Photodiode

                 (http://acept.la.asu.edu/)              (http://www.lasermate.com/GaAs-TO46.htm)

The retro-reflector design has a variety of advantages for this project. Retro-reflectors are both small and lightweight. These characteristics make them ideal for placing them within a shoe sole because space and weight are two major concerns of our client. A runner will not want to use a shoe with a device that is too bulky or heavy. Furthermore, retro-reflectors are extremely cheap and cost around $1 to $2. This is important because most people will not be willing to pay too much extra for a pair of shoes that indicate when they are worn out. Also, the fact that only one measurement is being taken instead of two (two force measurements) is yet another advantage of the retro-reflector design. One measurement will allow for the circuitry needed to calculate elasticity less complex. Furthermore, there will be virtually no wear on the device since the LED and photo diode will not be coming in contact with each other or any other surface that would cause friction.  


On the other hand, the retro-reflector design does have a few disadvantages. One major disadvantage deals with the fact that wherever the retro-reflectors are placed within the shoe sole, a small amount of translucent polymer must replace the EVA or polyurethane. This will take away from the elastic properties of the shoe sole and will result in a shoe sole that does not provide as much support as it did before. Another disadvantage is that the distance measurement may not be the best way to measure the elasticity of a shoe sole. If the distance measurement does not closely correlate to shoe sole elasticity then this would eliminate the whole purpose of using retro-reflectors. The correlation of the distance measurement and shoe sole elasticity will be determined after the preliminary tests on the prototype are complete.

Future Work

In the near future, our group plans to construct a prototype which will allow testing to be done on the retro-reflector, strain gauge and the conductive polymer force sensor. In order to construct this prototype, we plan to obtain a polymer which degrades faster than EVA or polyurethane. This will allow for the prototype to wear faster than a regular shoe sole and will limit the amount of time it takes to test the three devices. Our group then will integrate the three devices into a polymer mold constructed from the quickly degrading polymer. Once this is done we plan to simulate running wear on the polymer mold by using a machine from the University of Wisconsin-Madison Mechanical Engineering department. The output from each device will be analyzed and the correlation between shoe wear and the output of each device will be verified. Then we hope to determine which device is the best at measuring elasticity. This will be done by putting each device into the design matrix which can be seen below. If any device proves to not measure the elasticity of the shoe sole then it will not be included in the design matrix. The categories (performance, cost, reliability, size/weight) will be equally weighted and a point value of 1 to 3 (1 being the worst, 3 being the best) will be awarded to each design for all four categories. The design with the highest total will be our chosen design which we will integrate into a shoe sole for field testing. We will also have to establish an ultimate wear value which will be the point at which the indicator light will be activated. We also need to put further consideration and research into the circuitry that will read and analyze the output of the chosen device. Our client could most likely provide insight and guidance in this aspect of the design. Furthermore, our group needs to research what kind of power source we plan to use to power the system. The power source will most likely be a small, lightweight, long lasting battery but this will not be decided for sure until further research is completed. After all of this is completed, we plan to integrate the chosen device into an actual shoe sole for field testing. If human subjects are used in field testing then each member of our group will have to under go human subject verification. If all works out to plan and our design is a good indicator or shoe sole elasticity then we hope to submit our design for a patent application.

	
	Retro-Reflectors
	Strain Gauge
	Conductive Polymer

	Performance
	
	
	

	Cost
	
	
	

	Reliability
	
	
	

	Size/Weight
	
	
	

	Totals
	
	
	


Potential Problems: 


The placement and life of the battery that will be needed to run the integration center used to interpret the data from our chosen sensor will be a problem we will need to solve. We will also need to figure out when to take measurements, because of the elasticity of the midsole, we might choose to install a switch to turn on the measurement device at a time after the running. This will be our biggest problem, and we will only be able to solve it with testing. The last anticipated problem will be with the integration of the whole circuit as our team members have little experience with circuits.
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Figure 6: Strain Guage


(http://www.dur.ac.uk/richard.scott/gauges.html)











Figure 7: Conductive Polymer Force Sensor


(http://interlinkstore.com)











Figure 8: Force Differential Set-up
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