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ABSTRACT 

While indoor track allows athletes to compete during the winter period of December to 

February, injury rates during the indoor track and field season are 16% higher than the outdoor 

season. Increases in injury rates are often attributed to the shorter turn radii experienced by 

athletes when competing on a 200m indoor track as opposed to the longer turn radii of a 400m 

outdoor track. A common method of counteracting these asymmetries is to bank the turns of a 

200m indoor track. Aligning the athlete’s resultant force vector perpendicular to the running 

surface can alleviate many of the running form abnormalities caused by turn running. However, 

the high cost of implementing a banked indoor track can be prohibitive to many programs who 

currently have a flat track facility. 

To this end, we have developed two experimental insoles designed to alleviate the 

asymmetries experienced during turn running: a physically angled foam insole and an insole 

containing an angled stiff mid-plate. Insole function was tested through human participant 

running trials to identify their effects on indoor flat track running mechanics. 12 NCAA Division 

1 track and field athletes (6 male, 6 female, age: 21 ± 2 years, mass: 61.4 ± 11.4 kg, height: 1.77 

± 0.17 m) who specialize in distance and mid-distance running provided informed consent to 

participate in this Institutional Review Board-approved protocol. Kinematics, muscle activation, 

and ground interaction variables were monitored during running trials and used to compare the 

effects of the insoles on running biomechanics. 

The physically angled insole produced positive results for ankle joint angles and ground 

interaction variables for turn running. The angled plate insole positively affected right-side ankle 

joint angle positioning and did not significantly impact straight running mechanics. Both insoles 

produced higher levels of muscle activation asymmetry, indicating that this may be a required 

effect of turn running regardless of joint angle positioning and ground interaction. While the 

angled plate insoles showed almost no impact on straight or turn running mechanics, the wedge 

insoles functioned effectively to alleviate several asymmetries related to turn running.   
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CHAPTER ONE 

INTRODUCTION 

 Over 30,000 athletes compete in National Collegiate Athletic Association (NCAA) 

outdoor track1. Over 27,000 of these athletes also compete during the indoor season1. 1.1 million 

high schoolers compete in outdoor track and field, with over 127,000 also competing in indoor 

track1. While indoor track allows athletes to compete during the winter period of December to 

February2, injury rates during the indoor track and field season are 16% higher than the outdoor 

season3. Specifically, distance and mid-distance runners report 1.7 times higher incidence of 

overuse injuries than other event groups (sprinters, jumpers, or throwers), require 168% more 

time-loss than other event groups3, and cost an average of $334,115 in injury related events to a 

university in a single season4. In addition, running related injuries can cause extreme emotional 

hardship and negatively impact the day-to-day wellbeing of athletes5. 

 Several theories as to why indoor track and field injury rates are higher than outdoor, 

particularly in distance running, have been proposed. First, because indoor track takes place prior 

to outdoor track season, it is thought that a more sudden increase in running volume is a primary 

cause for increased injury rates6. Another possible cause is that indoor track and field takes place 

from December to early March, which is typically a colder and darker time of year than outdoor 

track season (late March to June). Winter training conditions can lead to vitamin D deficiency in 

athletes and an increased rate of overuse injuries7,8. Lastly, it has been proposed that increases in 

injury rates during indoor season may be influenced by the shorter turn radii 9–12 experienced by 

athletes when competing on a 200m indoor track (17.2m turn radius)13 as opposed to the longer 

turn radii of a 400m outdoor track (36.5m turn radius)13 (fig. 1). No epidemiological data exists 
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comparing injury incidence between flat track and banked track facilities, but studies have shown 

that biomechanical asymmetries like those seen between the inside and outside legs while 

running on an indoor track may be related to injury12,14–19  It is also important to note that 

athletes competing on a track will always run counterclockwise, meaning the left leg is always 

the inside leg and the right leg is always the outside leg. While externally caused gait 

asymmetries are not dangerous in the short-term, long-term training and competition with 

consistently altered running mechanics can lead to strength asymmetries and alterations to an 

athlete’s natural running gait20–23. 

 
Figure 1. Scale drawings of an indoor and outdoor track. The shorter turn radius of an indoor and 

outdoor track. The shorter turn radius of an indoor track may be the cause of higher injury rates. 

 Some of the first studies regarding flat turn running were conducted by Peter R. Greene 

in the 1980s. Greene developed an extensive body of research regarding turn running, both on 

banked and flat surfaces. His primary goal was to classify how different turn radii and turn 

conditions affect the maximum speed attainable by athletes. By recording athletes running with a 

high-speed 16mm camera, Greene was able to compare each athlete’s velocity, stride length, and 
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ground contact time for straight and curved paths24. He found that for curves of decreasing radii, 

an athlete will have a reduced maximum speed and increased ground contact time, but stride 

length and stride time remain unchanged. He also discovered that the magnitude of these effects 

is dependent on each individual athlete’s height, weight, and velocity, due to the changes of 

reaction forces as seen in fig. 2. This study was one of the first to show that short radius turns can 

negatively impact a runner’s performance and paved the way for future studies that investigate 

more specific gait metrics. 

 
Figure 2. The difference in ground reaction forces between straight and corner running, from the 

frontal plane. From Chang, et al.16. 

Further studies have attempted to investigate the potential causes of decreased running 

performance around track turns9,14,16,17,19,25–27. While most studies regarding turn running are 

focused on performance metrics, their findings indicate that certain biomechanical changes in 
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running form will occur that may also be correlated with higher rates of injury. Specifically, 

maximum left ankle eversion19 (fig. 3, fig. 4), right ankle inversion at initial contact19, maximum 

left hip adduction17, right gluteus medius activation11, left gastrocnemius medialis activation26, 

ground contact time asymmetry28, and ground reaction force asymmetry19 have been shown to 

significantly increase when an athlete runs a track turn. Interestingly, the epidemiology of indoor 

track and field injuries among distance runners aligns with injuries that these changes may be 

related to3,29–31.  

 
Figure 3. A photograph from an NCAA indoor track and field meet demonstrating the extreme 

values of left ankle eversion that can be achieved when running a track turn. 

 
Figure 4. Ankle inversion vs. eversion. 
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One of the first studies to follow Greene’s research came from Hamill, et al.19. Their 

investigation into the effects of track turns on lower extremity function showed significant 

differences in ankle angle at initial contact, mediolateral and vertical ground reaction force 

variables, and maximum eversion of the left ankle during midstance (fig. 5). In this study, when 

running a track turn, the left ankle reached a maximum eversion angle of 22.56˚ (compared to 

11.48˚ when straight running) during midstance and the right ankle experienced 12.76˚ of 

inversion (compared to 7.09˚ when straight running) at initial contact.  

 
Figure 5. Eversion (pronation) and inversion (supination) angles of the left and right ankles, 

respectively, when running a turn19. Note that the left ankle eversion on the curve is higher, and 

the right ankle has a larger total range of motion and inversion angle at initial contact than 

straight running conditions. (C1: condition 1, C2: condition 2, C3: condition 3, RF: right foot, 

LF: left foot). 

The correlation between repetitive ankle eversion during running and injury likelihood is 

highly debated. Historically, excessive ankle eversion was defined as an eversion angle greater 

than 13-15˚, and in one study athletes with eversion-related injuries displayed 2-4˚ more eversion 

during running than healthy controls32,33. However, comprehensive reviews of the literature 
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indicate that absolute eversion angle alone may not correlate with running injury incidence34. 

Another study indicated that coupling peak eversion angle and hip adduction angle may be a 

predictor of tibial stress fractures35. In addition, a greater duration of time spent in eversion 

during the stance phase functions as an effective predictor for the development of medial tibial 

stress syndrome and Achilles tendinopathy36. Track injury epidemiology suggests that the left leg 

may experience more injuries like plantar fasciitis, metatarsalgia, medial tibial stress syndrome, 

and tibialis posterior tendonitis3, which may also be correlated with ankle eversion33.  

The clinically significant definition of “excessive” inversion is also not well defined, but 

a foot that is forced into a more inverted position and restricted from naturally everting at 

midstance may exhibit a lesser ability to absorb impact32. Because ankle eversion functions as a 

shock absorber during running37, some studies have suggested that an ankle that is forced into a 

more inverted position, such as the right ankle while running a track turn, may be more likely to 

cause knee and hip compressive injuries19,38. This again aligns with indoor track and field injury 

epidemiology3,31. 

In addition to ankle angle modification, an athlete also experiences significant changes in 

hip angles when running a track turn17 (fig. 6). Alt et al. found that when running straight, an 

athlete will experience around 7-9˚ of hip adduction. When turning left around a track, left hip 

adduction values increased from7.7˚ to 13.8˚. The peak values for hip adduction occurred during 

midstance, which may be related to injury likelihood. Hip adduction during the stance phase can 

be indicative of medial limb collapse that can lead to patellofemoral pain syndrome, iliotibial 

band (ITB) friction syndrome, and patellar tendinopathy39. In prospective studies, athletes with 

iliotibial band injuries exhibit significantly higher levels of hip adduction than healthy controls40, 
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and athletes with rehabilitated IT band injuries exhibit 2.2˚ less hip adduction than their injured 

counterparts41. 

 
Figure 6. Joint angle differences experienced when turning (left) and running straight (right). The 

red lines demonstrate hip angle, and the yellow lines represent ankle angle. 

Because of the requirement to generate asymmetrical force when running a track turn, 

athletes are not only forced to position their lower extremity joint angles in an abnormal manner, 

but also asymmetrically activate running-related muscles11,26. Whenever a specific muscle is 

repeatedly activated at a higher rate than others, morphological and physiological adaptations in 

muscle structure and function may occur, which contribute to a risk of overloading, asymmetry, 

and consequently, injury42. Pietraszewski, et al.26 found that the left gastrocnemius medialis 

(MG) activates at a significantly higher level than the right MG during a 400m indoor time trial. 

The MG is primarily a muscle that contributes to ankle plantarflexion, but it also functions as an 

ankle invertor when the ankle is in a neutral or inverted position. The Achilles tendon sits 

slightly medial to the subtalar joint and has a slight inversion moment arm on the subtalar joint, 
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allowing the MG to contribute to ankle inversion43,44. Asymmetry of muscle activation can lead 

to overuse of the muscle that is being activated at a higher level, as well as eventual strength 

asymmetries that can lead to elevated injury risk45. Corroborating these findings, Beukeboom, et 

al. found that athletes training consistently on a small radius indoor track will develop significant 

strength increases of the left ankle invertor and right ankle evertor muscle groups9. 

Consequently, athletes that consistently train and compete on short-radius indoor tracks may be 

more susceptible to the development of muscle asymmetries and related injury9. 

Similarly, Nevison, et al.11 showed that the gluteus medius (GM) muscle of the right 

(outside) leg will also activate at a significantly higher level than the left (inside) when an athlete 

is running an indoor track turn. When an athlete runs a consistent left turn, Nevison et al. suggest 

that their findings indicate that the athlete would be required to activate their right GM more than 

their left in order to abduct the right hip to produce lateral force, possibly leading to the 

development of strength asymmetries from repetitive asymmetrical movements over time. For 

hip abductors like the GM, muscle activation asymmetry of 16% is associated with a higher 

incidence of patellofemoral pain syndrome46 and GM strength asymmetry has been shown to 

negatively impact performance and running economy46,47. Athletes that consistently train and 

compete on a short radius indoor track may be more susceptible to the development of GM 

strength asymmetry. 

Some of the earliest research regarding track turn running mechanics indicates that 

overall ground contact time (GCT) and ground reaction force (GRF) increase when an athlete is 

running a turn12,15,17. Greene noted that GCT may be higher for the left side than the right when 

running a track turn12. Agreeing with Greene’s preliminary findings, Ammann, et al. found that, 
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over the course of a 5 km time trial on a 400m track, GCT was approximately 2.57% longer on 

the left side28 (fig. 7). Ground contact time asymmetry has been tied to decreased running 

economy, leading to a higher rate of fatigue and overuse injuries48. 

 
Figure 7. A table of results from Ammann, et al.’s study regarding running asymmetries on a 

track28. Ground contact time asymmetry was measured at 2.57%. 

In the same study investigating ankle kinematics, Hamill et al. discovered a significantly 

higher right side maximum vertical ground reaction force (vGRF) compared to the left while 

running a turn19. While overall increases in vGRF have been retrospectively correlated with 

higher rates of injury, the relationship between vGRF asymmetry and injury is not as clear44. 

Asymmetry in gait kinetics may be linked with overuse injuries20. While the validity of vGRF 

asymmetry as an injury predictor is unclear, retrospective studies have indicated significantly 

higher values of propulsive vGRF peaks between athletes with a history of tibial and femoral 

stress fractures compared with healthy controls49. Hamill et al.19 assert that a higher right-side 

vGRF, coupled with a reduced eversion range of motion in the right ankle when running a track 

turn, indicates that the right leg may be less effective at absorbing shock and possibly more 

prone to developing stress fractures when consistently training and competing in the same 

counterclockwise direction.  
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 Several different methods for reducing the magnitude of abnormal gait patterns during 

track turn running have been discovered. One of the most common ways of combatting these 

problems is by banking the turns of an indoor track (fig. 8). By banking the turns of a track at a 

precise angle, the athlete’s net ground reaction force vector becomes perpendicular to the 

running surface50. The optimal angle for a banked track varies by height, weight, running speed, 

and other biomechanical factors. In newer facilities, hydraulic systems are used to change the 

angle of the running surface during a track meet to accommodate for different running speeds 

depending on which track event is taking place. For sprint events, the bank angle can become 

more extreme than for distance events. 

 
Figure 8. The difference between turning on a flat surface and turning on a banked surface in 

terms of joint angle positioning. Running straight on a flat surface and turning on a banked 

surface each produce relatively neutral levels of hip and ankle frontal plane angles. 

Several studies have shown the various effects of banked tracks on running performance. 

Wannop et al. showed a significant decrease in joint loading in the transverse and frontal planes, 

right ankle inversion, and left ankle eversion on a 10˚ bank. Greene, et al.51 showed that a banked 
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track greatly improves running speeds, while decreasing overall ground reaction force and 

ground reaction force asymmetry (fig. 9). White, et al.52 similarly showed that overall ground 

contact time and ground contact time asymmetry can be reduced by running on banked turns. 

They also discovered that banked tracks allowed athletes to achieve a longer stride length while 

maintaining the same stride frequency, resulting in better performance. These studies indicate 

that gait asymmetries brought on by running a flat curve can be alleviated by banking the turns 

of an indoor track. 

 
Figure 9. A photograph from one of the oldest studies regarding running on banked tracks. 

Greene51 constructed a banked track out of plywood and sections of track surface to show the 

performance and biomechanical improvements caused by banking a track turn. 

The difference in performance effects from banked tracks and flat tracks is highlighted in 

collegiate competition results. In the NCAA, conversion factors based on Greene’s research exist 

during indoor track to compensate for the effects of banked track turns (Table 1). For a sprint 
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race like the 400m, a 200m flat track decreases performance by an estimated 1.57%. While the 

faster races experience a higher percentage adjustment due to the increased velocity term, the net 

performance reductions are exacerbated in a distance race due to a higher number of turn 

repetitions that take place during the race. 

Table 1. Event-specific conversions used to compare banked track and flat track times by the 

NCAA53. For the US Men’s Championship Qualifying Standard for a 3000m indoor race, the 

difference is 5.42 seconds. 

Event Multiplier Men’s 2023 US 

Championships 

Qualifying Standard 

Equivalent 

Time on 200m 

flat track 

Adjustment 

(seconds) 

400m 0.9843 47.20 47.95 -0.75 

800m 0.9859 1:47.75 1:49.34 -1.59 

Mile 0.9874 3:54.00 3:56.99 -2.99 

3000m 0.9885 7:46.00 7:51.42 -5.42 

 

In addition to banked tracks, one study has shown that some benefits can be produced by 

banking an athlete’s shoes using a wedge (fig. 10). Luo, et al.27 found that with wedged shoes, an 

athlete is positioned in an advantageous way for use of the moment generation capacities of the 

ankle, thus increasing turn running performance. The angled shoes showed a positive effect on 

ankle moment generation, overall running speed, and total ground reaction force during turn 

running 27. However, while angled shoes have shown positive effects on performance 

capabilities, their effect on biomechanics with relation to injury mechanisms remains unknown. 

Specifically, the effect of turn running shoes on kinematics, muscle activation, and ground 

reaction force and contact time asymmetry has not been investigated. 
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Figure 10. The control and wedged shoes from a study investigating the effects of corner running 

in wedged shoes27. These shoes were able to improve an athlete’s ankle moment generation, 

ground reaction force, and overall turn running performance. 

While banked shoes and banked tracks both increase running performance, modifying the 

angle of the effective running surface is not the only way to improve turn running performance 

and decrease gait asymmetries. Chang, et al. performed a study in which they compared the 

running speed and mechanics of athletes running along a curved path to athletes running along a 

curved path with a tether applying centripetal force to their center of mass16. Tethered athletes 

were able to run at much higher speeds than without a tether. In addition, they found that while 

vGRF was higher on the right side than the left side when running a turn while untethered, vGRF 

asymmetry disappeared when a tether applied centripetal force to the athlete’s center of mass 

(fig. 11). This study indicates that if a runner is provided with a more effective way to meet 

centripetal force requirements, overall performance and gait symmetry can be improved. 
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Figure 11. The difference found between velocity and vGRF asymmetry of runners when 

tethered and untethered to a stationary center point16. Providing athletes with an effective way of 

meeting centripetal force requirements improved overall running speed and vGRF asymmetry. 

Synthesizing the findings from banked track studies, the banked shoe study, and the 

tether study, we concluded that an effective solution to mitigate negative effects of tight corner 

turn running is to provide a way for the athlete to more effectively generate lateral forces 

required when turn running. While the effects of a banked track and banked shoes indicate that 

an angular adjustment of the effective running surface may be necessary for the correction of 
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biomechanical asymmetries, the tether study suggests that introducing an external method of 

more effectively counteracting the lateral force requirements may be the primary mechanism that 

contributes to the ability of these interventions to decrease asymmetry. A lower cost and 

practical alternative to banked tracks turns and athlete tethering is needed to assist runners with 

lateral force generation. One newly popularized method of increasing the energy return of a 

running stride specifically for straight running is to increase the longitudinal bending stiffness of 

a running shoe. This is typically done by integrating a stiff plate into the midsole of the shoe54–58. 

However, there is a limit to the amount of longitudinal stiffness that still improves running 

energetics and optimal values exist59. Like bank angle, truly optimal values for longitudinal shoe 

bending stiffness vary by a variety of factors, including height, weight, and running speed58. 

Because of this, studies have produced varying “optimal” stiffness values. There is no clinical 

consensus on optimal shoe stiffness, but positive effects on running economy and biomechanics 

have been shown for a 3-point bending stiffness of 14-24 N/mm54,57,60,61 (fig. 12). While other 

studies have shown improved running economy at much higher stiffness values (35-45 N/mm), 

these studies primarily focused on the reduction of EMG muscle activity during sprinting by 

restriction of the metatarsophalangeal (MTP) joint62. Further studies have indicated that 

submaximal running energetics are affected poorly by MTP joint restriction59,62.  
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Figure 12. Energy cost vs. shoe stiffness. Optimal values varied between participants 

unpredictably, but typical values of shoe stiffness that influenced improvements were around 15-

17 N/mm57. 

 While the positive effects of increasing longitudinal shoe bending stiffness have only 

been observed for straight running conditions, we theorize that greater amount of lateral energy 

return could be provided to an athlete by angling the midsole plates in the direction an athlete is 

turning. Primary bending of the midsole plate will occur around the neutral axis of the plate. 

When an athlete runs a turn with a flat (non-angled) midsole plate, the only improved value of 

energy return is oriented in the vertical direction. By angling the plate, the primary direction of 

enhanced energy return would theoretically act at an angle oriented slightly towards the inside of 

the turn. For straight running, a component of this return would still be oriented vertically, but 

for turn running it would now also include a lateral component. Similarly, straight running in 

shoes that have a higher longitudinal bending stiffness increases the lever arm lever arm of the 

ankle and the average ankle moment63. By angling the plate, we theorize that a similar effect will 
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occur about the ankle axis during turn running, but oriented at an angle relative to the running 

surface, allowing for more effective force generation in the lateral direction. 

In summary, every winter, injuries induced by short-turn flat-track indoor track and field 

competition and training create financial, emotional, and physical pain for athletes. Right now, 

the only widely used and feasible intervention for asymmetrical turn running mechanics is the 

high-cost method of banking the turns of an indoor track. While banked shoes and tethering a 

runner to a stationary center point have both shown positive effects on turn running mechanics, 

neither are feasible for prolonged training on an indoor flat track where straight running is also 

required. It is possible that other feasible and cost-effective solutions exist, but their effect on 

both straight and turn running mechanics must be investigated. To eliminate the burden caused 

by these injuries, it will be crucial to develop low-cost surface-based, footwear-based, or 

training-based solutions to combat the biomechanical changes induced by running fast around a 

turn. 

 To this end, we have designed and tested a prototype turn running insole (fig. 13). The 

design utilizes a rigid midsole plate embedded at an angle 10˚ relative to the ground, aiming to 

provide a response force angled towards the inside of the track turn. In addition, we have tested a 

physically angled “wedge” insole to use as a comparison. In previous studies, a wedge insole has 

demonstrated a performance enhancing effect, but its impact on turn running related 

biomechanics has not been well defined. We hypothesized that (1) athletes running a turn 

utilizing the angled plate insoles will experience lower values of left foot maximum eversion 

angle17,19, right ankle inversion angle at initial contact19, left hip maximum adduction angle17, 

gastrocnemius medialis26 and gluteus medius11 muscle activation asymmetry, ground reaction 
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force asymmetry12, and ground contact time asymmetry28 than when running a turn in baseline, 

flat insoles and (2) an athlete running straight in the angled plate insoles will experience no 

change to the aforementioned measurements when compared to straight running mechanics in 

baseline, flat insoles. 

 
Figure 13. Rear view schematics for test 3 insoles: (a) baseline, (b) wedge, and (c) angled plate 

insoles. The wedge and angled plate insoles were each compared to the baseline insole.  
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CHAPTER TWO 

METHODOLOGY 

 To test our hypotheses, 3 insoles were developed and tested on human participants. A flat 

insole and a physically angled insole were used as benchmarks for a third insole containing an 

angled stiff plate. Simplified analytical models were used to generate preliminary design 

specifications, followed by finite element analysis and physical testing for property verification. 

Participants then ran multiple running trials for each insole while kinematics, muscle activation, 

and plantar pressures were measured.  

Prototype Design Criteria 

Three insoles were developed for testing: a baseline flat insole containing no plate 

(baseline), an angled foam (wedge) insole that would physically position the athlete’s ankles at 

an angle relative to the running surface, and a flat insole containing an embedded stiff plate that 

is angled relative to the running surface (angled plate). While straight running, energy storage 

and return can be enhanced by integrating a flat plate within a shoe54,56,58,62–64. By angling the 

plate, the primary direction of energy return would theoretically act at an angle oriented towards 

the inside of the turn. For straight running, a component of this energy return vector would still 

be oriented vertically, but for turn running it would now also include a lateral component to 

provide a more effective way to produce the lateral force required to run a track turn. While the 

angled plate may provide improved lateral energy return and force generation capacity during 

turn running, the flat interface between the insole and the foot should theoretically allow the 

plates to produce this lateral energy return only when an increased lateral force is present, like 
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when running a turn, and should not significantly alter straight running mechanics. While most 

running shoes utilize midsole plates to achieve a positive effect on running energetics and 

mechanics, insoles were utilized in this study to avoid manufacturing an entire shoe from scratch. 

Typical running shoe anatomy is detailed in Appendix A.  

The design of each turn running insole aimed to emulate the effects of a banked track by 

providing a response force oriented parallel to each participant’s body position while turning. 

Design criteria for the insoles focused on geometry, plate stiffness, plate range of motion and 

ultimate failure limit, foam material compressibility, and safety of the insole materials. The 

angled plate insole was designed with the following specifications: 

Geometry 

An insole designed to assist with turn running injury mechanics should provide a 

response force directed to the inside of the turn, allowing the athlete to more effectively 

counteract the centripetal motion encountered when running a turn16,18,27. The optimal value for 

this angle varies by turn radius, speed, height, weight, and running style, showing a direct 

relationship with the inverse Froude number. More information regarding this theory is detailed 

in Appendix B. However, the angle that accommodates the broadest spectrum of possibilities and 

is used by the NCAA for a standard fixed angle banked track is 10˚13,18. In addition, while the 

plate should be imbedded at an angle in order to provide both lateral and vertical energy return, 

the contact area with the athlete’s foot should remain neutral to minimize alteration to straight 

running ankle kinematics. 
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Plate Stiffness 

A possible method for providing a directional force during turn running is by 

implementing a stiff mid-plate oriented at an angle within the insole. The optimal stiffness for 

this plate varies by participant56. There is no clinical consensus on optimal shoe stiffness, but 

positive effects on running economy and biomechanics have been shown for a 3-point bending 

(fig. 14) stiffness of 14-24 N/mm54,57,60,61. This range was generated by compiling the results of 

multiple studies regarding longitudinal bending stiffness of shoes. Positive results were found for 

several values within this range and each study included a baseline stiffness that was less than 14 

N/mm. While a 3-point bending test does not accurately simulate realistic conditions a plate will 

experience during running, it is a simple and repeatable way of measuring longitudinal shoe 

stiffness.  

 
Figure 14. A 3-point bending test. The stiffness is found by dividing the maximum displacement 

by the force applied. The results of this test are dependent on the length of material tested. The 

stiffness range of 14-24 N/mm was found over a portion of the shoe centered around the bending 

of the metatarsophalangeal joint. 
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Plate stiffness is dependent on shoe geometry and for the purpose of material selection 

had to be converted to an appropriate Young’s Modulus. For initial material selection, the plate 

geometry could be simplified to a rectangular plate that is the average width of the bending 

region65. To reduce manufacturing cost and time, all designs were based around a US size 11 

insole (all male participants in this study). The average width of the bending region of a size 11 

insole is approximately 101.6 mm. For isotropic materials, the flexural modulus is equal to the 

Young’s Modulus of the material due to the second moment of inertia for a rectangular beam and 

the derivation of elastic beam theory66. The equation  

𝐸𝐹 = 𝐸 =
𝐿3𝑚

4𝑏𝑑3
 

where 𝐸𝐹 is flexural modulus, 𝐸 is Young’s modulus, 𝐿 is the pinned material length during the 

3-point bending test, 𝑚 is the 3-point bending stiffness, 𝑏 is the material width, and 𝑑 is the 

material thickness, was used to generate possible combinations of Modulus and thickness that 

would produce the desired 3-point bending stiffness. The pinned material length is 80 mm, which 

is the support distance used by many studies that have related longitudinal shoe bending stiffness 

with improved energy return54–57,60,62,64. To make direct stiffness comparisons to these studies, 

the support distance was set to 80 mm. However, because material thickness had not been 

defined and the plate was desired to be as thin as possible, material thickness is left as an 

unconstrained variable. Optimizing for lowest material thickness would be a complex process 

involving 3D optimization spaces. However, because of available manufacturing processes, we 

know that plate material will be purchased from a selection of material thicknesses that are 

commercially available. Because of this, our thickness variable can be simplified to the array 

𝑡 = [0.0625;  0.125;  0.1875;  0.25;  0.3125 … ]𝑖𝑛. 

(1) 

(2) 
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By plugging in equation 2 and other fixed variables (insole width, support distance, and 

desired stiffness) into equation 1, we used equation 3 to generate an appropriate range of 

Young’s modulus for each option of thickness that would produce the desired stiffness of 14-24 

N/mm, shown in table 2. 

𝐸 =
(80 𝑚𝑚)3(14 − 24

𝑁
𝑚𝑚)

4 × (101.6 𝑚𝑚)([1.59;  3.18;  4.76;  6.350;  7.94 … ] 𝑚𝑚)3
 

Table 2. Combinations of material thickness and Young’s modulus that would produce the 

desired bending stiffness of 14-24 N/mm. 

 

Material Thickness 

(mm) 

 

Corresponding Young’s 

Modulus (GPa) 

 

1.59 (1/16 in.) 17.64 – 30.24 

3.18 (1/8 in.) 2.20 – 3.78 

4.76 (3/16 in.) 0.65 – 1.12 

6.35 (1/4 in.) 0.28 – 0.47 

7.94 (5/16 in.) 0.14 – 0.24 

 

The simple, 3-point bending model was used to initially identify the material and 

thickness that may be appropriate for the plate. Final estimation of plate bending properties 

utilized a finite element model (FEM) in ABAQUS 2023 (Dassault Systèmes SE, Vélizy-

Villacoublay, France). A digital 3-point bending test of the plate utilizing 2nd order tetrahedral 

(C3D10M) solid continuum elements were simulated on a plate with the final shape for the 

insoles and verified that the stiffness fell within the range of 14-24 N/mm. 

Plate Range of Motion and Ultimate Failure  

Unrestricted motion of the metatarsophalangeal (MTP) joint requires 30˚ of bending57. 

For an insole containing a stiff mid-plate, restriction of the MTP joint becomes a concern59. For a 

(3) 
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men’s US 11 size foot (the only size of prototype developed for this study), the MTP joint is 

located approximately 6.35 cm from the most distal point of the foot67 with a properly fitting 

shoe including an additional 1.27 cm of space between the foot and shoe front68. A simplified 

cantilever bending scenario was used to verify stresses in the material at this deflection. The 

front portion of the insole was considered fixed beneath the front portion of the foot, while the 

rear was unconstrained (fig. 15). A US size 11 insole is 29.21 cm long, overall, and the midsole 

plate (rear section) could be modeled as a cantilever beam of 21.59 cm unfixed length. To 

validate the ultimate bending limit, the prototype plate was fixed in a cantilever bending scenario 

and manually deformed beyond the required maximum bending limit. 

 
Figure 15. An undeformed plate and a plate bending around the MTP joint. Using this diagram, 

the maximum strain could be calculated, which is used to define the material requirements. 

 The maximum deflection of the end of a cantilever beam, the resulting maximum bending 

moment, and the maximum stress experienced by the beam at the point of fixture are expressed 

by equations 4, 5, and 6, respectively69,70. 
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𝜕𝑚𝑎𝑥 =
𝑤𝐿4

8𝐸𝐼
 

𝑀 =
𝑤𝐿2

2
 

𝜎𝑚𝑎𝑥 =
𝑀𝑦

𝐼
 

In these equations, 𝛿 is deflection, 𝑤 is the magnitude of the distributed load, 𝐿 is 

cantilever beam length, 𝐸 is Young’s modulus, 𝐼 is the area moment of inertia, 𝜎 is stress, and 𝑦 

is the distance away from the beam’s neutral axis. Substituting equation 4 into equation 5 and the 

resulting equation into equation 6 gave: 

𝜎𝑚𝑎𝑥 =
𝜕𝑚𝑎𝑥8𝐸𝑦

2𝐿2
 

Note that once maximum stress was isolated, specific variables cancel out and maximum 

stress was no longer dependent on the area moment of inertia, distributed load magnitude, or 

bending moment, as all terms were simplified to be reflected in the deformation term. Using 

equation 7, we could iterate through the previously generated values of thickness and Young’s 

modulus to generate an additional column for table 2, defining the required ultimate strength of 

the plate and producing table 3. Table 3 and fig. 16 define the boundaries of material properties 

that produced the appropriate 3-point bending stiffness of 14-24 N/mm. 

  

(4) 

(5) 

(6) 

(7) 
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Table 3. Viable options for material thickness, Young’s Modulus, and yield stress. These values 

defined our boundaries for material selection. 

 

Material Thickness 

(mm) 

 

 

Corresponding Young’s 

Modulus (GPa) 

 

Required Yield 

Strength (MPa) 

1.59 (1/16 in.) 17.64 – 30.24 129.69 – 222.33 

3.18 (1/8 in.) 2.20 – 3.78 32.42 – 55.58 

4.76 (3/16 in.) 0.65 – 1.12 14.41 – 24.70 

6.35 (1/4 in.) 0.28 – 0.47 8.11 – 13.90 

7.94 (5/16 in.) 0.14 – 0.24 5.19 – 8.89 
 

 
Figure 16. Viable options for plate material. Shaded regions represent material property 

combinations that would produce the appropriate 3-point bending stiffness of 14-24 N/mm. 

Varying material thicknesses that are readily available for purchase are differentiated by color. 
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Insole Foam Material Compressibility  

In addition to the plate, the foam used in each insole must also be considered. Typical 

running shoe insole and midsole materials include ethylene-vinyl acetate (EVA) and 

polyurethane (PU) foam. These materials are favored by running shoe manufacturers for their 

combination of shock absorption and energy return68,71. While the compressibility and shock 

absorption properties of running shoes vary greatly by shoe and by training volume72, our goal 

was to create an insole that closely mirrored the compressibility of the test specimen shoe to 

avoid impedance mismatch73. Using two foam materials of different compressibility would result 

in unfavorable behavior of energy return and shock absorption that would vary between different 

strides. The experimental shoe should be a standard (widely used, high-volume), low stiffness, 

lightweight running shoe to limit confounding variables. 

Safety 

The material selected had to fail plastically to avoid shattering. This excluded all brittle 

materials. Brittle materials typically have yield strength and ultimate strength values that are very 

near to each other, causing failure to occur at very low levels of flexion. Ideally, our plate would 

not fail under normal running loads. However, in the event that our plate did fail, it is important 

that the effects of the failure be mitigated. By restricting plate material to materials that fail 

plastically, we ensured that permanent, detectable deformation would occur well before ultimate 

failure, protecting the participants from being hurt by sharp fractured plate edges. Plate material 

was restricted to ductile materials, commonly defined as materials with an ultimate strength that 

is approximately 1.5 times higher than yield strength69. 
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Material Definition 

The initial plan for manufacturing was to select carbon fiber as the plate material. For 

commercial shoes containing a stiff midsole plate, carbon fiber is typically the primary material 

selection due to its superior stiffness, ultimate bending limit, and low density. In addition, the 

directional nature of carbon fiber allows material properties to be specifically tailored to 

longitudinal direction bending stiffness while ignoring all other unnecessary directions, lowering 

the necessary weight and material thickness to achieve the appropriate stiffness. 

 Early in the design process, it was assumed that a unidirectional carbon fiber plate would 

be best suited for our application. Literature that details the improved running energetics brought 

on by increased shoe bending stiffness only describes the benefit of longitudinal bending 

stiffness56,57,62,64,74, so prioritizing stiffness in a single direction seemed to be the best decision. 

However, it was soon discovered that carbon fiber would not be feasible for production with the 

available facilities. Utilizing a wet lay-up carbon fiber method of production would make 

controlling material properties within allowable error levels extremely difficult. In addition, 

Montana State University does not currently possess facilities to safely cut cured or pre-

impregnated carbon fiber. Cutting carbon fiber on the laser cutter would result in the expulsion 

of toxic gas and cutting carbon fiber on a CNC machine would result in carbon dust particles that 

can interfere with electronics. 

 A material other than carbon fiber would be required as a plate material. Our goal was to 

closely replicate the properties of carbon fiber, selecting a material that is stiff, flexible, and 

light. The classes of material that are similar to carbon fiber are stiff polymers and low-density 

metals (fig. 17). 
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Figure 17. Materials plotted by Young’s Modulus vs. Density. Materials that have a relatively 

high Young’s modulus and low density are desirable for this application. The region of interest is 

circled in red. 

 Initial investigation of materials resulted in five material options: polystyrene (PS), high-

density polyethylene (HDPE), polypropylene (PP), polyvinyl chloride (PVC), and aluminum 

(fig. 16). HDPE and PP were quickly excluded, as they were near matches but did not end up 

falling within a viable range for material property combinations that could produce the 

appropriate bending stiffness (fig. 16). Aluminum, while readily available for purchase in a wide 

range of thicknesses, did not possess a high enough ultimate strength to allow for full 
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metatarsophalangeal range of motion and was heavier than the other available choices. 4.76 mm 

(3/16 in.) PS and 3.18 mm (1/8 in.) PVC both fell within required ranges for both stiffness and 

ultimate strength, and both have an ultimate strength that is greater than 1.5 times its yield 

strength. Both materials are readily available for purchase at the required thicknesses. 

To minimize material thickness and weight, PVC – Type 1, Young’s modulus of 2.83 

GPa and a yield strength of 50.33 MPa, was selected as the angled plate material, resulting in a 

plate that is 3.175 mm thick. The ultimate flexural strength is 103.42 MPa, meaning failure will 

occur at over twice the yield stress. These values fall well within our desired range (3.18 mm 

thickness, 2.20 – 3.78 GPa modulus, 32.42 – 55.58 MPa ultimate stress). At this thickness, PVC 

is estimated to have a 3-point bending stiffness of 17.97 N/mm from our simplified analytical 

solution.  

Finite Element Analysis 

To verify the stiffness of the plate, a finite element model (FEM) was created of a 3-point 

bending test in ABUQUS 2023. 3-point bending tests are a consistent method of classifying the 

bending stiffness of running shoes. By setting the supports at a fixed distance from each other 

(80 mm) and applying a known force to the center of the bending section and measuring the 

resulting deformation, a consistent stiffness value in the units of force/deformation distance can 

be extracted. Our goal was to reproduce the values attained by previous studies that 

demonstrated a positive effect on running energetics (14-24 N/mm) that used a support distance 

of 3.15 inches (80 mm). 

 Plate geometry was initially created in SolidWorks according to the drawings in 

Appendix C. The outer shape of the plate was then converted to a .inp file and imported to 
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ABAQUS. The part was then extruded to 0.125 inches. To accurately recreate a 3-point bending 

scenario, the part was partitioned in 3 locations: once at the location of the metatarsophalangeal 

(MTP) joint and at two locations 1.575 inches on either side of the MTP joint (fig. 18). The 

partitions do not physically break the geometry, they define regions that were meshed 

independently and ensure nodal placement along partition boundaries. 

 
Figure 18. The original geometry of the plate in the finite element model. The geometry is 

partitioned in 3 locations to represent where the supports and force mechanism would contact the 

plate. 

 Next, supports and the force mechanism were added to the model (fig. 19). A typical 3-

point bending test used steel or aluminum rounded contact points. Our FEM recreates these 

accurately by defining rounded contact regions as rigid contact points. Reference points were 

added along each point of contact to simplify the definition of boundary conditions. 
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Figure 19. The initial geometry of the FEA with the supports added. The supports were designed 

to have rounded contact points with the plates and undergo rigid contact with the plate. 

 Boundary conditions were then added to each support part (fig. 20). All faces of each 

stationary support were fixed for rotation and translation in the x, y, and z directions. The force 

mechanism support was constrained similarly, but still allowed translation in the z direction. 

Each partition of the plate was constrained in the x, y, and z directions of translation and the x 

and z axes of rotation but allowed rotation about the y axis. The choice to add linear constraints 

on portions of the plate was made to ensure the model would not diverge to infinite displacement 

while closely replicating a physical 3-point bending test. In a physical bending test, the bending 

specimen would be pinned at each support, allowing rotation about a single axis. Lastly, the open 

face of each support was 4 inches long and 0.5 inches wide, resulting in a flat face of area 2 

square inches. By applying a pressure of 0.5 psi to the 2 square-inch plate, a resulting net force 

of 1 pound is applied to the force mechanism. Doing so allows simplified bending stiffness 

calculation while avoiding stress concentration effects that would not be present in a physical 3-

point bending test. 
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Figure 20. The initial geometry of the FEA with boundary conditions and loads applied to 

various points of the supports. The two outermost supports are fully fixed, a pressure resulting in 

a total load of 1 lb. is applied to the flat surface of the force mechanism support, and the 

partitions of the plate are constrained to only rotate about a single axis. 

 Finally, the plate could be meshed (fig. 21) and tested for convergence (fig. 22). 3-

dimensional second-order tetrahedral (C3D10M) solid elements were selected for the final 

model. Second-order tetrahedral elements, or parabolic elements, have 10 nodes each (4 corner 

nodes and 6 edge midpoint nodes) and model second-order displacement in volume, along faces, 

and along edges75. These elements are favored for their ability to accurately represent curvature 

due to the ability of their edges and faces to curve before and after deformation76. While a plane 

stress assumption or the utilization of first-order elements may have simplified this problem and 

reduced required computational power, a 3-dimensional model with second-order elements 

produces the most accurate results77. 
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Figure 21. The plate with a mesh applied. The model utilized second-order tetrahedral 

(C3D10M) solid elements and a total of 624 nodes. 

 
Figure 22. Varying levels of mesh refinement (a: 66 nodes, b: 278 nodes, c: 624 nodes, d: 2145 

nodes). A finer mesh produces more accurate results but requires exponentially higher 

processing power. 
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The model was then tested for convergence (fig. 23, table 4). A finite element model is 

considered to converge when a successive refinement of the mesh produces negligible change in 

output. The goal stiffness was 14-24 N/mm, meaning that acceptable values would be 19 ± 

26.3%. With such a wide acceptable range of stiffness values, convergence criteria would not be 

limited by processing power. Convergence was defined as <1% change between iterations. From 

the third iteration (624 nodes) to the fourth iteration (2145 nodes), the total beam displacement 

decreased by only 0.51%. A fifth iteration (4383 nodes) was tested, and another negligible level 

of change was observed. 

 
Figure 23. Plate deflection vs. number of nodes in the model. Convergence occurred at 624 

nodes. 
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Table 4. Displacement by the number of nodes in each successive mesh refinement. Beyond 624 

nodes, successive mesh refinement produced negligible change. 

Nodes Used in 

Model 
Displacement (in.) 

% Change From 

Previous Iteration 

% Error from 

Analytical Model 

66 0.017698 - 81.53% 

278 0.010695 65.48% 9.70% 

624 0.010420 2.64% 6.88% 

2145 0.010367 0.51% 6.33% 

4383 0.010290 0.75% 5.54% 

The final model contained 624 nodes and calculated midline bending displacement to be 

0.0104 inches under 1 pound of force (fig. 24). Converting units, this is equivalent to 0.265 mm 

of displacement under 4.45 N of force. Dividing applied force by displacement yields our FEM 

predicted bending stiffness of 16.81 N/mm. This is 6.88% lower than the analytical solution 

found when simplifying the cross section of the plate to a rectangle. Both values fall within the 

desired range of 14-24 N/mm. 

 
Figure 24. The finite element model of a 3-point bending loading scenario for the midsole plate. 

Under 4.45 N of force, the middle portion of the plate had a maximum deformation of 0.26 mm. 

This corresponds to a 3-point bending stiffness of 16.81 N/mm. 
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Prototype Production 

The outer geometry of the plate was modeled in SolidWorks (Dassault Systèmes SE, 

Vélizy-Villacoublay, France). The geometry was obtained from the test specimen shoe by taking 

careful measurements along the centerline and recreating the shape with splines (fig. 25). 

 
Figure 25. The outer geometry of the plate, modeled in SolidWorks. The shape is modeled to 

match the inside of the test specimen shoe. 

 The exact dimensions of each piece of each insole are described in Appendix C. This 

geometry was converted to a .dxf file and imported to a CNC control laptop. The plate was cut 

from a large sheet of PVC plastic on a ShopBot (Durham, NC, USA) Desktop CNC Router (fig. 

26) 



38 

 

 
Figure 26. A ShopBot Desktop CNC Router that was used to accurately cut the outer geometry 

of the foam insole material and plate. 

The insole foam material of each insole was selected to be ethylene-vinyl acetate (EVA) 

foam. EVA foam is closed-cell and crosslinked, making it an effective shock absorber and load 

distributor78. The properties of EVA foam are detailed in Table 5. Most importantly, the 

Hyperion Tempo (Brooks, Seattle, WA, USA), which has an EVA midsole, would be used as the 

base test shoe. Utilizing the same foam material for the insole and shoe midsole avoids an 

impedance mismatch. The outer geometry of the foam insole material was cut on a ShopBot 

(Durham, NC, USA) Desktop CNC Router (fig. 26). The EVA foam was then cut to 10˚ on a 

bandsaw using a handmade platform attachment that would orient the foam at the correct angle 

(fig. 27). 
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Figure 27. The platform (left) used to hold the EVA foam at a 10˚ angle while being cut on the 

bandsaw with angle verification (right) 

Table 5. Final material selection and specifications. PVC – Type 1 was selected as the plate 

material and EVA was selected for the bulk foam material. 

 Final Material Selection and Design Specifications 

Insole Foam: Material EVA Foam 

Insole Foam: Density 0.032 g/cc 

Insole Foam: Pressure to compress 25% 0.0275 MPa 

Plate: Material Thermoformable PVC – Type 1 

Plate: Thickness 3.175 mm 

Plate: Young’s Modulus 2.83 GPa 

Plate: Estimated 3-point bending stiffness 17.97 N/mm 

Plate: FEA 3-point bending stiffness 16.81 N/mm 

Plate: Max. Stress Experienced at 30˚ 41.62 MPa 

Plate: Yield Strength 50.33 MPa 

Plate: Ultimate Flexural Strength 103.42 MPa 

Plate: Yield/Ultimate Strength 2.05 

 

The final prototypes consisted of 1 control insole and 2 experimental insoles: a flat foam 

(baseline) insole that was constructed to match the foam material properties and thickness of the 

other 2 test insoles, a physically angled (wedge) insole, and an insole that is flat on the top and 
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sits parallel to the shoe sole but contains an angled stiff plate (angled plate) (fig. 28). All three 

insoles are 19.05 mm thick and fit within a modified Hyperion Tempo (Brooks, Seattle, WA, 

USA), running shoe. To accommodate the height of the insoles, the upper portion of the shoe 

was cut open and the shoe was “laced” to the participant’s foot with athletic tape. When the 

shoes had been fully taped to the participants’ feet, each participant was instructed to run a short 

distance to test the comfort and fit of the shoe. Based on participant verbal feedback, tape was 

either added or removed until the participant reported that the shoe felt comfortable and secure 

for running. Throughout testing, there were no instances of a shoe becoming loose or of tape 

breaking, and participants reported that the taped shoes felt similar to a regular running shoe. 

While this workaround was imperfect and may have caused additional motion artifacts in the 

data, we hoped that by constructing each insole of the same material, of a similar stack height, 

and by taping each shoe in every trial, we would make variation consistent across the board and 

comparisons between trials within the study would remain valid. The baseline insole was flat and 

served as a control (fig. 30). The angled plate insole contains a stiff mid-plate that is angled at 

10˚ (fig. 28). The angled foam insole is cut longitudinally at 10˚ relative to the ground (fig. 29). 

  
Figure 28. Left to right: front and top view of the angled plate insole prototype. 
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Figure 29. Left to right: front and top view of the wedge insole prototype. 

 
Figure 30. Front view cross-sections of all 3 insoles for the right shoe. From left to right: 

baseline, wedge, and angled plate insoles. The wedge and angled plate insoles were each 

compared to the baseline insole. 

Bending Limit Verification 

 The plate was bench tested to ensure that it met required bending limit specifications (fig. 

31). Normal motion of the metatarsophalangeal (MTP) joint during running is 30˚59. The 

maximum passive bending limit of the MTP joint is approximately 62˚67,79. While the shoes were 

primarily used during running, it was also important for the plate to allow additional flexion if a 

participant forces them into extreme position by stretching or intentionally bending them to an 

extreme amount. To mimic the motion of the MTP joint, the first 3-inch section of the plate was 

secured to a flat surface. The free end of the plate was then manually bent to approximately 62˚ 

and photographed. The photograph was then imported to AutoCAD (Autodesk, San Francisco, 
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CA, USA) and measured with an angle measurement tool. The plate achieved a bending angle of 

65˚ and returned to its original position with no apparent signs of damage or permanent 

deformation. 

 
Figure 31. A bench test of a cantilever bending scenario showing that the plate is capable of, at a 

minimum, 65˚ of flexion. 

Experimental Design 

Power Analysis 

 An a priori power analysis was conducted using G*Power80 version 3.1.9.7 for sample 

size estimation. For our study, we would investigate the effects of different test conditions within 

the same sample of individuals, meaning that our results would be analyzed with a single sample 

matched pairs t-test with dependent groups. In order to ensure that significant differences would 

be detectable in all metrics, the sample size was selected to accommodate the lowest existing 

effect size among the metrics being measured, based on data from previous 

studies.12,19,26,27,46,51,52,81,82 The metric with the lowest effect size was determined to be right ankle 
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inversion at contact with an effect size of 3.60. With a significance of α = 0.05 and a power of 

0.80, the minimum required sample size was found to be N = 4. Because this analysis was based 

on assumptions regarding the magnitude of insole effect, the actual sample size was set at N = 6 

to allow room for additional error. 

Experimental Procedure 

 The effects of each insole on indoor flat track running mechanics were tested with human 

participant running trials. Participants were recruited via an announcement provided to a 

collegiate level track and field coach. Interested participants that fit recruitment criteria were 

instructed to directly contact the study coordinator. Twelve National Collegiate Athletic 

Association (NCAA) Division 1 track and field athletes (6 male, 6 female, age: 21 ± 2 years, 

mass: 61.4 ± 11.4 kg, height: 1.77 ± 0.17 m) who specialize in distance and mid-distance (800m 

to 5000m) provided informed consent to participate in this Institutional Review Board-approved 

protocol (Appendix D). All participants were free of any musculoskeletal injury that resulted in 

surgery or more than 2 weeks away from training over the last 12 months by self-report. 

Participants were selected in a convenience sample from the Montana State University Track and 

Field team. All participants were right hand and right leg dominant.  

Because the angled plate insoles required specific geometry-dependent material property 

selection to achieve appropriate bending stiffness, only one size of angled plate insole could be 

developed due to time and budget constraints. All male participants were required to have a US 

men’s size 10.5-11.5 foot to fit this prototype. Female participants only completed trials with the 

baseline and wedge insoles, and thus were not subject to a shoe size restriction. All trials were 

completed at the Montana State University outdoor track facility where a semicircular path with 
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the turn radius of a standard indoor track lane 1 (17.2 m) was drawn on the interior of the 

outdoor track area. When participants arrived at the MSU outdoor track and field complex, they 

were provided with the consent form (Appendix E). Participants reported their gender, age, 

weight, height, and training volume in miles per week. 

Participants were then equipped with an Xsens (Movella, Henderson, NV, USA) MVN 

Link Inertial Measurement Unit (IMU) Suit (Wi-Fi, 240 Hz) for kinematic data collection, 2 

Trigno (Delsys, Natick, MA, USA) Avanti (single-channel, 1926 Hz sampling frequency) 

sensors and 2 Trigno Maize (16-channels, 1000 Hz sampling frequency) surface 

electromyography (EMG) sensors for muscle activation data collection, and XSensor (XSensor, 

Calgary, AB, Canada) Pro Intelligent Insoles (150 Hz, 1-128 psi range) for plantar pressure data 

collection. Specifics of these data collection devices and procedures are detailed in the following 

subsection. 

Participants were instructed to begin with a 10-minute warm up at a self-selected pace. 

Participants were allowed to walk, jog, run, or perform dynamic stretches during this time. When 

the participant indicated they were ready to begin, the test procedure was explained in detail. 

Five possible conditions existed for testing: straight running with baseline insoles, corner 

running with baseline insoles, straight running with the angled plate insoles, corner running with 

the angled plate insoles, and corner running with physically angled foam insoles. The primary 

purpose of the wedge insoles was to provide the most extreme version of angled footwear that 

would provide an upper bound of benefit for an angled insole while turning and provide the 

ability to compare outcomes with previous angled shoe data. Straight running with the wedge 

insoles was not tested out of precaution from injury such as sprained ankles or falls, particularly 
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due to the high speed and effort that was required from the individuals (see pace in next 

paragraph), as 10˚ is a common inversion angle used to simulate ankle inversion sprains in a 

lab83–85. Participants performed three trials with each possible test scheme for a total of fifteen 

trials per male participant and nine trials per female participant. The difference in total trial count 

is because the angled plate insoles were not tested on the female participants due to shoe size 

limitations. 

The order of tests was determined by uniform random number generation86 using the 

“rand()” command in MATLAB R2023a (MathWorks, Natick, MA, USA) to avoid any effects 

from ordering. Participants were instructed to run within 5% of the speed that matches their 

personal record pace in whichever event they have the highest public ranking from World 

Athletics87. Running speed was verified by live center of mass velocity monitoring as calculated 

by the Xsens IMU suit. See the following subsection for a description of this process. Trials were 

repeated if a participant deviated more than 5% from their target pace during the window of 

interest. At the beginning of each trial, participants executed a maximum effort vertical jump to 

assist with a manual synchronization of kinematic, muscle activation, and plantar pressure data. 

This was not a true frame-by-frame synchronization of data, as we only wanted to verify that all 

data was being collected from the same set of stride cycles within each trial. 

For each trial, the data collection software would be initialized, and the participant was 

instructed to walk to the proper starting line (fig. 32). The participant would then complete one 

maximum effort vertical jump and begin running along the specified path, eventually reaching 

their prescribed race pace for a period of a few seconds. When reaching the end of the path, the 

participant would slow down, and the data collection software would be ended. The participant 
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would then walk or jog back to the starting area. When all trials were completed, the participant 

performed a 5-minute cool down jog and was permitted to leave. 

 
Figure 32. Testing procedure for the study. Participants performed 3 trials for each test condition 

(varying shoe inserts) over a period of approximately 1 hour. Straight and turn running were 

tested at the individual’s self-identified race pace. 
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Data Collection Equipment 

Kinematic Data Collection Equipment and Procedure 

Joint angles and center of mass velocity were collected using a Movella (Delft, Zuid-

Holland, Netherlands)) Xsens MVN Link Inertial Measurement Unit (IMU) Suit 88,89. The IMU 

suit consists of a tight-fitting shirt and pants, 17 MTx IMU sensors, a battery pack, and a data 

logger. The data logger was wirelessly connected to a WiFi router that was wired to a data 

collection computer, allowing for real time monitoring of the device. IMU sensors were placed 

on each participant’s head, shoulders, upper arms, forearms, hands, pelvis, upper leg, lower leg, 

and feet according to Movella’s recommendations that may assist with data acquisition accuracy, 

prevention of early sensor dysfunction, and ergonomic commodity90. Elastic Velcro straps were 

used to hold each sensor in place as the study progressed.  

Each IMU sensor contains 3D gyroscopes, 3D accelerometers, and 3D magnetometers 

(38 x 53 x 21 mm, 30 g) to provide 3D angular velocity, acceleration, and earth magnetic field at 

a sampling rate of 240 Hz91. When attaching the sensors to a body, the initial orientation between 

the sensors and body segments is unknown. To define this relationship, the subject stands in 2 

known positions: N-pose (arms neutral and beside the body) and T-pose (upright with arms 

horizontally and thumbs forward) to perform the system calibration. The rotation from sensor to 

body segment is determined by coupling the orientation of the sensor in the global frame with the 

orientation of each segment in these known positions88. The Xsens suit tracks the motion of the 

body with a biomechanical model consisting of 23 segments (pelvis, L5, L3, T12, T8, neck, 

head, shoulders, upper arms, lower arms, hands, upper legs, lower legs, and feet). For each 

segment (B), kinematic quantities are expressed in a local right-handed Cartesian coordinate 
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system (L) with X oriented to the front of the body, Y pointing laterally and orthogonal to X and 

Z, and Z oriented in the upwards vertical direction (fig. 33).  

 
Figure 33. Sensor (S), segment (B), and local (L) coordinate frames used to calculate joint 

angles91. 

The MTx sensor gyroscopes measure angular velocity that, when integrated over time, 

provide the change in orientation of each body segment over each time step88. Linear 

accelerometers measure the acceleration vector and gravitational acceleration that, when 

excluding gravity and integrating twice over time, provide the change in position for each body 

segment. With position and orientation established, the joint angles are calculated using the 

difference between the orientation of the distal segment and the proximal segment using 
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quaternion multiplication. This quaternion is then converted to Euler angles following the ISB 

and Grood and Suntay recommendations92. All Xsens MVN joint angles follow the extraction 

sequence ZXY (Z, flexion and extension; X, abduction and adduction; Y, internal and external 

rotation)88. 

Xsens uses the ISB biomechanical model93 to estimate center of mass (COM) position, 

velocity, and acceleration. The software uses approximate segmental analysis by first calculating 

the position and orientation of each body segment and approximating the mass fractions and 

COM positions of each body segment using previously defined anthropometric tables. To assist 

with this calculation, the user must enter the participant’s body height, shoulder height, shoulder 

width, arm span, wrist span, elbow span, hip height, hip width, knee height, ankle height, foot 

length, and extra shoe sole thickness. 

The kinematic data that was exported from the MVN software (fig. 34) included both 

eversion and inversion data for the right and left ankle, abduction and adduction data for the right 

and left hips, and COM velocity.  
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Figure 34. An example of the IMU suit interpreting a participant’s body position in real time in 

the a priori N-pose. From this model, all required joint angle data could be directly exported 

from the software.  

Muscle Activation Data Collection Devices and Procedure 

 Surface electromyography (EMG) signals were collected using 2 Trigno (DELSYS, 

Natick, MA, USA) Avanti (single-channel, 1926 Hz sampling frequency, 10 mm inner-electrode 

distance) sensors and 2 Trigno Maize (16-channels, 1000 Hz sampling frequency, 10 mm inner-

electrode distance) sensors (fig. 35). The use of two different types of sensors was necessitated 

by lab availability. Comparisons were only made between sensors of the same type. The Avanti 

sensors were placed according to the SENIAM guidelines94 on each participant’s left and right 

gluteus medius muscles and the Maize sensors were placed on each participant’s left and right 

medial gastrocnemius muscles. As each muscle was being compared to its opposite side 



51 

 

counterpart, it was important to use the same type of sensor on each paired muscle (single 

channel on gluteus medius, multi-channel on gastrocnemius lateralis).  

 
Figure 35. Trigno Maize sensor (left, multi-channel) and Trigno Avanti sensor (right, single 

channel). The Maize sensors were used on the gastrocnemius medialis, and the Avanti sensors 

were used on the gluteus medius. 

The skin of each sensor placement location was shaved and cleaned with an alcohol wipe 

before attaching the sensors to reduce impedance and to improve electrode adherence. For 

gluteus medius sensor placement, participants laid on their side while a research coordinator 

applied downward pressure to the outside ankle. Participants were then instructed to abduct their 

upper leg, resisting the applied downward force. The trochanter and crista iliaca were then 

identified and the electrodes were placed halfway between each (fig. 37). For gastrocnemius 

medialis sensor placement, participants laid face down and a foam roller was placed underneath 

their ankle. Participants were instructed to plantarflex and slightly internally rotate their ankle to 

further define the muscle. The electrodes were then placed, per SENIAM guidelines, on the most 

prominent bulge of the muscle (fig. 36).  
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Figure 36. Images from SENIAM showing the ideal placement location for EMG sensors on the 

gluteus medius (left) and gastrocnemius medialis (right). 

Electrodes were secured to the skin with double sided tape and then wrapped with an 

elastic Velcro strap (fig. 37). The EMG sensors wirelessly connect to the main charging hub that 

was connected to a different data collection computer, again allowing live monitoring of these 

devices.  

 
Figure 37. An EMG sensor fixed securely to a gastrocnemius medialis muscle. The sensor was 

first secured to the skin with double sided tape and then wrapped with an elastic Velcro strap. 
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Plantar Pressure Data Collection Equipment and Procedure 

 Pressure data was collected using two XSensor (Calgary, AB, Canada) Pro Intelligent 

Insoles (100 Hz, 1-128 psi range). The insoles contain 235 individual pressure sensors each, 

producing a resolution of 7-9.4 mm, depending on insole size. They are capable of measuring a 

pressure range of 0.7-88.3 N/cm2. The pressure insoles were used to estimate vertical ground 

reaction force and ground contact time. While the XSensor insoles (fig. 38) measured only 

pressure and contact area, an estimated ground reaction force is automatically generated by the 

analysis software within error levels of ± 5%95–97.  

 
Figure 38. The XSensor Pro Intelligent Insoles used to measure ground contact time and ground 

reaction force. 

The pressure insoles are placed directly into each participant’s shoe. The insoles have a 

thickness of only 2 mm, meaning they are almost undetectable by the user. The insoles connect 

to a data transmitter that clips onto the outside of the participant’s shoe (fig. 39). This transmitter 



54 

 

connects wirelessly to a third data collection computer, allowing all three devices to be 

monitored in real time. The pressure sensors directly report pressure and contact area of each 

foot and automatically generate estimates for vertical ground reaction force.  

 
Figure 39. The XSensor pressure insole in an athlete’s shoe. The data transmitter and battery clip 

onto the outside of the shoe. 
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Data Processing 

 All data processing and statistical analyses were completed in MATLAB R2023a 

(MathWorks, Natick, MA, USA). Each set of data was manually synchronized by identifying the 

frame on which each participant landed from the initial vertical jump. This procedure was not a 

true synchronization, but rather ensured that the data from each trial was extracted from the same 

set of stride cycles. Small time-shifting may have occurred when synchronizing data with 

different sample rates, however, data was analyzed on a stride-by-stride basis from heel strike to 

heel strike via time index, allowing side-by-side comparison of the data. The landing of this 

jump appeared as a sharp positive spike in center of mass acceleration in the IMU suit data, a 

sharp spike in positive acceleration for the built-in inertial measurement of the EMG signals, and 

a sharp spike in overall estimated load in the pressure insole data. Center of mass (COM) 

velocity data, as reported by the IMU suit, was used to determine when each participant reached 

within 5% their predefined goal pace, which signified the beginning of the window of interest. 

The first 4 stride cycles within the window of interest were analyzed from each trial. While some 

trials produced more than 4 viable stride cycles, the same number of strides was analyzed for 

each trial to ensure consistent data collection. 

IMU Data Processing 

 For each joint, the specific metric of interest was a joint angle peak at a specific point in 

the stance phase. Using COM velocity data, the point at which each participant met their target 

speed was documented as the beginning of the window of interest. From this point, the next four 

complete stride cycles were isolated and plotted versus time. By comparing this data with the 

Xsens software running model, the specific frames on which initial contact and toe-off occurred 
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could be identified. Then, within these time spans, a MATLAB code would select and export 

each metric of interest (left ankle maximum eversion during midstance, left hip maximum 

adduction during midstance, and right ankle inversion at initial contact) along with their 

corresponding timestamp. These metrics were selected due to their historical correlation with 

injury32,33,39,41,98–100 In addition, COM velocity data for every trial was individually verified to 

ensure each participant met and maintained within 5% of their target velocity during the full four 

stride cycles. Average velocity over the four analyzed stride cycles was extracted from the data 

and recorded for each trial to be analyzed as a possible covariate within the data.  

EMG Data Processing 

Raw EMG signals were first bandpass filtered at 20-450 Hz with Trigno’s onboard signal 

processing filter101. In MATLAB, each signal was then digitally high-pass filtered at 20 Hz102, 

fully rectified103, and then low-pass filtered using a 50 ms sliding-window RMS average104. Full 

rectification of an EMG signal takes the absolute value of every data point, allowing for analysis 

of signal amplitude105. Without this step, the mean of each signal would be zero. Finally, a 

moving window low-pass filter calculates the RMS of all data points within a fixed window 

length, smoothing the data and allowing a clear amplitude peak to be identified104.  

The EMG sensors contain an internal IMU unit which was used to identify when each 

participant landed from their initial vertical jump, matching the stride cycles of interest between 

the EMG data and IMU suit data. Within each window of interest, EMG Data was normalized to 

the mean value of the control condition and then compared between muscles in terms of 

asymmetry index (ASI), shown in fig. 40106. 
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𝑳𝒆𝒇𝒕 𝑪𝒂𝒍𝒇 𝑹𝒊𝒈𝒉𝒕 𝑪𝒂𝒍𝒇 

 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑚𝑒𝑎𝑛 = 20 𝑚𝑉 

 

 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑚𝑒𝑎𝑛 = 40 𝑚𝑉 

 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑡𝑢𝑟𝑛 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = 30 𝑚𝑉 

 

 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑡𝑢𝑟𝑛 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = 30 𝑚𝑉 

 

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = (
30 𝑚𝑉

20 𝑚𝑉
)  × 100% = 150% 

 

 

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = (
30 𝑚𝑉

40 𝑚𝑉
) × 100% = 75% 

 

 𝑐𝑎𝑙𝑓 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝐴𝑆𝐼 = (
150% − 75%

150% + 75%
) = 33.3% 

 

 

Interpretation: “The left calf accounted for 33.3% more of total calf activation than the right 

calf did. If left and right calf activation was equal in the baseline straight condition, out of the 

total amount of calf activation experienced over a complete stride cycle, the left calf 

accounted for 33.3% more of the activation than the right calf did.” 

 

Figure 40. A sample calculation showing the method in which EMG data was normalized to 

compare activation between muscles. 

Pressure Insole Data Processing 

 The pressure insole data processing was very similar to the IMU suit data processing. 

When the jump landing had been identified and the window of interest was defined, maximum 

load estimates were extracted from the peak of each dataset. To measure ground contact time, the 

time between the onset and end of ground reaction force was calculated. These metrics were also 

evaluated in terms of ASI using the formula107: 

𝐴𝑆𝐼 = (
𝑋𝑅 − 𝑋𝐿

𝑋𝑅 + 𝑋𝐿
) × 100% 

where 𝑋𝑅 is the right-side measurement and 𝑋𝐿 is the left-side measurement. 

(8) 
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As a discussion topic, vertical average loading rate (VALR) was also considered. VALR 

can be calculated in several different ways, one of which is the slope between the initial contact 

point and the impact peak on the force vs. time graph. To estimate VALR, the time stamps of 

each ground reaction force onset and each ground reaction force peak were documented. By 

dividing the peak vGRF by the time required to achieve peak vGRF, average rate of force 

development for each stride cycle can be obtained (fig. 41). While this differs from the more 

commonly measured instantaneous vertical loading rate108, this value has also been, while 

controversial, loosely associated with various injuries21,35,109. 

 
Figure 41. The method used to estimate the vertical average loading rate for a given stride. While 

instantaneous rate of force development was not extracted, this value provides a qualitative 

measure of which limb experiences higher rates of force development.   
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Statistical Analyses 

Analysis of Variance 

 A repeated measures analysis of variance (ANOVA) was conducted to determine the 

presence and significance of main effects. Data was grouped by participant and by trial. A 

repeated measures ANOVA is useful when each data point may be dependent on other data 

points, such as data produced by the same participant or data collected from different strides 

within the same trial. The alpha value of this test was set at 0.05. 

Linear Mixed Effects Model 

Initially, the ANOVA was used to indicate if an overall significant difference existed 

between test conditions. If an overall difference was found, a linear mixed effects model (LME) 

was used to generate estimates of each independent variable and determine whether the effects of 

each insole were dependent on various possible covariates. The data processing resulted in a 576 

by n table, with each row including data relating to personal identifiers relating to possible 

compounding effects (fig. 42). An LME analysis with a statistical significance value of p = 0.05 

was performed with test condition (“scheme”, in fig. 43) considered as the primary fixed effect. 

Sex, height, weight, training volume, race pace, and velocity were each evaluated both as 

possible dependent and independent covariates (fixed effects). By creating models that include 

every possible combination of these metrics as covariates and then comparing each model with 

an equivalent model where one metric was removed, each possible covariant could be evaluated 

using MATLAB’s “compare” function110. If a model was not significantly changed (p > 0.05) by 

removing an effect, that specific effect was not considered a significant part of the model, and 

the differences seen in the independent variable did not depend on the removed effect. For 
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example, to evaluate if participant weight significantly improved the fit of the LME model, the 

two models: 

𝐿𝑒𝑓𝑡 𝐻𝑖𝑝 𝐴𝑑𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ~ 𝑆𝑐ℎ𝑒𝑚𝑒 + 𝑊𝑒𝑖𝑔ℎ𝑡 + (1|𝑃𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡) 

𝐿𝑒𝑓𝑡 𝐻𝑖𝑝 𝐴𝑑𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ~ 𝑆𝑐ℎ𝑒𝑚𝑒 + (1|𝑃𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡) 

were created. Using the “compare” function in MATLAB on these two models generated 

comparison metrics based on change in AIC, BIC, loglikelihood, and p-value. Comparison p-

values of less than 0.05 indicated when a model was significantly better fit based on the 

inclusion or exclusion of covariates.  

 
Figure 42. A sample of the data table generated from our data processing procedures. Each 

column represents either a personal identifier or a dependent variable. 

Tukey’s Honestly Significant Difference Test 

Post hoc pairwise comparisons were completed using Tukey’s Honestly Significant 

Difference (HSD) with a family wise confidence level of 95%. This analysis evaluates the 

differences of means between two populations and is similar to a paired t-test but uses a different 

(9) 

(10) 
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range distribution111. This studentized range distribution allows Tukey’s test to correct for type 1 

error and was performed following an analysis of variance, meaning that any estimates created 

by this test would be statistically conservative. Tukey’s HSD also corrects for multiple 

comparisons. 
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CHAPTER THREE 

RESULTS  

Engineering Results 

Geometry 

Three experimental insoles were developed: a flat foam (baseline) insole, a physically 

angled (wedge) insole, and an insole containing an angled stiff plate (angled plate) (fig. 43).  

All three insoles are 19.05 mm thick and fit within a modified Hyperion Tempo (Brooks, Seattle, 

WA, USA), running shoe. The Hyperion Tempo is a neutral, lightweight, and low stiffness 

running shoe112. This shoe does not contain a midsole plate and was selected for its solid EVA 

midsole in order to limit uncontrolled running shoe variables related that may impact results. To 

accommodate the height of the insoles, the upper portion of the shoe was cut open and the shoe 

was “laced” to the participant’s foot with athletic tape. This procedure was completed for every 

test condition to ensure that comparisons between trials remained consistent. The baseline insole 

was flat and served as a control. The angled foam insole is cut longitudinally at 10˚ relative to 

the ground and served as an additional comparison for the angled plate insoles. The angled plate 

insole contains a stiff mid-plate that is angled at 10˚. 
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Figure 43. Rear view schematics of all 3 insoles for the right shoe: (a) baseline, (b) wedge, and 

(c) angled plate insoles. The wedge and angled plate insoles were each compared to the baseline 

insole. 

Plate Stiffness 

PVC – Type 1 (table 6), Young’s modulus of 2.83 GPa and a yield strength of 50.33 

MPa, was selected as the angled plate material, resulting in a plate that is 3.175 mm thick. These 

values fall well within our desired range (3.18 mm thickness, 2.20 – 3.78 GPa modulus, 32.42 – 

55.58 MPa ultimate stress). At this thickness, PVC is estimated to have a 3-point bending 

stiffness of 17.97 N/mm from our simplified analytical solution. 

The 3-dimensional finite element model utilized 855 2nd order tetrahedral (C3D10M) 

solid continuum elements (fig. 44). The model simulated a 4.45 N load applied at the location of 

the MTP joint and yielded a maximum deflection of 0.26 mm, corresponding to a 3-point 

bending stiffness of 16.81 N/mm. This is 6.90% lower than the analytical solution found when 
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simplifying the cross section of the plate to a rectangle. Both values fall within the desired range 

of 14-24 N/mm. 

 
Figure 44. A finite element model of a 3-point bending loading scenario for the midsole plate. 

Under 4.45 N of force, the middle portion of the plate had a maximum deformation of 0.26 mm. 

This corresponds to a 3-point bending stiffness of 16.81 N/mm. 

Plate Range of Motion and Ultimate Failure 

The range of motion of the plate was bench tested to ensure that it would be able to 

accommodate the MTP joint’s 30° of bending while running and 62˚ of maximum passive 

flexion59,67,79. By securely clamping the front 7.62 cm of the plate to a flat surface, a cantilever 

bending scenario was created to simulate the bending that occurs during running. The plate was 

capable of bending to over 65° of flexion, over double the required range for running and further 

than the maximum passive range of motion of the MTP joint, without failure or permanent 

deformation. This verified that the plate would not fail under normal MTP joint flexion and 

would not inhibit natural MTP joint motion. 
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Insole Foam Material Compressibility 

The insole foam material of each insole is ethylene-vinyl acetate (EVA) foam (table 6). 

EVA foam is closed-cell and crosslinked, making it a common selection for commercial shoe 

material due to its shock absorbing and load distributing properties78. Most importantly, the 

Hyperion Tempo (Brooks, Seattle, WA, USA), which has an EVA midsole, would be used as the 

base test shoe. Utilizing the same foam material for the insole and shoe midsole avoids 

impedance mismatch that may lead to additional sources of variance within the shoe73.  

Safety 

The ultimate flexural strength of PVC – Type 1 is 103.42 MPa and the yield strength is 

50.33 MPa, meaning failure will occur at over twice the yield stress. This ensures that before 

ultimate failure, permanent plastic deformation of the insole plate would occur that would be 

detectable to the user. 

Table 6. Final material selection and specifications   

 Final Material Selection and Design Specifications 

Insole Foam: Material EVA Foam 

Insole Foam: Density 0.032 g/cc 

Insole Foam: Pressure to compress 25% 0.0275 MPa 

Plate: Material Thermoformable PVC – Type 1 

Plate: Thickness 3.175 mm 

Plate: Young’s Modulus 2.83 GPa 

Plate: Estimated 3-point bending stiffness 17.97 N/mm 

Plate: FEA 3-point bending stiffness 16.81 N/mm 

Plate: Max. Stress Experienced at 30˚ 41.62 MPa 

Plate: Yield Strength 50.33 MPa 

Plate: Ultimate Flexural Strength 103.42 MPa 

Plate: Yield/Ultimate Strength 2.05 
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Human Participant Testing Results 

Kinematics 

 The repeated measures ANOVA showed that significant differences existed between test 

conditions for left hip adduction (p = 0.004), left ankle maximum eversion (p < 0.001), right 

ankle inversion at initial contact (p < 0.001), and right ankle eversion at midstance (p = 0.027) as 

a function of ‘Scheme’. In the linear mixed effects model, the inclusion of sex, height, weight, 

training volume, or running speed as additional fixed effects or covariates did not significantly (p 

> 0.05) improve the fit of the model and were thus excluded from the final analysis. In the 

baseline turn condition, left hip maximum adduction during the stance phase and left ankle 

maximum eversion during stance phase both significantly (p ≤ 0.007) increased compared to the 

baseline straight condition (fig. 45). Plot markers with different letters indicate where significant 

differences were detected. If two conditions display any of the same letters, no significant 

difference was detected. If two conditions do not display any of the same letters, a significant 

difference was detected. 

 For left hip adduction (fig. 45), no significant difference was observed between either of 

the straight conditions or between any of the turn conditions (p > 0.05). The angled plate turn 

condition displayed a significantly higher hip adduction angle than the baseline straight condition 

(14.97 ± 0.77° for angled plate turn vs. 12.30 ± 0.66° for baseline straight, p = 0.015). In the 

baseline turn, angled plate turn, and wedge turn conditions, the peak value of left hip adduction 

was significantly (p < 0.05) higher than the baseline straight and angled plate straight condition. 

Peak hip adduction occurred between 40% and 50% of midstance (fig. 46).  
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 The left ankle maximum eversion angle during midstance (fig. 45) was significantly 

higher in the angled plate turn condition compared to the baseline straight condition (31.06 ± 

1.47° vs. for angle plate turn, 15.44 ± 1.29° for baseline straight, p < 0.001). However, no 

significant difference was observed between the baseline straight condition and the angled plate 

straight condition (15.44 ± 1.29° for baseline straight vs. 16.89 ± 1.49° for angled plate straight, 

p = 0.069). The wedge insole condition did not display a significantly different value of left 

ankle eversion than the baseline straight condition (18.80 ± 1.33° for wedge turn vs. 15.44 ± 

1.29° for baseline straight, p = 0.466) and a significantly lower value than the baseline turn 

condition (18.80 ± 1.33° for wedge turn vs. 26.74 ± 1.29° for baseline turn, p < 0.001). Peak 

ankle eversion also occurred between 40% and 50% of midstance (fig. 47). 

 
Figure 45. Left hip adduction and left ankle eversion by test condition. Different letters indicate 

where significant differences were detected (left hip adduction: a < b, p ≤ 0.015; left ankle 

eversion: a < b, p < 0.001). 
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Figure 46. Left hip abduction/adduction during the stance phase. Peak left hip adduction 

occurred between 40% and 50% of the stance phase. 
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Figure 47. Left ankle inversion/eversion during the stance phase. Peak left ankle eversion 

occurred between 40% and 50% of the stance phase. 
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 For right ankle inversion angle at initial contact (fig. 48, fig. 49), no significant difference 

was found between the angled plate turn condition and the baseline straight condition (8.22 ± 

1.75° for angled plate turn vs. 10.55 ± 1.26° for baseline straight, p = 0.034). In addition, a 

significant decrease was found when comparing the baseline turn and angled plate turn condition 

(14.32 ± 1.26° for baseline turn vs. 8.22 ± 1.75° for angled plated turn, p = 0.025). The wedge 

turn condition and angled plate straight condition also exhibited significant decreases when 

compared to the baseline turn condition (p ≤ 0.006). 

 
Figure 48. Right ankle inversion at initial contact by test condition. Different letters indicate 

where significant differences were detected (a > b, p ≤ 0.025). 
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Figure 49. Right ankle inversion/eversion during the stance phase. Right ankle inversion was 

inspected at initial contact while peak right ankle eversion occurred between 40% and 50% of 

the stance phase. 
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Muscle Activation 

Due to a gluteus medius EMG sensor becoming displaced for 3 participants (2 male, 1 

female) and a gastrocnemius medialis EMG sensor becoming displaced for 1 male participant, 

the sample sizes were decreased for the EMG analysis (gluteus medius: 9 wedge and 4 angled 

plate, gastrocnemius medialis: 11 wedge and 5 angled plate). With this reduced sample size, the 

error ranges of the data became much larger, particularly within the gluteus medius data. The 

repeated measure ANOVA showed no significant difference between gluteus medius muscle 

activation asymmetry by test condition (p = 0.986), but significant effects were still observable in 

the gastrocnemius medialis results by test condition (p = 0.027). Like the kinematics results, the 

fit of linear mixed effects model was not significantly (p > 0.05) improved by the inclusion of 

sex, height, weight, training volume, or running speed as fixed effects or covariates, so the model 

was evaluated without consideration of these effects. 

For gastrocnemius medialis activation ASI (fig. 50), in the baseline turn condition, no 

significant difference was detectable over the baseline straight condition (0.17 ± 3.06% vs. 4.52 

± 3.13%, p = 0.628). The angled plate straight, angled plate turn, and wedge turn conditions all 

demonstrated higher gastrocnemius medialis activation asymmetry compared to the baseline 

straight condition (0.17 ± 3.06% for baseline straight vs. 10.31 ± 4.40% for angled plate straight, 

p = 0.019; 0.17 ± 3.06% for baseline straight vs. 13.87 ± 4.39% for angled plate turn, p = 0.029; 

0.17 ± 3.06% for baseline straight vs. 16.86 ± 3.28% p < 0.001).  
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Figure 50. Muscle activation asymmetry index by test condition. Gastrocnemius (calf) activation 

asymmetry is measured as left/right while gluteus medius (glute) activation is measured as 

right/left. Different letters indicate where significant differences were detected (gastrocnemius 

medialis activation asymmetry: a < b, p ≤ 0.029, b < c, p ≤ 0.026; gluteus medius activation 

asymmetry: no significant difference detected by ANOVA). 

Ground Reaction Force and Contact Time Asymmetry 

 The repeated measures ANOVA detected significant differences in both vertical ground 

reaction force (vGRF) asymmetry (p < 0.001) and ground contact time (GCT) asymmetry (p = 

0.037) by test condition. Again, the inclusion of sex, height, weight, training volume, and 

running speed as additional fixed effects or covariates in the model did not result in a 

significantly (p > 0.05) better fit, resulting in the exclusion of these variables from the model.  

In the baseline straight condition, the right foot had a 2.15 ± 0.52% higher GCT than the 

left foot. In the baseline turn condition and the angled plate turn condition, there was a 

significantly lower amount of GCT asymmetry than in the baseline straight condition (2.15 ± 

0.52% for baseline straight vs. 0.14 ± 0.49% for baseline turn, p = 0.016). The angled plate turn 

condition also produced a significantly lower amount of GCT asymmetry than the baseline 
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straight condition (2.15 ± 0.52% for baseline straight vs. -0.50 ± 0.60% for angled plate turn, p = 

0.034). The angled plate straight condition and the wedge turn condition were each not 

significantly different from the straight baseline ground contact time asymmetry (2.15 ± 0.52% 

for baseline straight vs. 1.93 ± 0.66% for angled plate straight, p = 0.997 and 2.15 ± 0.52% for 

baseline straight vs. 1.44 ± 0.50% for wedge turn, p = 0.906). 

 The vertical ground reaction force (vGRF) asymmetry (fig. 51) displayed a similar trend. 

When running straight, the ground reaction force on each side was approximately equal (-0.93 ± 

2.09%). The angled plate straight condition and the wedge insole turn condition showed no 

significant difference from the baseline straight condition (p ≥ 0.989). However, in the angled 

plate turn condition, the vGRF asymmetry became significantly higher than the baseline straight 

condition (-0.93 ± 2.09% for baseline straight vs. 6.33 ± 2.31% for angled plate turn, p = 0.025) 

A complete collection of all results is shown in Table 7 and Table 8. 

 
Figure 51. Ground interaction variable asymmetry by test condition. Different letters indicate 

where significant differences were detected (GCT asymmetry: a > b, p ≤ 0.034; GRF asymmetry: 

a < b, p < 0.048)  
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Table 7. Results for all measured metrics across all test conditions. Between conditions, different 

letters indicate where significant differences were detected. (**) indicates that the metric was not 

used to evaluate hypotheses and was only evaluated for the sake of discussion. 

 

  

 Baseline – 

Straight 

Baseline – 

Turn 

Angled Plate – 

Straight 

Angled Plate – 

Turn 

Wedge – 

Turn 

Left Hip Max 

Adduction 

12.30 ± 0.66° 

a 

14.68 ± 0.65° 

b 

12.13 ± 0.78° 

a 

14.97 ± 0.77° 

b 

14.92 ± 0.66° 

b 

Left Ankle Max 

Eversion 

15.44 ± 1.29° 

a 

26.74 ± 1.29° 

b 

16.89 ± 1.49° 

a 

31.06 ± 1.47° 

b 

18.80 ± 1.33° 

a 

Right Ankle 

Inversion at Initial 

Contact 

10.55 ± 1.26° 

a, b 

14.32 ± 1.26° 

a 

7.29 ± 1.75° 

b 

8.22 ± 1.75° 

b 

8.08 ± 1.26° 

b 

Left vs. Right 

Gastrocnemius 

Medialis 

Activation ASI 

0.17 ± 3.06% 

a 

4.52 ± 3.13% 

a, b 

10.31 ± 4.40% 

b, c 

13.87 ± 4.39% 

b, c 

16.86 ± 3.28% 

c 

Right vs. Left 

Gluteus Medius 

Activation ASI 

-0.33 ± 2.70% 

a 

3.22 ± 2.73% 

a, b 

1.10 ± 3.66% 

a, b 

4.62 ± 3.67% 

a, b 

10.51 ± 2.87% 

b 

Ground Contact 

Time Asymmetry 

(Right – Left, %) 

2.15 ± 0.52% 

a 

0.14 ± 0.49% 

b 

1.93 ± 0.66% 

a, b 

-0.50 ± 0.60% 

b 

1.44± 0.50% 

a, b 

Ground Reaction 

Force Asymmetry 

(Right – Left, %) 

-0.93 ± 2.09% 

a 

2.76 ± 2.06% 

a, b 

-2.33 ± 2.45% 

a 

6.33 ± 2.31% 

b 

-0.86 ± 2.06% 

a 

**Right Ankle 

Max Eversion 

11.52 ± 1.19° 

a, c 

4.02 ± 1.18° 

b 

15.68 ± 1.39° 

a 

9.38 ± 1.39° 

c 

14.63 ± 1.21° 

a 

**VALR 

Asymmetry 

(Right – Left, %) 

-5.21 ± 2.50% 

a 

2.91 ± 2.44% 

b 

-4.84 ± 3.23% 

a 

6.90 ± 2.84% 

b 

-3.16 ± 2.44% 

a 
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Table 8. Post-hoc p-values from Tukey’s HSD for each possible comparison between conditions. 

The family-wise confidence level was set at 95%. (*) indicates where significant differences 

were detected and (**) indicates that the metric was not used to evaluate hypotheses and was 

only evaluated for the sake of discussion. 

 

 

  

 

Baseline 

Straight 

vs. 

Baseline 

Turn 

Baseline 

Straight 

vs. 

Angled 

Plate 

Straight 

Baseline 

Straight 

vs. 

Angled 

Plate 

Turn 

Baseline 

Straight 

vs. 

Wedge 

Turn 

Baseline 

Turn vs. 

Angled 

Plate 

Straight 

Baseline 

Turn vs. 

Angled 

Plate 

Turn 

Baseline 

Turn vs. 

Wedge 

Turn 

Angled 

Plate 

Straight 

vs. 

Angled 

Plate 

Turn 

Angled 

Plate 

Straight 

vs. 

Wedge 

Turn 

Angled 

Plate 

Turn vs. 

Wedge 

Turn 

Left Hip 

Adduction 
0.007* 0.762 0.015* 0.003* 0.001* 0.516 0.995 0.001* < 0.001* 0.340 

Left Ankle 

Eversion 
< 0.001* 0.998 < 0.001* 0.466 < 0.001* 0.832 < 0.001* < 0.001* 0.508 < 0.001* 

Right Ankle 

Inversion at 

Contact 

0.400 0.184 0.509 0.469 0.004* 0.025* 0.006* 0.977 0.874 0.998 

Gastroc. 

Med. 

Activation 

Asymmetry 

0.628 0.019* 0.029* < 0.001* 0.209 0.300 0.026* 0.999 0.999 0.995 

Glute. Med. 

Activation 

Asymmetry 

0.938 0.990 0.843 0.038* 0.999 0.993 0.208 0.990 0.372 0.714 

GRF 

Asymmetry 
0.157 0.999 0.025* 0.989 0.382 0.748 0.334 0.048* 0.992 0.037* 

GCT 

Asymmetry 
0.016* 0.997 0.034* 0.906 0.264 0.998 0.113 0.257 0.998 0.160 

**Right 

Ankle 

Maximum 

Eversion 

< 0.001* 0.537 0.411 0.065 < 0.001* 0.016* < 0.001* 0.046* 0.985 0.001* 

**VALR 

Asymmetry 
0.012* 0.999 0.035* 0.974 0.048* 0.999 0.044* 0.036* 0.989 0.038* 
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CHAPTER FOUR 

DISCUSSION 

Engineering Process 

We designed and tested a prototype insole with the aim of reducing the incidence of 

certain turn-running related and injury-correlated biomechanics in track turn running. The insole 

utilized an angled plate embedded at a 10˚ angle relative to the running surface (angled plate) 

and aimed to allow athletes to more effectively produce the lateral force required to run a track 

turn. Two additional insoles were developed for comparison: a flat foam insole (baseline) and a 

physically angled wedge insole that provided a 10˚ adjustment to the effective running surface 

(wedge). In previous studies, a wedge insole has demonstrated a performance enhancing effect, 

but its impact on turn running related biomechanics has not been well defined. The wedge insole 

was intended to provide a depiction of the maximum possible benefit achievable by an insole-

based intervention for comparison to the effects of the angled plate insole. We hypothesized that 

(1) athletes running a turn utilizing the angled plate insoles will experience lower values of left 

hip maximum adduction angle, left ankle maximum eversion angle, right ankle inversion angle at 

initial contact, gastrocnemius medialis and gluteus medius muscle activation asymmetry, ground 

reaction force asymmetry, and ground contact time asymmetry than when running a turn in the 

baseline insoles and (2) an athlete running straight in the angled plate insoles will experience no 

change to the aforementioned measurements when compared to straight running mechanics in 

baseline, flat insoles. 
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Prototype Design 

 The design of the insoles was able to meet or exceed all specified objectives. In reference 

to these objectives: 

Design 1: Foam Wedge Insoles 

1. The insoles were physically angled at 10˚ relative to the running surface, changing the 

effective angle of the contact surface. 

2. The wedge insoles did not provide a response force via an energy returning plate and thus 

were not required to possess a specific 3-point bending stiffness. 

3. The wedge insoles were capable of 180˚ of flexion without failure and did not inhibit 

metatarsophalangeal (MTP) joint motion, exceeding the 30° requirement. 

4. The wedge insoles were constructed from a bulk foam material of EVA, matching the 

properties of the test shoe and preventing impedance mismatch. 

5. The wedge insoles were constructed with a material that is not brittle and will not injure a 

participant. 

Design 2: Angled Plate Insoles 

1. The angled plate insoles contain a stiff mid-plate angled at 10˚ relative to the running 

surface, providing a response force in the same direction. 

2. The plate was constructed of PVC – Type I and possesses a 3-point bending stiffness of 

16.81 – 17.97 N/mm, falling within our desired range of 14-24 N/mm. 

3. The plate was capable of at least 65˚ of flexion in a cantilever bending scenario, 

exceeding the 30° requirement. 
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4. The insoles in which the plate was embedded were constructed from a bulk foam material 

of EVA, matching the properties of the test shoe and preventing impedance mismatch. 

5. The plate material (PVC – Type I) failed plastically at a load that is 2.08 times lower than 

its ultimate failure load, exceeding the 1.5 minimum definition, indicating safe usage for 

human participants. 
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Discussion of Human Participant Testing 

 Overall, few significant changes were detected that contributed to the evaluation of our 

hypotheses. The angled plate insoles demonstrated a significant reduction in right ankle 

inversion angle at heel contact over the baseline turn condition, but no significant impact on any 

other metric. Compared to the baseline straight condition, the angled plate insoles only 

influenced a significant difference in gastrocnemius medialis activation. The wedge insoles were 

intended to demonstrate the greatest possible effect achievable by an insole on turn running but 

only influenced a significant reduction in left ankle eversion at midstance and right ankle 

inversion at initial contact. A summary of each insole’s effect on each metric is shown in Table 

9, Table 10, and Table 11. 

Table 9. Evaluation of hypothesis 1 based on the comparison between the baseline turn condition 

and the angled plate turn condition. Green/check indicates evidence in favor of hypothesis 1, 

grey/dash indicates evidence neither for nor against hypothesis 1, and red/x indicates evidence 

directly against hypothesis 1. 

Hypothesis 1: The angled plate insoles will decrease left hip adduction, left ankle eversion, 

right ankle inversion at contact, gastrocnemius medialis activation asymmetry, gluteus medius 

activation asymmetry, ground reaction force asymmetry, and ground contact time asymmetry 

compared to the baseline turn condition. 

Metric  Comparison 

Left Hip Adduction - No significant difference 

Left Ankle Eversion - No significant difference 

Right Ankle Inversion at Contact ✓ Significant Reduction (p = 0.025) 

Gastrocnemius Medialis Activation Asymmetry - No significant difference 

Gluteus Medius Activation Asymmetry - No significant difference 

GRF Asymmetry - No significant difference 

GCT Asymmetry - No significant difference 
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Table 10. Evaluation of hypothesis 2 based on the comparison between the baseline straight 

condition and the angled plate straight condition. Green/check indicates evidence in favor of 

hypothesis 2, grey/dash indicates evidence neither for nor against hypothesis 2, and red/x 

indicates evidence directly against hypothesis 2. 

Hypothesis 2: The angled plate insoles will not significantly change left hip adduction, left 

ankle eversion, right ankle inversion at contact, gastrocnemius medialis activation asymmetry, 

gluteus medius activation asymmetry, ground reaction force asymmetry, and ground contact 

time asymmetry compared to the baseline straight condition. 

Metric  Comparison 

Left Hip Adduction ✓ No significant difference 

Left Ankle Eversion ✓ No significant difference 

Right Ankle Inversion at Contact ✓ No significant difference 

Gastrocnemius Medialis Activation Asymmetry × Significant Increase (p = 0.019) 

Gluteus Medius Activation Asymmetry ✓ No significant difference 

GRF Asymmetry ✓ No significant difference 

GCT Asymmetry ✓ No significant difference 

 

Table 11. Evaluation of wedge insole function based on the comparison between the wedge turn 

condition and the baseline turn condition. The wedge insoles were not evaluated for straight 

running.  

Wedge Insole Comparison to Baseline Turn:  

Metric  Comparison 

Left Hip Adduction - No significant difference 

Left Ankle Eversion ✓ Significant Reduction (p < 0.001) 

Right Ankle Inversion at Contact ✓ Significant Reduction (p = 0.006) 

Gastrocnemius Medialis Activation Asymmetry × Significant Increase (p = 0.026) 

Gluteus Medius Activation Asymmetry - No significant difference 

GRF Asymmetry - No significant difference 

GCT Asymmetry - No significant difference 

 

Kinematics 

No significant reduction of left hip maximum adduction was caused by either insole in 

the turning conditions, providing evidence against our first hypothesis. However, the straight 

angled plate condition and the baseline straight condition did not demonstrate any significant 

difference, providing evidence in favor of our second hypothesis.  
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For left ankle eversion angle, the angled plate turn condition did not provide any 

reduction in magnitude relative to the baseline turn condition, providing evidence against our 

first hypothesis. In fact, the angled plate turn condition influenced the greatest magnitude of left 

ankle eversion out of all conditions, reaching a near maximal value of 31.06 ± 1.26°. In another 

study19, the left ankle reached a maximum eversion angle of 22.56˚ when running a track turn. 

While that study was conducted on a 400m track and we would expect a shorter turn radius to 

influence higher levels of ankle eversion12,16,17,27, 31.06° borders on physiologically impossible 

without sustaining acute ankle injury83,84. A possible explanation of this is that the increased 

stack height of the angled plate insole allowed for additional eversion of the foot within the shoe 

and exaggerated the magnitude of the joint angle. If this study is to be repeated, it will be 

important to embed the plate within the midsole of the shoe to limit variance caused by 

additional movement. 

For the wedge insoles, the reduction of left ankle eversion and the absence of a 

significant difference for left hip adduction may be explained by the effective leg length 

introduced by an angled body position19,51. For both feet to contact the ground when turning, the 

pelvis must rotate in the frontal plane, causing the left leg to be effectively “longer” (fig. 52b). 

Each ankle must then rotate opposite to the pelvis for both feet to be flat on the ground. By 

positioning the athlete’s ankles at 10˚, the left and right ankle angles can be returned to neutral 

(fig. 52c), but the left hip angle remains unaffected because the wedge insoles did not address the 

issue of altered effective leg length. This differs from a banked track, on which an angled pelvis 

is not required to maintain symmetrical effective leg length51. 
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Figure 52. Running straight on a flat surface, turning on a banked track, turning on a flat surface, 

and turning on a flat surface with the wedge insoles shown from behind the runner. A banked 

track can correct for both hip angle asymmetry and ankle angle asymmetry, but the wedge 

insoles can only assist with ankle angle asymmetry. 

While ankle eversion’s independent contribution to injury is highly debated, the 

combination of an increase in ankle eversion and hip adduction seen in track running may be 

indicative of medial limb collapse and function as a predictor for tibial stress fractures35. The 

wedge insole demonstrated the ability to reduce the magnitude of left ankle maximum eversion 
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and right ankle inversion angle at initial contact, but no effect on the left hip adduction angle. 

Because the wedge insole did not decrease both left hip adduction and left ankle eversion 

simultaneously, the wedge insole may have no correlation with the reduction of injury potential. 

The angled plate insoles were able to reduce right ankle inversion at initial contact but 

had no effect on left ankle eversion or left hip adduction. Differing effective leg length may also 

play a role here, but the difference between the left and right legs indicates that the left leg may 

be the limiting factor in this regard (i.e., the left leg must shorten until the right leg can reach the 

ground, but the right leg does not lengthen). Another possible cause is the difference in force 

requirements between each leg when running a turn. When running a turn, the right leg produced 

higher vertical ground reaction forces than the left. While we only measured vertical ground 

reaction force, other studies have indicated that the difference in lateral ground reaction force 

produced by the right and left limbs may be even higher than the difference in vertical ground 

reaction force17,19. To produce this force, the right ankle will invert more at initial contact and at 

toe-off, and the right hip will abduct and externally rotate19. By increasing the energy return in 

the direction the athlete is turning, the right leg may have been able to meet the higher demand of 

lateral force without the need to additionally invert the right ankle. While the same improved 

energy return was provided to the left leg, the excessive frontal plane motion of the left side may 

have been primarily caused by the shortening of the left leg, not increased force demand, and 

was thus not alleviated by the angled plate. 

To provide a more comprehensive view of the right ankle frontal plane motion, right 

ankle eversion angle at midstance was also investigated. Our hypotheses were not evaluated 

based on right ankle eversion at midstance because it has not been demonstrated to significantly 
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change during turn running, whereas left ankle eversion at midstance increases significantly 

when turning left17,19. While preliminary literature review indicated that these may be useful 

metrics in determining injury likelihood33,113,114, further review has shown that the correlation 

between absolute ankle eversion and inversion angle and injury is weak115–117. While the topic is 

now highly debated, it was originally thought that a “hyper-supinated” foot, a term that is not 

well defined, may limit the shock absorbing ability of the limb and lead to injuries like tibialis 

posterior tendonitis33,99,113,118. Right ankle inversion angle at initial contact was initially 

investigated in an attempt to depict whether the right ankle was in a more “hyper-supinated” 

position during turn running than in straight running. However, because ankle eversion is a 

mechanism of shock absorption119, we believe that investigating the restriction of right ankle 

eversion may provide a more complete view of reduced shock absorption by the right limb than 

looking at the right ankle inversion angle at contact alone. 

In our investigation, maximum right ankle eversion occurred at 40-50% of the stance 

phase (fig. 50). Right ankle maximum eversion was significantly decreased in the baseline turn 

condition when compared to the baseline straight condition (4.02 ± 1.18° for baseline turn vs. 

11.52 ± 1.19° for baseline straight, p < 0.001). A small but significant decrease was observed in 

the angled plate turn condition when compared to the baseline straight condition (11.52 ± 1.19° 

vs. 9.38 ± 1.39°, p = 0.010). Conversely, the angled plate straight condition showed a slight 

increase over the baseline straight condition (15.68 ± 1.19° vs. 11.52 ± 1.19°, p < 0.001). 
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Figure 53. Right ankle maximum eversion by test condition. Different letters indicate where 

significant differences were detected (a > c, p ≤ 0.046; c > b, p ≤ 0.016) 

These results indicate that the angled plate straight, angled plate turn, and wedge turn 

conditions all restricted right ankle eversion less than the baseline turn condition. While 

restricted ankle eversion has not been directly tied to injury, ankle eversion functions as a natural 

mechanism of shock attenuation and a restriction of this natural motion may indicate decreased 

shock absorption of the limb119. 

While maximum ankle eversion, ankle inversion at initial contact, and hip adduction all 

have weak correlations to injury34,41,99,118, it may have been more productive to evaluate each 

complete stride in a time series analysis to investigate differences based on the region of the 

stride phase rather than maximum joint angle120. For example, one study has indicated that the 

duration of eversion during the stance phase may be a more useful injury (Achilles tendinopathy 

and medial tibial stress syndrome) predictor than a discrete measure of frontal plane joint 

angle36. The only temporal analysis completed thus far has been a combination of all trials, 
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separated between the left and right side. Revisiting those plots (fig. 54), it is noticeable that, in 

general, the left ankle is spending a much higher proportion of the stance phase in eversion than 

the right. This observation indicates a possible increased incidence of medial tibial stress 

syndrome and Achilles tendinopathy for the left limb36, though direct conclusions cannot be 

made until each limb has been stratified by test condition. Overall, the relationship between any 

discrete or continuous kinematic variable and injury likelihood is inconsistent and largely 

dependent on both the population and specific injuries121. To relate the use of these insoles to 

injury potential in any way, a long-term study would need to be conducted that evaluates the 

insoles’ effects on injury prevalence between a control group and a test group. 

 
Figure 54. Left vs right ankle angles during the stance phase. These plots were initially used to 

highlight where certain values were occurring during the stride cycle, but they can also provide a 

lens into a possible difference in the duration of time each limb spends everted in the stance 

phase. 



88 

 

Muscle Activation 

Due to a gluteus medius EMG sensor becoming displaced for 3 participants (2 male, 1 

female) and a gastrocnemius medialis EMG sensor becoming displaced for 1 male participant, 

the EMG normalization process was rendered invalid for these trials. As a result, the sample 

sizes were decreased for the EMG analysis (gluteus medius: 9 baseline/wedge and 4 angled 

plate, gastrocnemius medialis: 11 baseline/wedge and 5 angled plate). While the repeated 

measures ANOVA, linear mixed effects model, and Tukey’s HSD all remain accurate with 

differing sample sizes and no explicit statistical errors were introduced because of the collection 

errors, the limited sample size was reduced even further when omitting the erroneous data. With 

this reduced sample size, the error ranges of the data became much larger, particularly within the 

gluteus medius data. Because of this reduction, all data relating to muscle activation will be 

omitted from any published report of this study. 

The gastrocnemius medialis (MG) EMG measurements yielded surprising results. It was 

hypothesized that by integrating an enhanced energy return directed towards the inside of the 

turn that the requirement for muscle activation asymmetry would be reduced. However, when 

running in both the angled plate and wedge insoles, participants experienced more MG muscle 

activation asymmetry than in the baseline insoles while turning. In addition, the angled plate 

insoles showed a significant increase in MG muscle activation asymmetry during straight 

running, indicating that both our first and second hypotheses were incorrect. 

While neither insole was able to decrease muscle activation asymmetry, the EMG 

readings may provide insight into necessary mechanical changes related to adjusting running 

trajectory. While joint angles were positively affected by the wedge insoles, this corrected joint 

orientation may have allowed muscles to act more effectively against the lateral force 
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requirement encountered when running a turn. The MG is one of the two major muscles in the 

calf that contributes to ankle plantarflexion. When running a track turn, the left ankle must 

plantarflex and invert in order to propel the athlete forward and push the athlete leftwards17. 

While many different muscles contribute to ankle inversion (tibialis anterior, tibialis posterior, 

flexor digitorum, flexor hallucis, and extensor hallucis122), the MG also has a slight inversion 

moment arm under the right conditions44. During turn running, a higher overall ankle inversion 

moment is required27, resulting in MG activation asymmetry. During turn running in the angled 

plate insoles, a greater amount of lateral energy return may have been produced, causing the 

overall inversion moment requirement to increase and in turn, higher left side MG activation. In 

an everted position, like the left ankle in the baseline turn condition, the MG will have a shorter 

inversion moment arm on the ankle, causing it to act poorly as an invertor (fig. 55). In a neutral 

or slightly inverted position, the MG has a longer inversion moment arm on the ankle and can act 

more effectively as an invertor. When the wedge insoles reduced left ankle eversion and right 

ankle inversion, the MG may have functioned more effectively as an invertor with the ankle joint 

in a more neutral position, and in turn contributed more to the overall increase of ankle inversion 

moment. This would result in increased muscle activation asymmetry between the left and right 

MG. It has been seen that over the course of a track and field season, left side invertor groups, 

including the MG, and right side evertor groups develop significant strength improvements, 

while the left side evertor groups and right-side invertor groups do not9. For ankle invertor 

muscles like the MG, this can lead to the development strength asymmetries and a higher 

possibility of injury9,47.  
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Figure 55. The possible cause for the difference in gastrocnemius medialis activation asymmetry. 

Because the ankle joint was placed in a neutral position with the wedge insoles, the 

gastrocnemius medialis was able to function more effectively as an ankle invertor. 

Asymmetrical muscle activation can lead to strength asymmetries47, indicating that 

neither insole would effectively decrease the development of strength asymmetries. However, 

our study reveals that asymmetrical muscle activation may be required to redirect an athlete’s 

trajectory, and that asymmetrical muscle activation may occur regardless of intervention method. 

In addition, while our study controlled for speed, it is possible that our insoles may improve turn 

running performance by allowing athletes to activate turn-running specific muscles to a higher 

degree. When running at higher speeds, higher levels of muscle activation are required123, so 

insoles that allow higher levels of turn-specific muscle activation may increase turn running 

performance. Alternatively, it may also be possible that a higher level of activation during the 
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same task indicates that the muscle was acting less efficiently. To more definitively draw this 

conclusion, a comprehensive view of muscle activation would need to be provided by including 

investigation of overall ankle inversion and eversion moment, as well as EMG analysis for other 

ankle evertor and invertor muscles. It may also be productive to investigate the left- and right-

side muscle activations independently of each other to determine whether the activation 

asymmetry was caused by an increase in left side activation or a decrease in right side activation. 

Ground Interaction 

For ground contact time (GCT) asymmetry and ground reaction force (GRF) asymmetry, 

a positive percentage of asymmetry indicates the GCT or GRF was higher on the right side. 

Conversely, a negative percentage of asymmetry indicates that the GCT or GRF was higher on 

the left side. The most surprising result of the ground contact time analysis was an existing 

asymmetry detected in the straight baseline condition (2.15 ± 0.52%) that was significantly (p = 

0.016) reduced in the baseline turn condition (0.14 ± 0.49%). While the wedge insoles induced a 

ground contact time asymmetry of 1.43± 0.47%, this value was not significantly different (p = 

0.906) than the asymmetry detected in the baseline straight condition. In addition, while the 

angled plate turn condition displayed a significantly (p = 0.034) lower ground contact time 

asymmetry than the baseline straight condition (-0.50 ± 0.60% for angled plate turn vs. 2.15 ± 

0.52% for baseline straight), this is not necessarily a positive result, as the angled plate turn 

condition was not significantly (p = 0.998) different from the value achieved in the baseline turn 

condition. No amount of GCT asymmetry is necessarily positive48, but because an existing 

training effect existed within our sample in the baseline straight condition, the intervention 

insoles should aim to mirror natural straight running biomechanics regardless of baseline value. 
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Ground contact time asymmetry of just 1% can impair running economy, leading to 

increased fatigue and maladaptive compensatory patterns82,124. A pre-existing asymmetry 

(greater on the right) of was observed in the GCT data in the baseline straight condition, 

indicating that our sample had an existing compensatory pattern. In one study, GCT asymmetry 

in professional orienteers was monitored during a time trial on a 400m track and found an 

asymmetry of 2.57 ± 2.14%, with the left side having a longer GCT28. While these findings differ 

from ours, their research sample was 25 professional orienteers who typically train and compete 

on varied terrain and are likely free of any training effects relating to the repetitive left turns 

encountered during track running. Our research was conducted near the end of an outdoor track 

and field season, meaning participants had been competing with strictly left turns for 5 months 

leading up to when the research was conducted and likely had training effects present. If the 

orienteer sample is assumed to have had no GCT asymmetry present when running straight, then 

our study aligns with this one. In both studies, turning left influenced a shift in GCT asymmetry 

towards the left side35. 

No vertical ground reaction force asymmetry was detected for the baseline straight, 

angled plate straight, or wedge turn conditions, indicating that the angled plate insoles did not 

impede straight running mechanics, supporting our second hypothesis. However, the angled plate 

turn condition did not exhibit a statistically significant difference from the baseline turn 

condition, indicating that they were not able to alleviate any of the turn running mechanics 

relating to ground interaction, again disproving our first hypothesis. 

 While overall increases in vGRF have been retrospectively correlated with higher rates of 

injury, the relationship between vGRF asymmetry and injury is not as clear44. Asymmetry in gait 
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kinetics may be linked with overuse injuries20, but vGRF asymmetry specifically has not been 

identified as a direct predictor of injury. While the validity of vGRF asymmetry as an injury 

predictor is unclear, retrospective studies have indicated significantly higher values of propulsive 

vGRF peaks between athletes with a history of tibial and femoral stress fractures compared with 

healthy controls49. While the wedge insoles displayed a statistically significant decrease of 

ground reaction force asymmetry, it is not clear if this decrease would provide any clinically 

significant reduction in injury potential. 

The cause of the vGRF asymmetry in the angled plate turn condition may have been a 

compounding effect brought on by the already present vGRF asymmetry in the baseline turn 

condition. Because the right side vGRF is typically higher than the left side during turn 

running17,19, increasing the energy return capabilities of each shoe may have exacerbated this 

difference in the angled plate turn condition. In this case, it likely would have been useful to 

compare with an insole containing a plate that was not angled to investigate whether enhanced 

shoe energy return, regardless of angle, would have made vGRF more asymmetrical. 

 It may have been more pertinent to evaluate the peak passive impact load rather than 

maximum vGRF. For rearfoot strikers, two peaks generally appear in vGRF force data125. The 

first peak is considered the passive impact load and correlated with impact related injuries, like 

tibial stress fractures21,22,126,127. The second peak occurs during the toe-off phase of the stride and 

is the active force peak associated with propulsion of the athlete and shows a slight correlation 

with tibial and femoral stress fractures49. However, most of the vGRF data collected in our study 

did not display two apparently separate peaks. For midfoot and forefoot strikers, the passive 

impact typically is not viewable in the time domain of the vGRF data125. Alternatively, it is 
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possible to measure the passive impact loads in the frequency domain using Fourier 

transforms128. For further investigations, new insight may be found by analyzing the vGRF data 

in this way, but time constraints did not allow for this additional analysis in our study. 

The similarity of the trends observed in the ground contact time and ground reaction 

force sparked an additional analysis regarding vertical average loading rate (VALR)108. In our 

results, the trends of the GCT and vGRF plots were inverses of each other, meaning the 

magnitude of the differences would be exaggerated by dividing vGRF by GCT. The resulting 

quantity (vGRF/GCT) is not a commonly reported metric and has not been investigated with 

regards to injury. With additional research, it was then discovered that one method of calculating 

VALR includes dividing the peak of vGRF by the time from initial contact to the impact peak, a 

value that would be roughly proportional to vGRF/GCT. While clinically significant ranges of 

VALR asymmetry are not well documented, our VALR analysis showed significant differences 

between conditions that were not detected in the vGRF or GCT analyses. (fig. 56). Specifically, 

while no difference was detected between the baseline straight and baseline turn conditions for 

GRF asymmetry (-0.93 ± 2.09% for baseline straight vs. 2.76 ± 2.06% for baseline turn, p = 

0.157) a significant difference was detected for VALR asymmetry (-5.21 ± 2.50% for baseline 

straight vs. 2.91 ± 2.44% for baseline turn, p = 0.012). Additionally, no significant difference 

was detected between the baseline turn and angled plate straight conditions for GCT asymmetry 

(0.14 ± 0.49% for baseline turn vs. 1.93 ± 0.66% for angled plate straight, p = 0.264), but a 

significant difference was detected between these conditions for VALR asymmetry (2.91 ± 

2.44% for baseline turn vs. -4.84 ± 3.23% for angled plate straight, p = 0.048). 
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Figure 56. VALR by test condition. VALR was calculated by dividing the peak vGRF by the 

time between initial contact and peak vGRF. Different letters indicate where significant 

differences were detected (a < b, p ≤ 0.044). 

While GCT and vGRF have each historically been correlated to various injury 

mechanisms, VALR may provide a more comprehensive view of how vGRF and GCT interact. 

Like many other injury mechanisms, the relationship between VALR and injury is highly 

debated. Some studies claim a strong correlation between VALR and injury incidence for 

injuries like plantar fasciitis and patellofemoral pain108,126, while others claim that no such 

relationship exists, regardless of calculation method129. However, few studies exist relating 

VALR asymmetry to injury potential. With our observations of VALR asymmetry, a prospective 

study that attempts to relate VALR asymmetry with injury incidence may be beneficial for 

further research. 
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Limitations and Sources of Error 

In addition to the errors encountered with the EMG data collection, overall insufficient 

sample size likely decreased the ability to detect significant differences. The a priori power 

analysis was based on the ability to detect significant differences between the baseline straight 

and baseline turn conditions based on existing literature. While most metrics demonstrated 

significant differences between the baseline straight and baseline turn conditions, smaller 

reductions influenced by either insole over the baseline turn condition were not significantly 

detected. For example, when looking at ground contact asymmetry, a significant difference was 

detected between the baseline straight and baseline turn condition (2.15 ± 0.52% for baseline 

straight vs. 0.14 ± 0.49% for baseline turn, p = 0.016). However, while the wedge turn condition 

was not significantly different from the baseline straight condition (2.15 ± 0.52% for baseline 

straight vs. 1.44 ± 0.50% for wedge turn, p = 0.906), the difference between the wedge turn 

condition and the baseline turn condition was too small to be significantly detected (1.44 ± 

0.50% for wedge turn vs. 0.14 ± 0.49% for baseline turn, p = 0.113). 

Because the material properties of the angled plate prototype were governed by insole 

size and geometry, different sizes of insole would require different materials to have comparable 

stiffnesses. To ensure comparisons were kept consistent, only one size of angled plate insole was 

created. PVC was discovered to have the ideal material specifications for a US men’s size 11 

insole. Because of this, the testing of the angled plate prototype was restricted to individuals with 

a US men’s size 10.5-11.5 shoe, all of whom were men. As a result, the baseline and wedge 

conditions had 12 participants each and the angled plate conditions had 6. With well-documented 

differences between male and female running mechanics, including hip adduction, knee 
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adduction, and frontal plane negative work, the sample population and resulting analyses should 

have either included both sexes or exclusively focused on one sex. These differences are 

observable between males and females on a large scale, but limited sample size may have caused 

any fixed effects from sex to be encompassed by the random effect of individual in the model. 

Even though no covariation was discovered for sex, the male and female results will need to be 

analyzed separately for conclusions to be effectively made from this work. 

To accommodate the height of the insoles, the upper portion of each test shoe was cut and 

resecured to the participant’s foot with athletic tape. The combination of excess stack height and 

decreased comfort likely impacted natural running mechanics68 and may have allowed for 

additional foot motion within the shoe. However, this process was used for each test condition to 

allow equivalent comparison. While consistent methods were used for each test condition, the 

magnitude of observed effects may have been exaggerated or limited by this process due to the 

possibility of excess motion. By adding additional foam material to the shoe, additional motion 

may have been introduced to the system. Increasing the foam stack height of the shoe likely 

provided additional room for net compression of the foam, allowing the foot to rotate within the 

shoe. While this likely does not affect the direction of the observed trends, the magnitude of 

certain measurements, like ankle eversion, may have been exaggerated by this effect. 

In addition to possibly exaggerating the kinematics, the extra deformation caused by 

increased foam stack height may have caused the “vertical” ground reaction force measurements 

to not be truly vertical. Because the pressure insoles were placed between the participant’s feet 

and the insoles, the orientation of the pressure insole itself may have been affected by insole 

deformation, meaning the pressure was measured in the direction normal to the top face of the 
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insole. These pressure measurements may still provide an idea of how load was being distributed 

between the left and right limbs, but the term “normal” ground reaction force may have been 

more appropriate than “vertical” ground reaction force. For flat running, vertical and normal 

ground reaction force are interchangeable, as the foot is typically oriented normal to the running 

surface. However, most literature specifically investigates the vertical ground reaction 

force38,97,108 and does not distinguish if the significance of this investigation is the vertical 

direction or the normal orientation to the foot. While the primary language used in the literature 

is “vertical,” it may be possible that in a case where the foot is not oriented normal to the running 

surface, the normal ground reaction force may be a more important metric to consider. While it is 

unclear if this distinction is impactful, it must be addressed due to the limitations brought on by 

estimating ground reaction force with pressure insoles96,97. Instead of the pressure insoles, a force 

plate, or series of force plates, should have been used to measure the ground reaction forces, 

which would have allowed the measurement of vertical, horizontal, and normal ground reaction 

forces. If this study is to be repeated, it is recommended that ground reaction force data be 

collected with force plates rather than plantar pressure insoles. 

This research was conducted on NCAA Division 1 Track and Field athletes at the end of 

a 5-month long competition season. While the sample matched our population of interest, it is 

possible that some existing training effects existed within our sample. This was observable in the 

ground contact time data in which participants displayed an existing asymmetry of 2% when 

running straight that disappeared when running a turn. Although no other existing asymmetries 

were detected, it is possible that a sample of athletes that are inexperienced in track turn running 

would produce different results. 
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Data collection for this experiment did not occur on an actual indoor track. Due to a 

scheduling conflict, data collection had to be relocated to the outdoor track and field facility. To 

accommodate this change, a semicircular path with a radius of 17.2 m, emulating lane 1 of a 

standard indoor track, was drawn on the interior of the track area with tape. The testing area 

running surface and track surface are made of the same Benyon Sports BS 1000 polyurethane 

material. While it is not expected that this influenced any significant variation in the data, it 

should be noted that the collection did not take place on an actual indoor track. 

While most joint angle data followed values existing in literature, the IMU suit displayed 

several distinct instances of error. Inexplicably, several trials (5/144) produced joint angles that 

are physiologically impossible (over 50˚ of ankle inversion, 90˚ of hip adduction). These errors 

were likely due to poor calibration and were individually removed from results. However, it is 

unknown if similar errors occurred on a smaller level and went undetected in our analysis. 

Because new calibrations were required every 3-4 trials, calibration error has a chance of 

inducing random effects in data. 

Application 

The effect of each insole on performance was not evaluated. The use of these insoles is 

not intended to increase performance, but if significant improvement and additional development 

allows the insoles to emulate the effects of a banked track, increased turn running performance 

may be un unintended effect51. In addition, even if refined versions of turn running shoes are 

developed that are shown to increase performance or decrease injury potential, they would likely 

not be allowed for competition. Professional organizations have already begun to ban shoes that 

provide too much of a mechanical advantage and the use of an insole to sidestep the negative 
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effects of a short radius flat track would likely be discouraged, especially considering the flat-

track conversions that are currently built into the NCAA’s ranking system. 

If further development results in a shoe that can reduce gait asymmetry or injury 

potential, their use may be limited. Strength asymmetries and various other training effects 

brought on by repeated track turn running may be adaptations to high performance demand. 

While training effects related to consistently running on a short-radius indoor flat track are 

shown to exist9, whether these effects are necessary for competitive racing has not been 

investigated. For this reason, prolonged use of insoles that decrease running form asymmetry 

when training may not be feasible for a competitive athlete and the application of a turn running 

insole may be limited to short-term use for the temporary alleviation of repetitive motion effects.   
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CHAPTER FIVE 

CONCLUSION 

This work outlined the design and testing of an insole designed to assist with turn 

running. The insole aimed to emulate the effects of a banked track by providing a more effective 

way to counteract the centripetal force required to run along a curved path by incorporating a 

stiff plate embedded at an angle. To define a baseline outcome and a positive outcome, a flat, 

baseline insole and a physically angled wedge insole were also designed and tested. The baseline 

insole showed increases in left ankle eversion during midstance, right ankle inversion at initial 

contact, left hip adduction during midstance, gastrocnemius medialis activation asymmetry, and 

ground contact time asymmetry during turn running. The wedge insole significantly reduced left 

ankle maximum eversion angle and right ankle inversion angle at initial contact but was deemed 

infeasible for straight running due to the direct alteration of ankle joint frontal plane angle. An 

insole containing an angled stiff plate reduced right-side ankle inversion at initial contact and did 

not significantly impact straight running mechanics. Both the angled plate insole and the wedge 

insole produced a higher level of muscle activation asymmetry, indicating that this may be a 

required effect of turn running regardless of joint angle positioning and ground interaction.  

To effectively reduce gait asymmetry, each insole would require significant modification. 

Even then, the relationship between any specific biomechanics variable and injury likelihood is 

inconsistent and largely dependent on both the population and the specific injuries121. To relate 

the use of these insoles to injury potential in any way, a long-term study would need to be 

conducted that evaluates the insoles’ effects on injury prevalence between a control group and a 

test group.  
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Recommendations for Future Work 

While many aspects of gait mechanics were analyzed in this study, there are several 

remaining analyses that may prove useful. In general, maximum joint angles and muscle 

activation may not have been the best metric for evaluation of insole function. In general, using 

statistical parameter mapping to investigate when kinematic and kinetic variables differed over 

the stride phase may have provided a more comprehensive analysis of the changes caused by 

each insole130. In addition, the duration of time that an ankle is everted during the stance phase is 

more strongly correlated with injury potential (specifically Achilles tendinopathy and medial 

tibial stress syndrome) than any of the joint angle extremes discussed in this paper36. By 

performing this type of analysis, a more meaningful link between the intervention insoles and 

injury likelihood may be able to be established. Second, additional locations for EMG analysis 

may assist in explaining the trends observed in the gastrocnemius medialis activation data. To 

attain a full depiction of the biomechanics at play, it would have been useful to also monitor 

other ankle invertor muscles, like the tibialis anterior, tibialis posterior, flexor digitorum, flexor 

hallucis, and extensor hallucis122. It is possible that these muscles may have been varying in 

activation in conjunction with the gastrocnemius medialis43,122. Lastly, looking into hip internal 

and external rotation may have been helpful in explaining gluteus medius activation trends, as 

the gluteus medius functions as both an abductor and external rotator131. 

While this study controlled for stack height, plate geometry, and plate distance from the 

foot, each of these factors has been shown to impact running mechanics differently55,68. 

Specifically, curved midsole plates are more effective than flat insole plates62,64,74,132. To assess 

the applicability of the angled plate design isolated from these factors, it is recommended that a 
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prototype containing an angled curved midsole plate (as opposed to a flat plated insole) be 

developed. 

The wedge insoles displayed a higher level of success in this study than the angle plate 

insoles but are likely not feasible for straight running. A solution to this would involve the 

development of an insole that replicates the geometry of the wedge insole only when running 

turns. This design would utilize either a pneumatic or hydraulic system to change the shoe angle 

when turning is detected and could effectively act as a temporary training intervention for 

athletes experiencing suspected turn running-related injuries. 

Lastly, angling a stiff insole mid-plate is not the only way to achieve asymmetrical 

energy return within a shoe and several additional prototype possibilities have been ideated. 

First, it is possible that a flat plate with a laterally varied stiffness profile would also be effective 

at reducing certain turn related running mechanics with lower impact on straight running 

mechanics. By making the right side of each shoe stiffer than the left, bending about the neutral 

axis of the shoe would not vary, but a slightly angled applied force may induce an angled force 

response. A similar effect may be achieved by implementing half-width plates only on the right 

side of each shoe. Second, utilizing a multiple ply carbon fiber plate, with select layer of fibers 

oriented in the direction of straight running and other layers with fibers oriented diagonally, may 

assist athletes in producing the centripetal force required to run a turn. This concept has not been 

verified mathematically. Finally, recent research has shown that an increase in longitudinal 

bending stiffness may not be the primary cause of improved running energetics in certain plated 

shoes74,132. Plated shoes typically also utilize foam that has superior energy return properties 

compared to typical running shoe material, which may be the true cause of these shoes’ increased 
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performance. Creating insoles or midsoles from foam with laterally varying energy return 

properties may prove to be more successful than an insole with an angled stiffness profile.  
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A typical shoe consists of many parts. In this study, it is important to define several terms 

relating to running shoe anatomy (fig. A1). The outsole of a shoe is the lowermost portion of the 

shoe that contacts the running surface and is usually made of a tough, durable rubber. The 

midsole is one layer up from the outsole and makes up the bulk of a running shoe. The midsole is 

usually made from a lightweight foam that is effective at shock absorption and energy return, 

such as ethylene-vinyl acetate (EVA) or polyurethane (PU) foam. Typically, a running shoe that 

utilizes a stiff plate to enhance running performance and energetics will embed the plate within 

the midsole of a shoe, termed a midsole plate. The final layer of the shoe base is called the insole 

and is often removable from the running shoe entirely. Commercial insoles exist that utilize a 

stiff imbedded insole mid-plate. Finally, the upper of a shoe is the portion that holds the athlete’s 

foot in place, typically consisting of a mesh material, laces, and the tongue. 

 
Figure A1. A diagram of the different parts of a standard running shoe. 
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 Some of Peter R. Greene’s initial work regarding track turn running involved the 

compilation and cohesion of several existing theories describing turn running motion to relate 

track turn radius and velocity. Through the process of developing this relationship, several other 

dependencies can be observed. By starting with ground reaction force and ground contact time, 

the average forces of running in the vertical and horizontal directions can be generalized to the 

equations 

𝐹𝑣̅ = 𝐹𝑣𝑡1/(𝑡1 + 𝑡2) 

𝐹ℎ
̅̅ ̅ = 𝐹ℎ𝑡1/(𝑡1 + 𝑡2) 

where 𝐹𝑣 is vertical force, 𝐹ℎ is horizontal force, t1 is ground contact time, and t2 is the time spent 

in the air when neither foot contacts the ground. These equations stand if the vertical and 

horizontal force-time curves are idealized as a train of square impulses. Now, applying Newton’s 

second law in the vertical and horizontal directions, we can define the average forces as 

𝐹𝑣̅ = 𝑚𝑔 

𝐹ℎ
̅̅ ̅ = 𝑚𝑣2/𝑅 

where m is mass, v is running velocity, g is the gravitational constant, and R is turn radius. Then, 

to relate speed, stride length, and ground-time we can use a relationship defined by Cavagna, et 

al.  

𝑣(𝐿, 𝑡1)  = 𝐿/𝑡1 

𝐿 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ≠ 𝐿(𝑅) 

where L is stride length. In addition, we assume that stride length is constant, and that maximum 

running effort is mechanically realized, bring us to 

𝐹𝑣
2 + 𝐹ℎ

2 = 𝐹𝑚𝑎𝑥
2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(B1) 

(B2) 

(B3) 

(B4) 

(B5) 

(B6) 

(B7) 
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We can then define total stride time as the sum of t_1 and t_2, which, under the assumption of 

constant stride length, is also constant. 

𝑇 =  𝑡1 + 𝑡2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

With all basic equations now defined, we can now solve for a speed-radius relationship. First, we 

can substitute equations 8, 9, 10, and 11 into equation 14 to get 

[(𝑚𝑔)2 + (
𝑚𝑣2

𝑅
)

2

] × (
𝑇

𝑡1
)

2

= 𝐹𝑚𝑎𝑥
2 

In a straight running condition, we can take the limit as R -> inf, driving v -> v_0. 

𝐹𝑚𝑎𝑥
2 = (𝑚𝑔)2 × (

𝑇

𝑡1
)

2

= (
𝑇𝑣0

𝑡1
)

2

× (𝑚𝑔)2 

Substituting equation B10 into B9 yields 

𝑅(𝑣) =
𝑣3

𝑔√𝑣0
2 − 𝑣2

 

Rearranging brings us to the dimensionless speed-radius relation 

𝑅𝑔

𝑣0
2

=
(𝑣/𝑣0)3

√1 − (
𝑣
𝑣0

)
2
 

Then, Greene highlights that the left side of equation B12 is the reciprocal Froude number, a 

property that typically appears in fluid mechanics. Other research has shown that the Froude 

number based on leg length is an important factor for describing human locomotion. 

𝐹𝑟−1 =
𝑅𝑔

𝑣0
2
 

(B8) 

(B9) 

(B10) 

(B11) 

(B12) 

(B13) 
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Following a similar process, the relationship between turn radius and ground contact time and 

turn radius and stride length. We again start with equation B5, this time defined separately for 

general velocity v and top speed v_0 

𝑣 = 𝐿/𝑡1 

𝑣0 = 𝐿0/𝑡1
0 

Dividing equation B14 by B15 yields 

𝑣/𝑣0 = 𝑡1
0/𝑡1 

Substituting equation B16 into B12 gives us the relationship between radius and ground contact 

time. 

𝑅𝑔

𝑣0
2

=
(𝑡1

0/𝑡1)3

√1 − (
𝑡1

0

𝑡1
)

2

 

Now, we can define stride length as the velocity times the stride length 

𝑆(𝑅) = 𝑣(𝑅)𝑇(𝑅) 

For straight running conditions, or as R -> inf, this relationship is defined in terms of maximal 

velocity, stride length, and stride time 

𝑆0 = 𝑣0𝑇0 

Dividing equation B18 by B19 yields 

𝑆/𝑆0 = (𝑣/𝑣0)(𝑇/𝑇0) 

Continuing with the assumption that stride time is constant and plugging the resulting equation 

into equation B12 once again gives us a new relationship. 

𝑅𝑔

𝑣0
2

=
(𝑆/𝑆0)3

√1 − (
𝑆
𝑆0

)
2

 

(B14) 

(B15) 

(B16) 

(B17) 

(B18) 

(B19) 

(B20) 

(B21) 
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 Through this analysis, it should be noted that turn radius shows a direct correlation to 

running velocity, stride length, and ground contact time. In addition, the consistent appearance of 

the inverse Froude number lays the groundwork for future investigation. It is possible that the 

effects of the insoles also vary as a function of inverse Froude number. While the linear mixed 

effects model showed no correlation with any single variable, a mixed effects model based on a 

nonlinear equation may prove more useful in predicting insole efficacy based on personal 

identifiers like height, weight, stride length, or running velocity. It is also possible that linear 

relationships exist between certain performance metrics and unknown linear variable 

combinations, another topic for future research. 
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Figure C1. Assembly drawing of the angled plate insole. 
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Figure C2. Part drawing of the plate used in the angled plate insole. 
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Figure C3. Part drawing of the upper foam portion of the angled plate insole. 

 

  



129 

 

  

Figure C4. Part drawing of the lower foam portion of the angled plate insole. 
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Figure C5. Part drawing of the wedge insole. 
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Full Committee Review  

Expedited Review  
 

MONTANA STATE UNIVERSITY 
Institutional Review Board Application for Review 

(revised 12/12/22) 
 

*********************************************************************************************************************** 
THIS AREA IS FOR INSTITUTIONAL REVIEW BOARD USE ONLY. DO NOT WRITE IN THIS AREA 

  Application Number:      Approval Date: 
  Disapproved:       IRB Chair's Signature: 
**********************************************************************************************************************  

Date:  
 
I. Investigators and Associates (list all investigators involved; application will be filed under name of first 
 person listed) 
  
 NAME:  Corey Pew     TITLE: Assistant Professor 
 DEPT:  Mechanical and Industrial Engineering  PHONE #: 406-994-6769 
 112 Roberts Hall 
 Bozeman, MT 59717 
 E-MAIL ADDRESS: Corey.Pew@montana.edu 
 DATE TRAINING COMPLETED: __In Progress_ [Required training: CITI Training; see website for link] 
 

SIGNATURE (PI or ADVISOR): ____________________________ 
 
 NAME:  Christopher Bianchini   TITLE: Student 
 DEPT:  Mechanical and Industrial Engineering PHONE #: 
 COMPLETE ADDRESS: 212 Roberts Hall, Bozeman, MT 59717 
 E-MAIL ADDRESS: Christophe.bianchini@student.montana.edu 
 DATE TRAINING COMPLETED: 5/10/21 [Required training: CITI Training; see website for link] 

 
II. Title of Proposal: The Effects of Angled Midsole Plates on Indoor Short Track Running Mechanics 

 
III. Beginning Date for Use of Human Subjects: 12/1/2022 

 
IV. Type of Grant and/or Project (if applicable)  
 Research Grant:  
 Contract: 
  Training Grant: 
  Classroom Experiments/Projects: 

Thesis Project: 
 Other (Specify):  

 
 
V. Name of Funding Agency to which Proposal is Being Submitted (if applicable): NA 
 
VI. Signatures  
 
 Submitted by Investigator  
  Typed Name: Corey Pew 
  Signature: 
  Date: 1/22/2020 
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VII. Summary of Activity. 
 

A. RATIONALE AND PURPOSE OF RESEARCH.  
 

 Indoor track running can also lead to higher rates of injury. When training and competing on the 
smaller turn radii of an indoor 200m flat track as opposed to a typical 400m outdoor track, an athlete 
experiences asymmetrical strength changes and variations to their natural running gait that result in 
higher stresses throughout the lower extremities. Physically angled (wedged) shoes can increase 
running performance and mechanics for strictly curve-only running by allowing an athlete to exert a 
force directly perpendicular to the surface on which they are running. With a ground reaction force 
perpendicular to the athlete, an athlete’s gait becomes more like that of straight, flat running, and many 
of the issues introduced by corner running are resolved. However, a wedged shoe is impractical for a 
flat indoor track where straight running is also prevalent. Our goal is to demonstrate that an athlete 
may be able to receive benefit during both straight and curved running by introducing an angled and 
asymmetrically stiff carbon fiber plate into competition shoes while not requiring an athlete’s ankles to 
be physically tilted by a wedge or a banked track. 
 

 
B. RESEARCH PROCEDURES INVOLVED. 

 
   This study will utilize an experimental, human subject protocol. Recruitment will consist of the 
research coordinator (Chris Bianchini) approaching Montana State Track & Field athletes 
individually. Potential participants will be provided with the research coordinator’s email address and 
phone number and will be instructed to reach out if they are interested in participating. Initial 
conversations will consist of a verbal interview to determine their eligibility. If eligibility requirements 
are met, a time will be scheduled for their data collection. Participants will arrive at the Brick Breeden 
Fieldhouse (free parking provided) and will first complete the informed consent process. Next, they 
will be interviewed for self-report information. Specifically, we will ask their age, gender, height, 
weight, the number of miles they run per week, their primary race distance (defined by their highest 
national ranking by event), their average primary race pace, and if they have sustained any injury in 
the last six months that would inhibit their ability to run. We will then have them change into tight 
fitting clothing and shorts to prevent interference with the inertial measurement unit (IMU) 
components and allow the placement of electromyography (EMG) units on legs. We will then 
measure their height and weight. Inertial measurement units will be secured to the participants body 
via a custom-made set of tight-fitting clothing with pockets secured to crucial points. The IMU 
components are contained in these pockets and are wirelessly connected to the researcher’s 
computer. EMG units will be attached to each participant’s medial gastrocnemius muscle and 
gluteus medias muscle with a double-sided sticky tape. Subjects will start by performing a ten-
minute run at their self-selected pace as a warmup. The individual will then be allowed to rest for a 
minimum of five minutes and will be given as much rest as necessary until they indicate they are 
ready to continue testing. During this rest period, we will review the testing process with them. There 
are two different inserts that will be tested with each participant: an insert with a flat plate and an 
insert with an angled plate. The participant will be blind to which insert they are currently running in 
so as to prevent altered running gait based on the participant’s expectations of outcomes with each 
insert. At this point, the participant will be randomly given one of the inserts to complete the first 
phase of testing. Participants will provide their own preferred running shoes to the researcher and 
the first insert will be placed into the shoes. The participant will then put their shoes back on with the 
insert inside. Participants will then be instructed to begin running. For each insert, 3 corners and 3 
straights need to be recorded, resulting in a total of 12 50-meter runs. The participant will begin by 
running 50 meters at their selected race pace, followed by a 100-meter jog or walk for recovery, as 
decided by the participant. At the end of the 100-meter recovery portion, the participant will be 
instructed to run another 50 meters at their selected race pace. This will be repeated until 3 straights 
and 3 corners have been recorded. If at any point the participant asks for additional rest, rest will be 
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allowed as necessary. The participant will then provide their shoes to the researcher again to allow 
the second insert to be applied. The participant will then repeat the first portion of testing, completing 
3 corners and 3 straights at race-pace. The participant’s original inserts will then be put back into 
their shoes and the participant will be instructed to run for another 5 minutes at a self-selected pace 
as a cool down. IMU and EMG data will be collected and stored in a locked file to be seen only by 
the researcher and researcher’s assistant. The total testing time will be less than 60 minutes, and 
total running time will be no more than 25 minutes. 

 
  

 
C. DECEPTION 

 
None. 

 
 D. SUBJECTS  
  1. Approximate number and ages 
   How Many Subjects: 50 
   Age Range of Subjects: 18-23 years old  
 
  2. Criteria for selection:  
 

    Subjects are required to be experienced runners, who compete regularly on a 200m flat 
track and run 40-100 miles per week for at least 40 weeks out of the year. 

 
  3. Criteria for exclusion:  
 
    Recent history of musculoskeletal injury that would inhibit running performance by self-

report. 
 
  4. Source of Subjects (including patients):  
 
    Montana State University Track and Field team, distance and mid-distance event groups 
 
  5. Who will approach subjects and how? Explain steps taken to avoid coercion.  
 
    The Montana State Track and Field team members will be approached. We will reach out 

to the coach, Lyle Weese, to provide information and allow him to relay the information to the 
athletes. By allowing the coach to provide the information we will not be able to directly coerce 
individuals. 

 
6. Will subjects receive payments, service without charge, or extra course credit? Yes or No  

(If yes, what amount and how? Are there other ways to receive similar benefits?)  

 
7. Location(s) where procedures will be carried out:  

Montana State University indoor track and field complex in Brick Breeden fieldhouse at 1 
Bobcat Cir, Bozeman, MT 59717 

 
 E. RISKS AND BENEFITS (ADVERSE EFFECTS) 
 

1. Describe nature and amount of risk and/or adverse effects (including side effects), substantial 
stress, discomfort, or invasion of privacy involved.  
 
Risks include fatigue from running and falling. Participants will be allowed to rest or stop 
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testing at any point they feel uncomfortable. Risk of falling will be no greater than an individual 
running on a 200m flat track. 

 
2. Will this study preclude standard procedures (e.g., medical or psychological care, school 

attendance, etc.)? If yes, explain. 
  
   No 
 

3. Describe the expected benefits for individual subjects and/or society.  
 

No benefit to participants. Societal benefits include a better understanding of how an angled 
midsole plate may function as a temporary intervention during injury rehabilitation from injuries 
sustained while participating in indoor track and field. 
 

 F. ADVERSE EFFECTS 
 
  1. How will possible adverse effects be handled? 
 
   By investigator(s):  
   Referred by investigator(s) to appropriate care: Participants will see their own care provider 
   Other (explain):  
 
  2. Are facilities/equipment adequate to handle possible adverse effects? Yes or No 
   (If no, explain.)  

 
  3. Describe arrangements for financial responsibility for any possible adverse effects. 
 
   MSU compensation (explain): 
   Sponsoring agency insurance: 
   Subject is responsible: Subject is financially responsible for adverse effects. 
   Other (explain):  
 
 
 G. CONFIDENTIALITY OF RESEARCH DATA 
 
  1. Will data be coded? Yes or No  
 
  2. Will master code be kept separate from data? Yes or No  
  
  3. Will any other agency have access to identifiable data? Yes or No 
   (If yes, explain.)  

 
  4. How will documents, data be stored and protected?  
   Locked file: Master List will be kept in locked file 

Computer with restricted password: Experimental data (deidentified) will be kept on 
password protected computer 

   Other (explain): 
 
VIII. Checklist to be completed by Investigator(s)  
 
 A. Will any group, agency, or organization be involved? Yes or No 
  (If yes, please confirm that appropriate permissions have been obtained.) 

 
 B. Will materials with potential radiation risk be used (e.g. x-rays, radioisotopes)? Yes or No  
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  1. Status of annual review by MSU Radiation Sources Committee (RSC). Pending or Approved 
   (If approved, attach one copy of approval notice.)  

 
  2. Title of application submitted to MSU RSC (if different).  
 
 C. Will human blood be utilized in your proposal? Yes or No  
  (If yes, please answer the following) 

 
1. Will blood be drawn? Yes or No 
 (If yes, who will draw the blood and how is the individual qualified to draw blood?  
 What procedure will be utilized?) 

 
  2. Will the blood be tested for HIV? Yes or No 
 
  3. What disposition will be made of unused blood?  
 
  4. Has the MSU Occupational Health Officer been contacted? Yes or No 
 
 
 D. Will non-investigational drugs or other substances be used for purposes of the research? Yes 

or No 
   
  Name: 
  Dose: 
  Source: 
  How Administered: 
  Side effects:  
 
 E. Will any investigational new drug or other investigational substance be used? Yes or No  

[If yes, provide information requested below and one copy of: 1) available toxicity data; 2) reports of animal studies; 3) 

description of studies done in humans; 4) concise review of the literature prepared by the investigator(s); and 5) the 
drug protocol.] 

 
  Name: 
  Dose: 
  Source: 
  How Administered: 
  IND Number: 
  Phase of Testing: 
 
 F. Will an investigational device be used? Yes or No 
  (If yes, provide name, source description of purpose, how used, and status with the U.S. Food and Drug 

Administration FDA). Include a statement as to whether or not device poses a significant risk. Attach any 
relevant material.)  

 
 G. Will academic records be used? Yes or No  
 
 H. Will this research involve the use of: 
  Medical, psychiatric and/or psychological records Yes or No 
  Health insurance records Yes or No 
  Any other records containing information regarding personal health and illness Yes or No 
 
  If you answered "Yes" to any of the items under "H.", you must complete the HIPAA 
worksheet.  
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 I. Will audio-visual or tape recordings or photographs be made? Yes or No  
 
 J. Will written consent form(s) be used? (Yes or No. If no, explain.) (Please use accepted format 

from our website. Be sure to indicate that participation is voluntary. Provide a stand-alone copy; 
do not include the form here.)  
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SUBJECT CONSENT FORM FOR PARTICIPATION IN HUMAN RESEARCH AT 
MONTANA STATE UNIVERSITY 

 
We are asking you to participate in a research study. This form is designed to give you information 
about this study. We will describe this study to you and answer any of your questions.  
 
Project Title:  The Effects of Angled Midsole Plates on Indoor Short Track Running 

Mechanics 
 
Principal Investigator: Corey Pew, PhD 
    Mechanical and Industrial Engineering 
    (406)-994-6769  
 
What the study is about 
Indoor track running can lead to higher rates of injury compared to outdoor track running. When 
training and competing on the smaller turn radii of an indoor, 200m flat track as opposed to a 
typical, 400m outdoor track, an athlete experiences asymmetrical strength changes and 
variations to their natural running gait that result in higher stresses throughout the lower 
extremities. The purpose of this research study is to determine whether a new shoe insole is an 
effective intervention to mitigate the negative effects of indoor flat track running. 
 
What we will ask you to do  
We will begin by asking you 5 questions regarding personal details and running background. The 
5 questions are: 

1. On average, how many miles do you run per week during a typical training cycle? 
2. What are your fastest times ever achieved in official competition for 800m, 1500m, 1 

mile, 3000m, 3000m steeplechase, 5000m, and 10,000m? 
3. What is your height? 
4. What is your weight? 
5. In the last 12 months, have you incurred a significant musculoskeletal injury that 

resulted in a surgery or more than 2 weeks away from training? 

You will perform multiple running trials. We will ask you to run straight and around corners, with 
different shoe insoles. The experiment will consist of alternating 50-meter test portions and 100-
meter recovery portions. For the test portions, you are required to run at your primary race pace. 
Your primary race is defined as the distance at which you would have the highest World Athletics 
score. If you are unsure of your primary race distance, we will help you identify it before testing. 
You may run slowly or walk during your recovery period. 
 
You will begin with a 10-minute warm up at a self-selected pace. We will then set up the data 
collection equipment and move into the testing phase. EMG sensors will be placed on your 
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medial gastrocnemius (inside calf) and gluteus medias (outside upper hip region) on your skin 
using light adhesive tape. We will also attach small inertial measurement units to each segment 
of your body using Velcro straps. Then, you will be asked to put on a pair of tights and a tight-
fitting shirt in order to contain any wires and mitigate unwanted movement of data collection 
devices. 
 
You will be tested for a total of 750 meters, broken up into 15 repetitions of 50 meters, 6 straight 
and 9 around a corner. The figure below will familiarize you with the data collection process. 
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Risks and discomforts 
While you are doing study activities on the track, there is a risk that you may fall and hurt yourself. 
This risk is not any higher than it would be when running normally. In addition, due to the physical 
nature of these tests you may become tired or fatigued and experience muscle pain.  
 
You may experience slight discomfort when the sensors and markers are removed. This 
discomfort will not be greater than removing a band-aid. 
 
When placing the EMG sensors, a sensor will need to be placed on your gluteus medius muscles, 
which are on the top outside portion of the hip. This will require a researcher to be very close to 
your personal space. A female researcher will place EMGs on female participants and a male 
researcher will place EMGs on male participants. If the placement of the EMG devices makes you 
too uncomfortable to continue, this step can be skipped. 
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Benefits 
There will be no direct benefit to you by participating in the study. However, runners like yourself 
may benefit from the data collected in this study in the future. 
 
Payment for participation 
You will not receive any compensation for this study. 
 
Audio/Video Recording 
During this study, we may take photographs or video recordings of you while you run. These 
images will exclude your head so that your face will not be visible. Additionally, we will cover any 
tattoos or other identifying marks with an easy-to-remove tape, and any video recording will be 
done with the camera on mute so that we will not record your voice. These measures are in place 
to protect your identity and privacy. You will be given an opportunity to review the photographs 
and video recordings and erase any that you wish. If we use any videos during a scientific 
presentation or publication, none of your personal identifiers will be included.  
 
Please sign below if you are willing to be recorded (video and audio). You may still participate in 
this study if you are not willing to have the study recorded. 
 

 I do not want to have this study recorded. 
 I am willing to have this study recorded: 

 
Signed:         
 
Date:         

 
If you are injured by this research 
In the event that any research-related activities result in an injury, treatment will be made 
available including first aid, emergency treatment, and follow-up care as needed. Cost for such 
care will be billed in the ordinary manner to you or your insurance company. No reimbursement, 
compensation, or free medical care is offered by Montana State University. If you think that you 
have suffered a research-related injury, contact Corey Pew right away at (406)-994-6769. 
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Privacy/Confidentiality  
We will take every precaution to maintain the confidentiality of your data. Your identity 
(including any photographs or video recordings, which will be taken in a way to protect your 
identity and privacy) will be strictly confidential. Only the study staff will have access to the 
information that we collect from you. The data will be stored on secured computers and in file 
cabinets in locked offices or in the lab. All the personal information you provide will be 
confidential. However, if we learn that you intend to harm yourself or others, we must report 
that to appropriate authorities. To ensure only study personnel can match you to your data, we 
will use a unique study code instead of identifying information such as your name. 
 
Data Sharing  
De-identified data from this study may be shared with the research community at large to 
advance science and health. We will remove or code any personal information that could identify 
you before files are shared with other researchers to ensure that, by current scientific standards 
and known methods, no one will be able to identify you from the information we share. Despite 
these measures, we cannot guarantee anonymity of your personal data. 
 
Taking part is voluntary  
You do not have to take part in this study. If you are in this study, you can withdraw at any time. 
You will not be penalized for your decision to not participate or withdraw if you decide to do so. 
If you decide to withdraw from the study, no new information will be collected from you; 
however, data already collected will continue to be part of the analyses. If you decide to 
withdraw, or if you are terminated from the study, a person from the study team may need to 
meet with you to discuss the necessary steps that you may need to take to end your participation 
in the study. 
 

Withdrawal by investigator, physician, or sponsor 
The investigators, physicians or sponsors may stop the study or take you out of the study at any 
time should they judge that it is in your best interest to do so, if you experience a study-related 
injury, if you need additional or different medication/treatment, or if you do not comply with the 
study plan. They may remove you from the study for various other administrative and medical 
reasons. They can do this without your consent. 
 
If you have questions 
The main researcher conducting this study is Corey Pew, a professor at Montana State University. 
Please ask any questions you have now. If you have questions later, you may contact Corey Pew 
at Corey.Pew@Montana.edu or at (406)-994-6769. If you have any questions or concerns 
regarding your rights as a subject in this study, you may contact the Institutional Review Board 
(IRB) for Human Participants at 406-994-4706 or access their website at 
http://www.montana.edu/orc/irb/index.html. 
 
You will be given a copy of this form to keep for your records.  

http://www.montana.edu/orc/irb/index.html
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Statement of Consent 
I have read the above information and have received answers to any questions I asked. I 
consent to take part in the study.  
 
Your Signature          Date    
 
Your Name (printed)            
 
Signature of person obtaining consent       Date   
 
Printed name of person obtaining consent       ______ 
 
This consent form will be kept by the researcher for at least five years beyond the end of the 
study. 
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