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Investigating the Effect of Shoe Upper Panel Stiffness on Biomechanical Performance 

 

Adam Luftglass 

 

Abstract 

 

 Athletic performance is an important factor to consider when designing athletic footwear. 

Improvements in agility drill performance can lead to improved sports performance. Changing 

footwear characteristics can be one way to help improve performance. The design and 

materialization of the upper of a shoe can impact biomechanical metrics and needs to be further 

explored during agility movements. Therefore, the first purpose of this study was to investigate 

the impact that stiffening the upper panel of an athletic shoe could have on agility performance 

using biomechanical outcome measures that correlate with athletic performance. Stiffening the 

upper panel significantly altered contact time during the lateral skater jump with the stiffest shoe 

having the shortest contact time compared to the other two shoe stiffness conditions (p=0.020-

0.046). Shoe upper panel stiffness significantly changed peak concentric power in the anterior-

posterior drill where the least stiff shoe produced the highest power compared to the stiffest shoe 

(p=0.006). The same dataset was used to address the second goal of this study which was to 

model the foot and ankle complex as a system of gears to understand force attenuation and 

propulsion during agility tasks. Although no differences were found between footwear conditions 

in gearing, it was shown that modeling the foot and ankle system through gearing can advance 

our understanding of the impact that footwear changes can have on performance and may be an 

important outcome measure in future footwear studies.  
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Investigating the Effect of Shoe Upper Panel Stiffness on Biomechanical Performance 

 

Adam Luftglass 

 

General Audience Abstract 

 

       Athletic performance is an important factor to consider when designing athletic footwear. 

Through changes in shoe design, it is possible to improve agility drill performance. The design 

and materials used to construct the upper (top portion of the shoe) of the shoe can change the 

way an athlete completes a task and therefore, these measures need to be explored during several 

agility movements. The first goal of this study was to determine the impact of stiffening the 

upper portion of an athletic shoe on agility performance using outcome measures that are 

associated with improved athletic performance. Stiffening the upper portion of the shoe altered 

the contact time during the lateral skater jump with the stiffest shoe having the shortest contact 

time compared to the other two shoe conditions. Shoe upper panel stiffness also impacted peak 

concentric power in the anterior-posterior drill where the least stiff shoe produced the highest 

power compared to the stiffest shoe. The same dataset was used to model the foot and ankle as a 

system of gears in order to understand how an individual absorbs force and then utilizes force to 

move the body forward or to the side when completing agility tasks. Although no differences 

were found between footwear conditions when assessing gearing, it was shown that modeling the 

foot and ankle system in this way could aid in the understanding of how footwear changes can 

alter performance.
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Ch. 1 Introduction 

Aims 

 In the United States alone, the revenue for the athletic footwear industry is $15.93 billion 

a year and is projected to grow to $18.36B by 2025 (1). Given the size of the market and how 

any improvements in footwear design can be a differentiator, research into improving athletic 

footwear has been a focus of both footwear manufacturers and academics for more than four 

decades. For example, Nike, Inc. established their Nike Sport Research Lab in 1980 where 

engineers use data to help design and improve athletic footwear (2) and researchers at the 

University of Calgary have been studying the biomechanics of athletic footwear since the 1980s 

(3). Utilizing biomechanics data collection methods is paramount when understanding how 

differences in footwear affect movement and performance. There are documented performance 

benefits when the stiffness of the upper component of an athletic shoe is increased (4). Adding 

alternative upper panel configurations to a shoe has been shown to improve athletic performance 

(5, 6). While it has been shown that shoe upper stiffness and alternative shoe upper 

configurations impact biomechanical outcomes, the combination of these modifications in 

footwear design has yet to be studied. Therefore, the first objective of this project was to 

determine the biomechanical differences between shoes with different upper panel materials and 

the impact on performance. 

Foot-related injuries account for an estimated 20% of all injuries, with the five most 

common foot injuries being metatarsal fractures, plantar fascia injuries, midfoot injuries, foot 

and toe contusions, and turf toe (7). Foot-related injuries in track athletes are also sex-dependent, 

with women experiencing a higher rate of injuries when compared to men (7). Different aspects 

of footwear can impact injury risk such as fit, with ill-fitting shoes being associated with ankle 

pain (8, 9).  Injury prevention in the foot is important to consider in footwear design. Studies 

have shown that the rate of force development and explosive force production are relevant injury 

risk factors (10, 11). Assessing the eccentric and concentric phases of movement in different 

ways such as biomechanical outcomes associated with performance, and simplification of the 

foot and ankle system as a set of gears, can help to describe force attenuation and production 

holistically. 
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 Modeling the foot and ankle as a system of gears has been used to further define the gait 

cycle in humans and the force production of the plantar flexors (12). Gearing, or the ratio of the 

lever arms of the plantar flexor muscle tendon force and the ground reaction force about the 

ankle (12), has not been explored during sport-specific agility movements.  The second objective 

was to describe foot gearing in agility tasks and understand the impact that upper panel stiffness 

has on foot gearing in these tasks. 

 Specific Aim 1: Determine the biomechanical differences that impact performance 

between shoes with different upper panel materials. 

Hypothesis: Increasing the stiffness of the shoe upper will result in lower contact time, higher 

peak concentric ground reaction forces, higher peak ankle moments and powers during the 

concentric phase of movement, higher work at the ankle during the concentric phase of 

movement, lower work at the ankle during the eccentric phase of movement, and lower eccentric 

rate of force development when completing agility tasks.  

Specific Aim 2: Describe the use of foot gearing during sport specific agility and propulsive 

movements and determine the differences in foot gearing between shoes with different 

upper stiffness.  

Hypothesis: Increasing the stiffness of the shoe upper will result in a decrease in the gear ratio 

during the eccentric phase of movement and increase the gear ratio during the concentric phase 

of movement. 

Background:  

The global sports industry market including sporting goods, licensed products, and 

sporting events was approximately $501.4 billion in 2021 and is growing (13). According to 

Grand View Research, the athletic footwear market was valued at $109.7 billion in 2020 and is 

projected to reach $165.0 billion by 2030 (14). Shoe design varies drastically between sports and 

brands, however, there are some basic requirements that most shoes possess.  

A typical shoe is divided into two main components: the upper, which covers the top and 

sides of the foot, and the bottom, which includes the midsole and the sole of the shoe and is what 

contacts the ground or sport surface (Figure 1). The materials in the upper of the shoe can vary 

widely in terms of color, design, and structure. Given the large surface area of the foot that is 
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contacted by the upper of the shoe, the properties of the upper have a large impact on comfort, fit 

and support (15). The upper component is usually made of a synthetic polymer such as artificial 

suede, polyvinyl chloride-coated fabrics or a lightweight polyester mesh weave with plastic slabs 

or boards supporting the shape and providing breathability (16, 17). There may also be a leather 

or nylon overlay with leather attachments. Cloth is normally used for the laces fitted through 

plastic eyelets, and there can be additional components such as extended polytetrafluoroethylene 

(ePTFE), also known as Gore-Tex, linings that provide waterproofing and keep the foot dry (18). 

Finally, a hot-melt adhesive bonds the various components securely together (16). The 

components of a prototyped athletic running shoe with an alternative upper configuration as seen 

in Pryhoda et al. is shown below in Figure 1. 

 
 

Figure 1: Anatomy of Prototyped Adidas FUTURENATURAL Running Shoe 

The athletic shoe shown in Figure 1 with the alternative upper configuration has a distinct 

closing mechanism that includes a BOA L6 dial, three panels and TX4 textile lace (BOA 

Technology Inc, Denver, CO, USA) looping through lace guides that work together to close the 

shoe. The dial, mounted on the proximal portion of the eye-stay, pulls the lace through the lace 

guides, and allows for precise tension adjustment to improve the fit of the shoe. 

Dial 

Upper 

Lace 
Midsole 

Outsole 

Heel 

Counter 

Toe 

Box 

Tongue 

Panel 

Lace 

Guide 



   
 

4 
 

Athletic footwear brands have made and continue to make significant investments in 

research focused on how shoes could improve athletic performance. While most of this research 

has focused on differences in the midsole of the shoe (19, 20, 21), it is important to consider 

other aspects of footwear design such as the upper construction given its large contact area with 

the foot. Changing the characteristics of the shoe upper has the potential to alter the way athletes 

perform when completing agility tasks. Agility, defined as the ability to make a rapid whole-

body movement through a change in velocity or direction in response to a stimulus, is imperative 

when training and assessing athlete performance (22). Agility movements are common in many 

sports such as basketball (23), soccer (24), and tennis (25). Increasing agility performance would 

benefit athletes who participate in these sports, and footwear modification is one option for 

improving performance since improvements in agility drills have a strong correlation to 

performance in sports (23, 26). 

Pryhoda et al. showed that altering the configuration and the closing mechanism of a shoe 

upper may have implications on athletic performance which points to the potential benefit of 

further modifying aspects of the upper to improve performance (6). Altering the material 

composition of the upper has been shown to reduce ankle work when completing lateral shuffle 

movement (5). The effect of varying both materialization and stiffness of the upper panel in the 

alternative upper panel configurations studied by Pryhoda et al. remains unknown (5, 6). 

Quantifying the impact of various upper materializations and patterns can aid manufacturers in 

designing footwear that increases athletic performance while potentially also mitigating injury 

risk.  

Agility performance can be assessed through biomechanical data collection methods, 

specifically, 3D motion capture, which is a useful tool to quantify performance in athletics (27, 

28). Improvements in agility can also promote better long-term athletic development (29). 3D 

motion capture and embedded force plates can be used to calculate outcome measures such as 

peak concentric ground reaction force, eccentric rate of force development, eccentric and 

concentric ankle work, peak concentric ankle moments and powers, all of which could be useful 

when assessing athletic performance. Additional understanding of how certain biomechanical 

measures are impacted during the eccentric and concentric phases in jumping and cutting tasks 

can help to assess performance. 
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Movement during athletic tasks is often distinguished into the muscular eccentric and 

concentric phases because they represent different aspects of movement and are caused by 

differing muscle function (5). The eccentric phase is the first part of the movement where the 

muscles work to slow down the body and resist the forces of gravity. The concentric phase of 

movement is the second part of the movement where force production occurs and the time when 

the body overcomes the forces of gravity. Looking at different aspects of each phase of 

movement is important when understanding task performance. 

Performance during the concentric phase of movement is concerned with force 

production, therefore measures such as peak concentric ground reaction force, peak concentric 

ankle moments and powers, and ankle work can provide insights into how much force 

production is created to overcome the force of gravity. Peak concentric ground reaction force is 

the maximum force applied on the ground during the concentric phase of movement. This 

measure is an indication of how much force an individual can generate that can then be utilized 

to propel them into the air. The more force they can produce, the better they can perform based 

on their level of talent. Peak concentric ground reaction force is mostly used to assess jumping 

performance. Measuring peak concentric ground reaction force during motions that involve 

jumping and quick and powerful changes of direction can help assess the impact that stiffening 

the upper has on force production and therefore, performance. Peak concentric ankle moments 

are the total of the ground reaction force moment, joint reaction moment, and internal joint 

moment produced by the ankle and is calculated using a combination of motion capture and 

force data. Joint power is the energy that is created per time, or the rate at which energy is 

created or absorbed at a joint. Joint power is calculated by multiplying the joint moment by the 

joint angular velocity (30). Power is the rate of work and is a scalar quantity that is calculated in 

each plane of movement. Peak ankle power and plantar flexor moment are associated with 

cutting time in movements involving change of direction (12). The development of power at the 

ankle provides essential propulsive energy for push-off during movement (31). Ankle work is the 

sum of the powers at the ankle joint during motion and is calculated using time integration of the 

ankle powers. The work done at the ankle is essential for quick changes of direction (32, 33). 

The work done by the ankle joint is a driving factor in total lower limb mechanical work during 

locomotion and the concentric work at the ankle is essential for quick changes of direction (32, 

33).  
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Performance in the eccentric phase can be analyzed using ankle work and eccentric rate of 

force development. The eccentric ankle work is important to consider for understanding how the 

ankle absorbs the forces from landing or cutting (34, 35). The eccentric rate of force development 

(ERFD) is a measure of how fast an athlete can develop force during the eccentric phase of 

movement. Eccentric rate of force development is also known as a breaking force (35). Increasing 

the ERFD has been shown to be a predictor of vertical jump performance and is therefore important 

to optimize when working with an athlete to improve performance in jumping sports (34, 36) 

There are multiple athletic movements that have been used to assess agility and 

performance (37, 38, 39, 40, 41). For instance, the ProAgility 5-10-5 and T-test have been used 

to assess change of direction performance and speed (41, 42). When assessing athletic 

performance, counter movement jumps, and lateral skater jumps have been used as strength and 

conditioning training movements (43, 44). These tasks involve rapid change of direction or 

power production; however, they are not considered sport-specific tasks. Repeatable movements 

that include sports-related motion can help to assess performance during a task that is more 

familiar to the individual completing the task (5, 6). Analyzing these repeatable tasks will allow 

for further understanding of performance and can be done in both traditional means with 

biomechanical outcome measures and with alternative methods of analyzing movement such as 

by modeling the foot and ankle as a system of gears. 

Gearing has been used when assessing gait, but theoretically, gearing can be applied to 

jumping and agility movements as well. Gearing is described as the difference in gear ratio 

across time on the ground. The gear ratio is the ratio of the lever arm of the ground reaction force 

(R) and the lever arm of the ankle plantar flexor muscle (r) about the ankle joint center. A typical 

gait cycle is shown in Figure 2. As the center of pressure moves distally beneath the foot, the 

triceps surae gear (r) around the ankle stays relatively constant, but the GRF gear (R) gets larger. 

In running, the gear ratio is low at the beginning of movement, with high ankle velocity, low 

torque, and triceps surae muscle stretch as the triceps surae gear (r) is driven by the GRF gear 

(R) (Represented as gears in Figure 3). During the propulsive phase of movement, the gear ratio 

shifts to a high gear with lower velocity but higher torque as the small triceps surae gear (r) is 

driven by the larger GRF gear (R) (Represented as gears in Figure 4).  
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Figure 2: Gearing During Gait Cycle 

 
Figure 3: Low gear ratio shown with gears representing high ankle velocity and low torque and 

low triceps surae muscle stretch 

 

Figure 4: High gear ratio shown with gears representing low ankle velocity and high torque and 

high triceps surae muscle stretch 

Research has shown that biomechanical performance can be changed by altering shoe 

upper characteristics, which inherently stands to reason because the upper component of the shoe 

has the most contact with an individual’s foot (5, 6). There is, however, a lack of knowledge 

related to how panel materialization of shoes with alternative upper closing mechanisms, could 

affect biomechanical performance metrics and foot-specific response. A simple way to 

differentiate material characteristics between upper materials is to look at the variation in 

stiffness between one material and another through tensile testing of the materials. The harder it 

is to stretch a material indicates a greater material stiffness. 
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Historically, footwear has often been designed primarily for males. This biased design 

focus is misguided as according to a survey of 1400 runners from the US, females typically 

spend $28.10 more on athletic shoes each year compared to men (45). Research has shown that 

male and females differ in foot shape and therefore it would be advantageous to create specific 

men’s and women’s footwear. In addition, men and women differ in biomechanical performance 

due to, on average, greater strength, speed, and endurance in men (46). Footwear also has a 

differing effect on athletic performance during vertical jumping as reported in a study by Smith 

et al., which indicated that an interaction occurred between footwear condition and sex where 

men produced larger positive work in the standardized footwear condition when compared to 

women (47). Further understanding how men and women respond to different aspects of 

footwear is a beneficial goal for improving market-based footwear design. 

For performance data, multiple statistical approaches have been used to assess whether 

different conditions result in different outcomes. When comparing multiple groups, an Analysis 

of Variance (ANOVA) test is often performed (48). The downside to an ANOVA test is that the 

data must be normally distributed. Another method to look at differences between groups is to 

use descriptive statistics. Descriptive statistics are typically used as a tool for summarizing data 

and are unable to provide a distinct answer about whether conditions differ significantly (49).       

Linear mixed effects models are used to determine differences between conditions by expressing 

relationships in the data in terms of functions and comparing those functions (50, 51). Linear 

mixed effect models do not require a normal distribution. For time series data, new techniques 

such as statistical parametric mapping allow researchers to further understand the potential 

differences between two sets of data in which the same task is being completed but under 

different conditions (52, 53, 54) 

Biomechanical performance improvements can result from multiple factors. One way to 

improve performance quickly could be through footwear modifications. Many sports involve 

agility movements (soccer, basketball, football, etc.), however, they all use different footwear 

types. Running shoes are not designed to react to agility movements in the same way that it is 

expected for soccer, basketball, and football shoes. Most athletic shoes, including running shoes, 

are designed to work mostly with anterior-posterior movements (39). Exploration of both side-
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to-side and anterior-posterior motion in running shoes allows for further understanding of the 

impact that modifying the upper of a shoe can have on performance. 

 

Motivation, Purpose, and Hypothesis 

Billions of dollars each year are spent on athletic footwear in the United States alone (1). 

Understanding how different aspects of footwear affect performance is important to consider 

when designing, creating, and selling footwear. Footwear research has been primarily focused on 

the midsole of the shoe, even though most of the foot is in contact with the upper of the shoe. 

The investigation of how the materialization of the upper component of a shoe can impact shoe 

performance will further improve footwear design.  

The purpose of this research was to understand how the upper material from alternative 

shoe upper designs can impact agility course performance. The first hypothesis was that 

increasing the stiffness of the shoe upper would result in lower contact time, higher peak 

concentric ground reaction forces, higher peak ankle moments and powers during the concentric 

phase of movement, higher work at the ankle during the concentric phase of movement, lower 

work at the ankle during the eccentric phase of movement, and lower eccentric rate of force 

development when completing agility tasks. The second hypothesis was that increasing the 

stiffness of the shoe upper would result in a decreased gear ratio during the eccentric phase of 

movement and an increased gear ratio during the concentric phase of movement. 
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Ch. 2 (Manuscript 1) 

The Effect of Upper Panel Stiffness on Biomechanical Performance in Athletic Footwear 

 

Abstract 

 Improvements in athletic footwear design are possible through research into how 

different aspects of footwear impact athletic performance. Athletic performance can be evaluated 

using biomechanical outcome measures. It has been proven that changing features of the upper 

of an athletic shoe such as changing the closing mechanism to include panels and a dial to 

tighten and adding stiffening agents to the upper can impact athletic performance and 

biomechanics. Footwear design has also been tailored towards men, and this bias can be 

detrimental to women. Further understanding of how changing different aspects of footwear can 

impact men and women differently is important to study. Therefore, the purpose of this study 

was to explore the impact that upper panel stiffness has on biomechanical performance during 

agility tasks and determine if there were any sex-related differences. It was hypothesized that 

stiffening the upper panel of the shoe would result in decreased contact time and increased force 

production during jumping and change of direction tasks. 40 participants were recruited for this 

study, and each completed eight lateral skater jumps, eight counter movement jumps, three 

triangle drop step drills, and six anterior-posterior drills in three footwear conditions that varied 

in upper panel stiffness. 3D motion capture and embedded force plates were used to measure 

biomechanical outcomes associated with athletic performance. A linear mixed effect model was 

used to determine the effect of stiffness on performance in several biomechanical metrics. It was 

found that upper panel stiffness significantly affected contact time during the lateral skater jump 

with the stiffest shoe resulting in the shortest contact time compared to both less-stiff shoes 

(p=0.02-0.046). Shoe upper panel stiffness significantly affected peak concentric ankle power in 

the anterior-posterior drill with the least stiff shoe producing the highest power compared to the 

stiffest shoe (p=0.006). No sex-related interactions were found in any outcome variable. This 

finding allows for the conclusion that stiffness of the upper panel is an important factor to 

consider when designing footwear with alternative upper constructions and performance varies 

in different tasks and these changes do not impact men and women differently. 
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Introduction 

Movements that require agility are common in sports such as basketball, soccer, and 

tennis. Athletic performance can be assessed using biomechanical metrics in tasks that involve 

rapid change of direction and/or power production as well as sport-specific tasks (5, 6, 43, 44). 

Improving performance in agility movements could benefit athletes who participate in these 

sports, and modifying footwear is one way to improve performance (55). Athletic footwear 

brands have invested in research focused on determining how shoes could improve athletic 

performance for the last 4 decades (2, 3). While most of this research has focused on differences 

in the midsole of the shoe (2, 3, 4), it is imperative to consider other aspects of footwear design 

such as the upper construction given its large contact area with the foot (4). Changing the 

characteristics of the shoe upper has the potential to alter the way athletes perform when 

completing agility tasks. Specifically, altering the material composition of the upper has the 

potential to change the way an athlete performs when completing lateral shuffle movements by 

decreasing ankle work (5). Moreover, changing the configuration and closing mechanism of a 

shoe upper can decrease contact time, increase peak concentric ground reaction force, and 

decrease eccentric work during agility movements, (6). The effect of varying both 

materialization and stiffness of the upper panel in the alternative upper panel configurations 

studied by Pryhoda et al. had not been explored previously (6). Quantifying the impact of various 

upper materializations and patterns can aid manufacturers in understanding how footwear design 

can increase athletic performance with the goal of providing insights regarding material and 

design selection.  

Certain biomechanical outcome measures are important to consider when assessing 

agility performance. For instance, contact time on the ground provides information on how 

quickly an individual can change direction during a task. Contact time during movements such as 

a lateral skater jump where individuals are changing direction laterally as fast as they can is 

important to understand for performance because the main goal of completing a lateral skater 

jump is to move as quickly and powerfully as possible. Peak ground reaction force, ankle 

moment, and ankle power during the concentric phase of movement can provide insight as to 

how much energy is produced during the push-off phase of movement (31). Eccentric rate of 

force development is associated with better jump performance and can be used to assess braking 
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force (35). Eccentric and concentric ankle work are important metrics as they are indicators of 

locomotor performance (3, 32). 

Sex-specific footwear design is critical to research because foot structure and potentially 

function are different between men and women (56). These differences in foot structure and 

function between men and women could have a substantial impact on athletic performance as 

well as sex-specific injury prevention. Previous work has shown that women experience a higher 

rate of injuries compared to men (7). Women experience a higher rate of plantar fasciitis 

compared to men (57). Plantar heel pain is associated with difficulty in footwear comfort and fit 

and it is possible that because footwear has been more consistently designed for men, women are 

more prone to these injuries (58). Therefore, it is important to understand how modifications in 

footwear can impact the performance and injury risk for both men and women (47). This study 

will examine the effect that sex has on the biomechanical performance variables used for 

assessing performance and whether these differences are also influenced by the stiffness of the 

shoe upper. 

The aim of this study was to determine if stiffening the shoe upper using alternative 

configurations provided biomechanical benefits associated with improved performance. This 

study hypothesized that increasing the upper panel stiffness would enable athletes to decrease 

contact time, increase peak concentric ground reaction forces, increase peak ankle moments and 

powers during the concentric phase of movement, increase work at the ankle during the 

concentric phase of movement, decrease work at the ankle during the eccentric phase of 

movement, and decrease eccentric rate of force development when completing agility tasks. 

 

Methods 

 Individuals that participated in running and cutting sports multiple times a week were 

enrolled in the study and asked to perform four court-based agility tasks while wearing a 

modified Adidas FUTURENATURAL (Adidas AG, Herzogenaurach, Germany) shoe with three 

different upper panel materials. Performance metrics for each shoe condition were compared 

using linear mixed modeling. The Virginia Tech Institutional Review Board approved this 

investigation. All data was collected in the Granata Biomechanics Lab at Virginia Tech. 
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Participants: 

 Twenty male and twenty female athletes between 18 and 35 years old, that exercise at 

least three times a week for 30 minutes and participated in running and cutting sports from the 

university and surrounding community participated in this study. The participants were limited to 

individuals that wore a men’s size 10 or a women’s size 8 athletic shoe.  

 

Table 1: Participant Demographics 

Sex Male Female 
Independent Samples T-Test 

P-value  

Age years [mean (SD)] 21.7 (2.2)  23.2 (4.3) P = 0.189 

Mass kg [mean (SD)] 75.2 (8.7) 63.2 (11.7) P <0.001 

Height cm [mean (SD)] 177.6 (5.2)  164.3 (5.00) P <0.001 

Right Foot Length cm 

[mean (SD)] 

26.7 (0.73) 24.4 (0.75) P <0.001 

Left Foot Length cm 

[mean (SD)] 

26.7 (0.75) 24.4 (0.67) P <0.001 

Right Foot Width cm 

[mean (SD)] 

9.95 (0.39) 8.99 (0.45) P <0.001 

Left Foot Width cm 

[mean (SD)] 

9.99 (0.45) 9.12 (0.44) P <0.001 

  

Statistical power is the probability that a test will find an effect if an effect exists. Using a 

statistical power of 0.8, means that there is an 80% chance that an effect will be found. A 

statistical power analysis is conducted to estimate the sample size needed to detect a difference 

between groups. A statistical power analysis was completed in RStudio (RStudio Inc, Boston, 

MA, USA) using the superpower and tidyverse packages with data from Pryhoda et al. in which 

they determined the differences in contact time between different footwear conditions (5, 6). 

Three footwear conditions (lace, tri pane, and y panel) were chosen to determine the sample size 

that was needed to have adequate statistical power to detect differences. The means and standard 

deviations of contact time during a skater jump were used in a 3-way within participant ANOVA 

design with an alpha of 0.05 to determine the required sample size. The three shoe conditions 
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used to statistically power this study were chosen because the tri panel condition is the most like 

the shoe design used in this study, featuring three panels in the upper to close the shoe, the Y-

wrap is the second most similar shoe design to the shoe in this study, and these two were 

compared with the classic lace design in the Pryhoda et al. study (5, 6) and were shown to 

perform differently in contact time. Contact time in the lateral skater jump was used for 

statistical powering because it is a primary outcome assessed in this study, and it was shown to 

change based on changing aspects of the upper of a shoe. A sample size of 19 was needed to 

sufficiently statistically power the study to .80. Therefore, 40 individuals were recruited to 

increase the statistical power of this experiment to potentially assess differences in the other 

performance metrics and sex-related responses.  

 

Footwear: 

For all the tasks, the participants wore Adidas FUTURENATURAL shoes with modified 

uppers with one of three panel materials. One pair of each shoe was used across all trials, and 

shoes were available in either a size 10 men’s or size 8 women’s. The footwear was used in a 

counterbalanced order so that no shoe condition was used first or last every time. The Adidas 

FUTURENATURAL shoes were modified by BOA Technology (BOA Technology Inc, Denver, 

CO, USA) with a tri-panel design (See Figure 5). 

 

Figure 5: Three footwear conditions. A) Blue – most stretch, least stiff, B) Gray – mid stretch, 

middle stiffness, C) Yellow – least stretch, most stiff 
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Testing Procedure: 

A 10-camera three-dimensional motion capture system (Qualisys, Gothenburg, Sweden) 

recorded at 120 hz and four time-synced force plates (Bertec, Columbus, Ohio) recorded at 1920 

hz were used to measure biomechanical data in the Granata Biomechanics Lab. 

Following recruitment and the completion of institutional review board (IRB) informed 

consent, the participants had measurements taken including height and weight and specific 

measurements of their feet. The Foot Posture Measurement System (59) was used to measure 

foot characteristics such as foot length, truncate length, navicular height, dorsum height, and foot 

width. Once the measurements were collected, the participants tried on a specified pair of 

prototyped shoes and were instructed to walk around in them and warm up for five minutes to 

ensure that the shoe fit was comfortable. During this warmup, the participants were shown the 

tasks one more time and were asked to practice the tasks to ensure that they could complete the 

task comfortably. The participants were able to adjust the tightness of the shoe during this 

warmup period but were asked to not adjust the shoe after the warmup period was over and data 

collection began.   

Following the warmup, participants were outfitted with 41 retroreflective markers (25 

individual markers and four clusters of four markers). The markers were placed on the lower 

extremities only and placement as shown in Figures 6 and 7. 
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Figure 6: Marker Placement - Anterior View – Female Participant 

 

 

Right Thigh  
Left Thigh  

RL Knee  LL Knee  

Right Shank  Left Shank 

RM Knee  LM Knee  

RL Ankle 

5
th

 Met 

1st Met 

2
nd

 Met 

RM Ankle 

LL Ankle 

LM Ankle 

5
th

Met 

1st Met 

2
nd

 Met 

L Hallux R Hallux 



   
 

17 
 

 

Figure 7: Marker Placement - Posterior View – Female Participant 

 

After the markers were placed, a static trial was collected for a minimum of one second.  

Following the standing trial, the medial knee and ankle markers were removed. The participants 

then completed four agility tasks that included eight lateral skater jumps (LSJ), eight counter 

movement jumps (CMJ), three triangle drop-step drills (TDS), and six anterior-posterior (AP) 

drills (6).  
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Lateral Skater Jumps: 

1. Participants started with both feet in a square marked by blue tennis court marker lines  

a. The lines were set lateral to the force platform at a distance equal to the 

participant’s shoulder height 

2. The participants pushed off their non-dominant foot as hard as possible over the line 

towards the force platform. 

3. Participants changed direction off the dominant foot as fast as possible and planted the 

non-dominant foot as hard as possible back across the line marked by blue tennis court 

marker  

4. Participants changed direction off the non-dominant foot as fast as possible 

5. Repeated steps 1-4 eight times as quickly and powerfully as possible 

  

Figure 8: Lateral Skater Jump Task Planting on Blue Square 

 

Figure 9: Lateral Skater Jump Task Planting on Force Plate 
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Counter Movement Jumps:  

1. Participants placed their feet about shoulder width apart, one on each force plate 

2. Participants jumped as high as possible 

a. Arms swinging above participant’s head  

b. Legs straight in the air 

3. Repeated step 2 for eight jumps as quickly and powerfully as possible with as little time 

on the ground between jumps as possible 

 

Figure 10: Counter Movement Jump 

  

 

Triangle Drop Step Drill 

Setup: Schematic of the drop step drill is shown below in Figure 11. 
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Figure 11: Schematic of Triangle Drop Step Drill 

- Two squares were outlined 2.8 meters apart to either side of the force plates  

- A square marked by blue tennis court marker lines was set 2.8 meters away on a line at a 45-

degree angle from the right-most force platform. 

- A square marked by yellow tennis court marker lines was set at a 45-degree angle from the 

left-most force platform and 2.8 meters away from the force platform 

 

Athlete Participant Procedure 

1. Right-foot-dominant athletes began in the blue square. 

2. Participants backpedaled to force platform 2. 

3. Participants planted their right foot as hard as possible on the force plate. 

4. Participants changed direction as fast as possible moving back to the blue square running 

forward. 

5. Participants moved toward the yellow square in a pattern of their choice while continuing to 

face the yellow square. 

6. At the yellow square, participants performed a soccer pass kick aiming towards the corner of 

the room on that side of the force plates.  
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7. Participants backpedaled to force platform 4. 

8. Participants planted their left foot as hard as possible.  

9. Participants changed direction back to the yellow square as fast as possible. 

10. Participants performed a soccer pass kick in the yellow square aiming for the right corner of 

the room. 

11. Participants moved sideways back to the blue square. 

12. This pattern was repeated three times for a total of six force platform strikes per trial. 

Note: Left-foot-dominant athletes reversed the pattern, beginning in the yellow square and 

performing the soccer pass in the blue square.  

 

Anterior Posterior Drill 

1. Participants began at the start line. 

2. Participants sprinted forward as fast as possible toward the force plates. 

3. Participants planted their dominant foot on a force platform 4.3 meters away from the 

starting line. 

4. Participants changed direction off the dominant foot as fast as possible. 

5. Participants backpedaled as quickly as possible to the starting line.  

6. Participants performed a soccer kick at a 45-degree angle towards the corner of the room. 

7. Participants repeated the drill five more times. 

 

Figure 12: Schematic of Anterior-Posterior Drill 

The participants were given five minutes to warm up and learn the different tasks in the 

first pair of shoes before data collection began. To prevent fatigue, a two-minute rest period was 
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provided between each task. The length of the lace between the dial and the top panel of the shoe 

was measured on every shoe once all tasks were completed in that shoe. The testing was 

conducted using a counter-balanced order, where none of the shoe conditions were always used 

first. A qualitative survey was administered at the end of the session to gauge participants’ 

preferences between the footwear conditions. 

 

Materials Testing: 

 The three footwear conditions differed in upper panel stiffness: Blue (A), Gray (B), and 

Yellow (C) as shown in Figure 13. Materials testing was conducted on the sample panels 

provided by BOA Technology.  

 

Figure 13: Three shoe panel materials 

 

The stiffness of the materials is described as the change in force divided by change in 

displacement. The higher the value, the higher the stiffness, because if the material is stiffer, it 

will require more force to deform it. Three samples of each type of material were tensile tested to 

measure stiffness. The thickness, width, and lengths were measured for each sample. The 

samples were then put in a screw-driven tensile testing machine (Instron 4204, Instron, 
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Norwood, MA)) one at a time, and clamps were hand tightened and a piece of sandpaper was 

folded and clamped on each end of the samples so that the material did not slip within the clamps 

(See Figure 14). The tensile test was performed at room temperature and was run at 12mm/min, 

and the data was collected at 20hz. The samples were stretched to 65 mm and then taken out of 

the clamps. The force measurement was taken at 1.5 mm displacement from the start and again at 

7.5 mm displacement from the start. The stiffness was determined as the change in force divided 

by the change in displacement. Averages of the three samples of each material were determined 

and reported as the material stiffness. 

 

 

Figure 14: Photo of material in tensile tester (Instron 4204) 

 

Data analysis: 

Three-dimensional motion capture data was processed in Qualisys Track Manager 

(Qualisys, Gothenburg, Sweden) to ensure the markers were accounted for in the movements. 

Three participants’ marker data was removed from the analysis because of misaligned static 

trials. The three trials were all conducted wearing the gray shoe. The marker position data and 
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force plate data were then exported into Visual3D and marker data was filtered using a low pass 

Butterworth filter with a 7 Hz frequency cut off and force plate data was filtered using a low pass 

Butterworth filter with a 100hz frequency cutoff (C-Motion, Inc, Germantown, MD) (60, 61, 62, 

63). Internal joint moments and powers were calculated in Visual3D where all metrics that 

included force were normalized to body mass of the individual. The marker positions, ground 

reaction forces, and joint moments and powers were exported into text files. A custom MATLAB 

(MathWorks, Natick, MA) script was created to calculate the outcome measures for all the 

movements using the exported text files from Visual3D. 

 

Statistical Analysis: 

 Statistical analysis was completed in RStudio (RStudio Inc, Boston, MA, USA). using the 

lmerTest package (64) for Linear Mixed Models, to determine the differences caused by the 

three footwear conditions and sex of the participant. The emmeans package (65) for post hoc 

Dunnett’s Test was used to determine the differences in the outcome measures between footwear 

conditions when differences were present. Eta squared (η2) effect sizes were determined using the 

effectsize package (66). Ground contact time, negative and positive ankle work, peak concentric 

ground reaction force, plantar flexion (foot movement in which the toes and foot flex toward the 

sole) moment, ankle inversion moment, plantar flexion power, ankle inversion power, and jump 

height for the counter movement jump were the primary outcome measures. 

 

Results 

 The materials results demonstrated that the Yellow (C) panel was the stiffest panel, the 

Gray (B) panel was the second stiffest, and the Blue (A) panel was the least stiff. The 

performance results demonstrate that stiffness influences both contact time and ankle power. The 

improvements were not consistent between outcome variables. The higher stiffness Yellow (C) 

panel performed the best in the lateral skater jump task and the Blue (A) panel (lowest stiffness) 

performed the best in the anterior-posterior drill. 
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Materials Testing Results 

The Blue (A) panel was the least stiff material and was less than half of the stiffness of the 

highest stiffness panel, Yellow (C). The Gray (B) panel material was 3.75 N/mm higher than the 

Blue (A) panel and 4.29 N/mm less than the Yellow (C) panel. 

 

Table 2: Materials Testing Results 

 Blue (A) Gray (B) Yellow (C) 

Sample Lengths (mm) 

(3 samples tested for 

each color) 

(65, 65, 65) (65, 65, 65) (65, 65, 65) 

Sample Widths (mm) (3 

samples tested for each 

color) 

(25.53, 25.66, 25.14) (25.75, 24.49, 24.36) (24.48, 26.27, 25.46) 

Sample Thicknesses 

(mm) (3 samples tested 

for each color) 

(1.98, 1.98, 1.98) (1.39, 1.4366, 1.4) (1.30, 1.36, 1.27) 

Force at 1.5 mm (N) (10.87, 10.19, 8.99) (20.83, 15.11, 21.03) (21.44, 24.09, 26.40) 

Force at 7.5 mm (N) (38.34, 35.44, 36.29) (66.93, 59.30, 66.98) (83.75, 91.02, 97.84) 

Stiffness (N/mm) (5.49, 5.05, 5.46) (9.22, 8.84, 9.19) (12.46, 13.39, 14.27) 

Average Stiffness 

(N/mm) 

5.33 ± 0.20 9.08 ± 0.17 13.37 ± 0.74 
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Figure 15: Tensile Force vs. Displacement graph with force measurements taken at 1.5 mm 

displacement and 7.5 mm displacement on each of the three shoe panel materials 

 

Performance Results 

 Three participants' data was removed because of misaligned static trials. The performance 

of the shoe conditions differed between tasks. The Gray (B) and Blue (A) conditions had higher 

contact times (p=0.020, 0.046) compared to the Yellow (C) condition. The eta squared effect size 

for contact time was large (η2 = 0.18). For the AP drill, peak dorsiflexion, and power in the 

concentric phase of movement was higher in the Blue (A) condition compared to the Yellow (C) 

condition (p=0.006) (Table 5). The eta squared effect size for peak dorsiflexion power in the 

concentric phase was large (η2 = 0.22). 

No differences were seen between footwear conditions for any other outcome measures 

in any movement (p>0.050); however medium effect sizes were seen for multiple outcome 

measures (CMJ: peak concentric ground reaction force (GRF), negative ankle work, plantar 

flexion moment, eversion power, LSJ: peak concentric GRF, peak ankle inversion moment, 

negative ankle work, AP: eccentric rate of force development) (See Tables 2-5). These results 
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suggest that the relationship between upper panel stiffness and lateral quickness is non-linear. 

The highest stiffness shoe, Yellow (C), performed the best while the middle stiffness shoe, Gray 

(B), performed the worst for the lateral skater jump task (See Table 4). 

 

Table 3: Counter Movement Jump Results: Main effect chi squared value, p-values, estimated 

marginal means and standard errors 

Performance Variable Effect Size  

η2  

Main effect  

ꭓ2 & p-

value 

Blue (A) 

(emm ± se) 

Gray (B) 

(emm ± se) 

Yellow (C) 

(emm ± se) 

Ground Contact Time (sec) η2 = 0.01 ꭓ2 = 0.482 

p = 0.786 

0.428 ± 0.02 

 

0.434 ± 0.021 0.434 ± 0.019 

Peak Eccentric Rate of 

Force Development 

(N/kg/sec)** 

η2 = .05 ꭓ2 = 1.86 

p =0.394 

104 ± 6.14 103 ± 5.53 110 ± 7.72 

Peak Concentric GRF 

(N/kg)** 

η2 = .11 ꭓ2 = 4.68 

p = 0.096 

2.95 ± 0.13 2.91 ± 0.126 2.83 ± 0.113 

Eccentric Work (J/kg) ** η2 = .08 ꭓ2 = 3.34 

p = 0.189 

0.67 ± 0.04 0.671 ± 0.038 0.643 ± 0.037 

Concentric Work 

(J/kg)** 

η2 = .03 ꭓ2 =1.19 

p = 0.552  

0.808 ± 0.03 0.807 ± 0.032 0.793 ± 0.028 

Peak Concentric Frontal 

Plane Ankle Moment 

(Nm/kg)**** 

η2 = .04 ꭓ2 = 1.49 

p = 0.473 

0.228 ± 0.014 0.209 ± 0.014 0.227 ± 0.014 

Peak Concentric Sagittal 

Plane Ankle Moment 

(Nm/kg)*** 

η2 = .02 ꭓ2 = 0.716  

p = 0.699 

0.384 ± 0.044 0.367 ± 0.052 0.392 ± 0.047 

Peak Concentric Frontal 

Plane Ankle 

Power(W/kg)**** 

η2 = .09 ꭓ2 = 3.34 

p = 0.189 

-1.59 ± 0.089 -1.57 ± 0.084 -1.51 ± 0.075 

Peak Concentric Sagittal 

Plane Ankle Power 

(W/kg)*** 

η2 = .06 ꭓ2 = 2.11 

p = 0.348 

0.186 ± 0.083 0.268 ± 0.103 0.147 ± 0.082 

Peak Eccentric Rate of 

Force Development 

(N/kg/sec)** 

η2 = .08 ꭓ2 = 3.17 

p = 0.205 

9.88 ± 0.45 9.7 ± 0.411 9.5 ± 0.384 
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*Significant Difference Found 

**All outcome measures that include force in calculation were normalized to body weight 

***Dorsiflexion Moment & Power – Positive; Plantar Flexion Moment & Power - Negative 

****Eversion Moment & Power – Positive; inversion Moment & Power - Negative 

 

Table 4: Lateral Skater Jump Results: Main effect chi squared value, p-values, estimated 

marginal means and standard errors 

Performance Variable Effect Size  

η2  
Main effect  

ꭓ2 & p-value 
Blue (A) 

(emm ± se) 
Gray (B) 

(emm ± se) 
Yellow (C) 

(emm ± se) 

Ground Contact Time (sec) η2 = 0.18 * ꭓ2 = 7.95 

p = .019 

 
(p=0.046 

between blue and 

yellow, p = 0.02 

between gray and 

yellow) 

0.425 ± .017 

 

.432 ± .016 .413 ± .016 

Peak Eccentric Rate of Force 

Development (N/kg/sec)** 

η2 = 0.03 ꭓ2 = 1.32 

p = .518 

40.4 ± 2.48 40.7 ± 2.35 41.7 ± 2.37 

Peak Concentric GRF 

(N/kg)** 

η2 = .09 ꭓ2 = 3.83 

p = .147 

1.83 ± .041 1.81 ± .036 1.84 ± .037 

Eccentric Work (J/kg) ** η2 = .09 ꭓ2 = 3.61 

p = .164 

.608 ± .031 .619 ± .029 .591 ± .03  

Concentric Work (J/kg)** η2 = 

.00452 

ꭓ2 = .285 

p = .867 

.543 ± .024 .545 ± .024 .539 ± .022 

Peak Concentric Frontal Plane 

Ankle Moment (Nm/kg)**** 

η2 = .09 ꭓ2 =3.61 

p = .164 

-.639 ± .049 -.638 ± 

.058 

-.688 ± .061 

Peak Concentric Sagittal Plane 

Ankle Moment (Nm/kg)*** 

η2 = .001 ꭓ2 = .501 

p = .778 

-1.87 ± .063 -1.86 ± 

.055 

-1.89 ± .058 

Peak Concentric Frontal Plane 

Ankle Power(W/kg)**** 

η2 = .07 ꭓ2 = 2.57 

p = .277 

.262 ± .117 .269 ± .132 .369 ± .145 

Peak Concentric Sagittal Plane 

Ankle Power (W/kg)*** 

η2 = .02 ꭓ2 = .936 

p = .626 

6.39 ± .27 6.24 ± .297 6.28 ± .26 

*Significant Difference Found 

**All outcome measures that include force in calculation were normalized to body weight 

***Dorsiflexion Moment & Power – Positive; Plantar Flexion Moment & Power - Negative 

****Eversion Moment & Power – Positive; inversion Moment & Power - Negative 
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Figure 16: Lateral Skater Jump Contact Time by Shoe Condition; Gray (B) and Blue (A) shoes 

have greater contact time compared to Yellow (C) shoe (p < 0.05) 

 

 

Table 5: Triangle Drop Step Drill Results: Main effect chi squared value, p-values, estimated 

marginal means and standard errors 

Performance Variable Effect 

Size  

η2  

Main 

effect  

ꭓ2 & p-

value 

Blue (A) 

(emm ± se) 
Gray (B) 

(emm ± se) 
Yellow (C) 

(emm ± se) 

Ground Contact Time (sec) η2 = .05 ꭓ2 = 2.13 

p = .344 

.523 ± .018 .533 ± .018 .521 ± .019 

Peak Eccentric Rate of Force 

Development (N/kg/sec)** 

η2 = .1 ꭓ2 = 4.05 

p = .132 

42.4 ± 2.26 40.5 ± 2.24 43.5 ± 2.03 
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Peak Concentric GRF (N/kg)** η2 = 

.00387 

ꭓ2 = .002 

p = .999 

1.54 ± .029 1.54 ± .025 1.53 ± .031 

Eccentric Work (J/kg) ** η2 = .002 ꭓ2 = 1.07 

p = .585 

1.07 ± .052 1.11 ± .049 1.07 ± .052 

Concentric Work (J/kg)** η2 = 

.00841 

ꭓ2 = .049 

p = .976 

1.01 ± ,04 1.01 ± ,036 1.02 ± .042 

Peak Concentric Frontal Plane 

Ankle Moment (Nm/kg)**** 

η2 = .09 ꭓ2 = 3.43 

p = .179 

-.233 ± 

.079 

-.27 ± .078 -.197 ± .08 

Peak Concentric Sagittal Plane 

Ankle Moment (Nm/kg)*** 

η2 = .001 ꭓ2 = 1.84 

p = .399 

-2.37 ± 

.068 

-2.39 ± 

.063 

-2.43 ± .079 

Peak Concentric Frontal Plane 

Ankle Power(W/kg)**** 

η2 = 

.00382 

ꭓ2 = .204 

p = .903 

.289 ± .099 .254 ± .086 .265 ± .072 

Peak Concentric Sagittal Plane 

Ankle Power (W/kg)*** 

η2 = 

.00461 

ꭓ2 = .279 

p = .869 

10.2 ± .413 10.3 ± .409 10.2 ± .456 

*Significant Difference Found 

**All outcome measures that include force in calculation were normalized to body weight 

***Dorsiflexion Moment & Power – Positive; Plantar Flexion Moment & Power - Negative 

****Eversion Moment & Power – Positive; inversion Moment & Power - Negative 

 

Table 6: Anterior-Posterior Drill Results: Main effect chi squared value, p-values, estimated 

marginal means and standard errors 

Performance Variable Effect Size  

η2  
Main effect  

ꭓ2 & p-

value 

Blue (A) 

(emm ± 

se) 

Gray (B) 

(emm ± 

se) 

Yellow (C) 

(emm ± se) 

Ground Contact Time (sec) η2 = .03 ꭓ2 = 1.36 

p = .508 

.499 ± 

.018 

.492 ± 

.019 

.486 ± .018 

Peak Eccentric Rate of Force 

Development (N/kg/sec)** 

η2 = .03 ꭓ2 = 1.41 

p = .493 

65.2 ± 

2.83 

65.9 ± 

3.94 

67.5 ± 3.42 

Peak Concentric GRF (N/kg)** η2 = .02 ꭓ2 = .615 

p = .735 

1.5 ± .02 1.52 ± 

.024 

1.5 ± .018 

Eccentric Work (J/kg) ** η2 = .06 ꭓ2 = 3.44 

p = .179 

.14 ± 

.015 

.125 ± 

.011 

.13 ± .014 

Concentric Work (J/kg)** η2 = .09 ꭓ2 = 3.12 

p = .210 

.211 ± 

.017 

.2 ± .017 .193 ± .017 
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Peak Concentric Frontal Plane 

Ankle Moment (Nm/kg)**** 

η2 = .004 ꭓ2 = .155 

p = .925 

.23 ± 

.046 

.237 ± 

.046 

.23 ± .049 

Peak Concentric Sagittal Plane 

Ankle Moment (Nm/kg)*** 

η2 = .07 ꭓ2 = 2.75 

p = .253 

-.97 ± 

.034 

-.957 ± 

.044 

-.926 ± .042 

Peak Concentric Frontal Plane 

Ankle Power(W/kg)**** 

η2 = .002 ꭓ2 = 1.59 

p = .452 

2.29 ± 

.062 

2.15 ± 

.081 

2.01 ± .078 

Peak Concentric Sagittal Plane 

Ankle Power (W/kg)*** 

η2 = .22 * ꭓ2 = 9.17 

p = .01 

 
(p=0.006 

between Blue 

and Yellow) 

.2 ± .141 .229 ± 

.175 

.264 ± .14 

*Significant Difference Found 

**All outcome measures that include force in calculation were normalized to body weight 

***Dorsiflexion Moment & Power – Positive; Plantar Flexion Moment & Power - Negative 

****Eversion Moment & Power – Positive; inversion Moment & Power - Negative 

 

   

Figure 17: Anterior-Posterior Drill Peak Sagittal Plane Power (Plantar Flexion Moment – 

Negative) by Shoe Condition; peak dorsiflexion power in the concentric phase of movement was 

higher in the Blue (A) condition compared to the Yellow (C) condition (p=0.006) 
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Sex-Specific Differences 

 There were multiple differences seen between men and women in performance variables. 

In the counter movement jump, men jumped higher than women. 

  

Table 7: Counter Movement Jump Sex Differences  

Performance Variable Main effect 

ꭓ2  

P-value Difference 

emm ± se 

Ground Contact Time (sec) 1.84 0.605 No 

Peak Eccentric Rate of Force Development (N/kg/sec) 3.39 0.342 No 

Jump Height* 13.9 0.003 Males increase 

by .087 ± .023 

Peak Concentric GRF (N/kg) 1.13 0.770 No 

Eccentric Work (J/kg)  3.79 0.284 No 

Concentric Work (J/kg) 2.25 0.521 No 

Peak Concentric Frontal Plane Ankle Moment (Nm/kg) 2.05 0.561 No 

Peak Concentric Sagittal Plane Ankle Moment (Nm/kg) 3.26 0.353 No 

Peak Concentric Frontal Plane Ankle Power(W/kg) 4.83 0.119 No 

Peak Concentric Sagittal Plane Ankle Power (W/kg) 5.85 0.184 No 

*Significant Difference Found 

 

In the lateral skater jump and triangle drop step drill, men had higher peak frontal plane moment 

compared to women. 

 

Table 8: Lateral Skater Jump Sex Differences  

Performance Variable Main effect 

ꭓ2  

P-value Difference 

emm ± se 

Ground Contact Time (sec) 3.83 .281 No 

Peak Eccentric Rate of Force Development (N/kg/sec) 4.14 .247 No 

Peak Concentric GRF (N/kg) 1.89 .595 No 

Eccentric Work (J/kg)  6.65 .084 No 

Concentric Work (J/kg) 2.15 .521 No 
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Peak Concentric Frontal Plane Ankle Moment (Nm/kg)* 9.29 .026 Increased in men 

by .187 ± .092 

Peak Concentric Sagittal Plane Ankle Moment (Nm/kg) 2.16 .54 No 

Peak Concentric Frontal Plane Ankle Power(W/kg) 6.52 .089 No 

Peak Concentric Sagittal Plane Ankle Power (W/kg) 7.57 .056 No 

*Significant Difference Found 

 

Table 9: Triangle Drop Step Sex Differences 

Performance Variable Main effect 

ꭓ2  

P-value Difference 

emm ± se 

Ground Contact Time (sec) 6.84 .074 No 

Peak Eccentric Rate of Force Development (N/kg/sec) 1.99 .573 No 

Peak Concentric GRF (N/kg) 3.22 .359 No 

Eccentric Work (J/kg)  1.49 .686 No 

Concentric Work (J/kg) 1.1 .776 No 

Peak Concentric Frontal Plane Ankle Moment (Nm/kg)* 9.81 .02 Increased in men 

by .452 ± .139 

Peak Concentric Sagittal Plane Ankle Moment (Nm/kg) 1.92 .589 No 

Peak Concentric Frontal Plane Ankle Power(W/kg) 3.65 .302 No 

Peak Concentric Sagittal Plane Ankle Power (W/kg) 1.69 .638 No 

 *Significant Difference Found 

 

Women produced more concentric work in the Anterior-Posterior drill compared to men. 

 

Table 10: Anterior-Posterior Sex Differences  

Performance Variable Main effect 

ꭓ2  

P-value Difference 

emm ± se 

Ground Contact Time (sec) 4.15 .246 No 

Peak Eccentric Rate of Force Development (N/kg/sec) 3.25 .354 No 

Peak Concentric GRF (N/kg) .679 .878 No 

Eccentric Work (J/kg)  5.18 .159 No 

Concentric Work (J/kg)* 11.4 .009 Increase in females 

by .084 ± .03 
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Peak Concentric Frontal Plane Ankle Moment (Nm/kg) .614 .893 No 

Peak Concentric Sagittal Plane Ankle Moment (Nm/kg) 2.02 .569 No 

Peak Concentric Frontal Plane Ankle Power(W/kg) .079 .994 No 

Peak Concentric Sagittal Plane Ankle Power (W/kg) 5.09 .166 No 

*Significant Difference Found 

 

Qualitative Results 

 The Gray (B) shoe was ranked the best shoe by 17 of the 40 participants. 12 participants 

selected the Yellow (C) shoe as the best and 11 selected Blue (A) as the best.  

 

Discussion 
 

Performance benefits 

This study demonstrates that the stiffness of the upper panel material on alternatively 

configured athletic shoes impacts performance and could lead to further optimization of athletic 

footwear to improve athletic performance in activities involving lateral movements. The 

participants increased their lateral quickness in the shoe condition with the highest stiffness 

which supports the theory that stiffness can have an effect on lateral quickness. Interestingly, the 

middle stiffness condition resulted in the slowest lateral quickness. This could suggest that 

stiffness of the upper panel material can have a non-linear relationship with lateral quickness. 

Also, it is possible that other material properties not explored in this study could be the cause of 

the differences seen between the footwear conditions. In the AP drill, the lowest stiffness shoe, 

Blue (A), resulted in the highest peak sagittal plane power when compared to the higher stiffness 

shoes, Yellow (C). This result suggests that the lower stiffness shoe can allow for improved 

performance in power production at the ankle joint during quick reversals in direction. 

 

Sex-specific differences 

Women were shorter and lighter than men. Men jumped higher and produced more 

frontal plane moments in lateral jumping and in the triangle drop step change of direction 

movement. However, women produced more concentric ankle work during the AP drill. This 

could be seen as either a good or bad thing. Performance wise, producing more work at the ankle 
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is beneficial; however, it can also mean a greater chance of injury. No interactions were seen 

between sex differences and shoe condition differences. This result points to the idea that 

increasing stiffness can benefit performance in lateral quickness in both men’s and women’s 

footwear. Decreasing stiffness increases performance in power production in the ankle during 

anterior-posterior movements in men and women.  

 

Qualitative vs Biomechanical Performance 

 There was not a consensus on best performing shoe between the qualitative survey and 

the biomechanical performance metrics. The difference in perception of the best performing shoe 

is unknown but could be caused by aesthetics. 

 

Limitations 

 There were limitations with this study that should be considered when interpreting the 

results. The only biomechanical metrics observed were at the ankle joint. Other portions of the 

lower extremities could have experienced greater moments, powers, or works to compensate for 

what was experienced at the ankle. Also, because this study focused on biomechanical variables, 

performance changes caused by neuromuscular input could not be determined. This was 

minimized with counterbalancing the order of shoe configurations between participants; 

however, athletes could still look at and feel the shoes on their feet before performing the tasks. 

  

Conclusions and Future work 

The stiffness of the upper panel in athletic footwear designed with alternative upper 

closing mechanisms has an impact on athletic performance during agility movements. These 

findings suggest that material properties of the upper panel materials are important to consider in 

the design of footwear with alternative uppers. Additional material properties such as energy 

return (tan delta), and torsional properties should be explored in further studies to understand 

more about the impact that changing the upper panel material has on biomechanical performance 

metrics. 
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Ch. 3 (Manuscript 2) 

Investigation of foot gearing and in agility drills 

Abstract  

Understanding the mechanisms that the foot and ankle system provide to movement is 

important for assessing locomotor mechanics in humans. Using gear ratios in the foot and ankle 

system in agility tasks can help describe how the foot and ankle respond to rapid changes in 

movement and force attenuation and production. The purpose of this study was to explore the 

gear ratios present in the ankle during three tasks that involved change of direction or jumping 

and landing and see if the gear ratio was influenced by changes in the upper panel of an athletic 

shoe. The gear ratios were explored during the entire ground contact as well as the eccentric and 

concentric phases of movement during a countermovement jump, a triangle drop step drill, and 

an anterior-posterior drill in three footwear conditions that differed in upper panel stiffness. 

Statistical parametric mapping with a repeated measures ANOVA model was used to assess 

whether the gear ratio differed between footwear conditions at any point throughout the ground 

contact time. The gear ratio did not differ between conditions in all three tasks. Although no 

differences were found, understanding how the gear ratio changes throughout these tasks will 

help define these tasks in simple biomechanical terms. The use of gear ratios could serve as a 

tool to further explore the effects of footwear on force attenuation and production at the ankle 

during agility tasks.   

Introduction 

The foot and ankle system is a complex part of the human body that includes bones, 

joints, muscles, ligaments, and tendons that all work together to help people move (67). 

Simplification of the foot and ankle system into a system of two gears can help to define the gait 

cycle in humans and the force production of the plantar flexors (12). The ratio of the lever arms 

of the input plantar flexor muscle tendon force and the output ground reaction force about the 

ankle is known as gearing. Gearing has not been explored in humans during agility movements. 

Gearing is variable in human walking and used to optimize triceps surae muscle stretch or force 

during the stance phases. Carrier et al. introduced the concept of variable gearing in humans in 

1994 (12). The gear ratio is low when there is low stretch of the triceps surae muscle. This low 

gear also represents low torque and high ankle velocity (12, 68, 69). The gear ratio is high when 

the triceps surae is stretched and is involved in the propulsive phase of movement. The velocity 
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at the ankle is low during high gear conditions and the torque is high (12, 68, 69). The gear ratio 

of the plantar flexors during motion can provide information on the mechanical efficiency of the 

ankle and the loading of the ankle joint during motion as well as the mechanical efficiency of 

that joint. In a typical gait cycle, the gear ratio starts off low during initial contact and continues 

to increase until the push-off where the gear ratio is at its maximum (Figures 2-4). 

 

Figure 2: Gearing during gait cycle  

 

Figure 3: Low gear ratio shown with gears representing high ankle velocity and low torque and 

low triceps surae muscle stretch 

 

Figure 4: High gear ratio shown with gears representing low ankle velocity and high torque an 

high triceps surae muscle stretch 
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Foot gearing in gait can be influenced by footwear. Braunstein et al. found that wearing 

running shoes produces a lower gear ratio at the ankle in early stance and a higher gear ratio in 

late stance when compared to a barefoot running condition (68). Gearing can also be affected 

between shoes by changing the longitudinal bending stiffness. Increasing the bending stiffness 

increases the ground reaction force lever arm during the propulsive phase which in turn means 

the gear ratio increases (73). Previously, averaging the gear ratio over the entire ground contact 

was used to assess differences between conditions in gearing (69). Statistical parametric mapping 

allows for more precise understanding of where, during ground contact, differences are observed. 

The primary exploration of foot gearing has focused on walking and running motions. 

This leaves room for exploration of gearing mechanisms in movements that involve a quick 

change of direction and repetitive jumping. Insights into how gearing changes during change of 

direction movements and repetitive jumping can lead to further analysis of performance and 

efficiency in agility tasks and jumping. This information can help with the design of footwear 

made for athletic activities with alternative motions that involve force production.  

To look at how gearing varies during change of direction and force production 

movements, the gear ratio must be collected during these tasks. This study is a secondary 

analysis of data that was collected previously for a study that determined the impact that upper 

panel stiffness had on biomechanical performance in athletic shoes. The goal of this work was to 

describe the process of assessing the gear ratio in non-gait related movements and to utilize the 

outcomes from three agility tasks that involved some motion in the anterior-posterior direction to 

describe gearing for the first time during these tasks.  

Materials and Methods 

Participants 

40 active young adults participated in this study. 20 males (Age (years) 21.7 ± 2.15, Mass 

(kg) 75.2 ± 8.67, Height (cm) 177.6 ± 5.21) and 20 females (Age (years) 23.2 ± 4.34, Mass (kg) 

63.2 ± 11.7, Height (cm) 164.3 ± 4.96) participated. All male participants wore a size 10 men’s 

shoe and all women participants wore a women’s size 8 shoe. All participants had no injuries 

within three months of participation and participated in sports involving running and cutting at 

least three times a week for thirty minutes. 

Footwear 
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 Three footwear conditions were used in this study to see potential gearing differences 

caused by changes to the upper of a shoe.  The three footwear conditions differed in upper panel 

stiffness calculated through tensile testing of panel samples, Blue (A): 5.33N/mm, Gray (B): 

9.08N/mm, Yellow (C): 13.37 N/mm, as shown in Figure 5. The shoes were size 10 for male and 

size 8 for female participants.  

 

 

Figure 18: Front view image of the three footwear conditions 

 

This study was conducted at the Granata Biomechanics Lab at Virginia Tech, and the 

participants were from Virginia Tech and the surrounding community. Informed consent was 

received from all participants, and the study was approved by the University’s Institutional 

Review Board. The participants completed three agility tasks in three footwear conditions. The 

agility tasks were eight counter movement jumps (CMJ), three triangle drop-step drills (TDS), 

and six anterior-posterior (AP) drills (6).  

 

Experimental Protocol 

 The participants had height and weight measurements taken at the beginning of the 

session. Three-dimensional motion capture data was collected using a 10-camera motion capture 
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system (Qualisys, Gothenburg, Sweden) and force plate data (AMTI, Watertown, MA) that was 

time-synced. Three agility movements were completed by all participants under three footwear 

conditions. The participants were given five minutes to warm up and practice the drills prior to 

the start of testing.  

Following the warmup, participants were outfitted with 41 retroreflective markers (25 

individual markers and four clusters of four markers). The markers were placed on the lower 

extremities only, and placement is shown in Figures 18 and 19. 
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Figure 19: Marker Placement – Anterior View – Male Participant 
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Figure 20: Marker Placement - Posterior View – Male Participant 
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Gearing Determination 

The gear ratio was determined as the GRF gear divided by the triceps surae gear (11, 65). 

The gear ratio was calculated throughout ground contact. The joint center of the ankle was 

calculated using the midpoint between the medial and lateral ankle markers taken from the static 

trial (70, 71). The position of the Achilles heel marker was recorded throughout the movement 

trials. The distance from the Achilles heel marker and the ankle joint center was used to 

determine the triceps surae gear – Gear r as shown with the blue portion of Figure 20. The 

ground reaction force was output and used to form the GRF gear by taking the distance between 

the perpendicular distance from the GRF and the ankle joint center as shown with the red portion 

of Figure 20. The eccentric and concentric phases of movement were determined using the 

position of the sacral marker. The time frame from initial contact to the lowest z coordinate of 

the sacral marker was the timeframe analyzed for the eccentric phase of movement. The 

timeframe from the lowest point of the sacral marker to the toe-off was used to characterize the 

concentric phase of movement. 

 

Figure 21: Graphic of the Triceps Surae Gear r and Ground Reaction Force GRF Gear R 

Data Analysis 

All data was processed using Visual 3D (C-motion, Germantown, MD, USA), with a 

cutoff frequency of 7hz for the kinematic data and 100hz for the kinetic data. A custom 

MATLAB script was used to calculate the gear ratio throughout the contact time as well as 

splitting up between the eccentric and concentric phases. The MATLAB script was also used to 

complete the statistical parametric mapping of the gearing throughout the ground contact and 

during each phase. 

 

 

Statistical analysis 
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Statistical parametric mapping was used to determine if there were differences in gear 

ratios between footwear conditions over the ground contact time in all the movements. Statistical 

parametric mapping uses random field theory to compare one dimensional data to understand if 

differences were present at certain points along a time-series (49, 50, 51). Statistical parametruc 

mapping takes into account the shape and magnitude if the time series data and calculated the 

appropriate test statistic at every point in a time series in order to determine if differences exist 

between data sets. A one-way repeated measures ANOVA with an alpha of 0.05 was conducted 

using the documentation provided from spm1d (72).  

 

Results  

The gear ratio was calculated throughout the contact time during the counter movement 

jump, triangle drop step, and anterior posterior tasks in all three shoe conditions. Foot gearing 

did not differ between the three shoe conditions in any of the tasks when examining the entire 

ground contact time. Additionally, gearing did not differ between conditions when the 

movements were split between the eccentric and concentric phases of movement. 

When holistically looking at the gear ratio for the CMJ task, it started close to one at 

initial contact. It dipped below one in the first 10% of contact time and then leveled out to 

slightly above one while slightly increasing from 20% to 90% of contact time. After 90% of 

ground contact time, the gear ratio quickly increased and reached almost 2.6 at the end of ground 

contact.  

 

Figure 22: R and r gears during counter movement jump 
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Figure 23: Counter Movement Jump Gear Ratio Full Ground Contact 

Looking at the eccentric phase more precisely (Figure 23), the gear ratio changed rapidly 

in the first 30% of the eccentric phase, going from as high as 1.25 to as low as .75 and then back 

up to 1.2 before falling to close to 1. The eccentric phase ended with a slow increase in gear 

ratio.  

 

Figure 24: Counter Movement Jump Gear Ratio Eccentric Phase 
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 The gear ratio increased throughout the entire concentric phase (Figure 24). It started at a 

steady incline until reaching around 80% of the concentric phase where the ratio increased 

rapidly, doubling in magnitude in the last 20% of the phase. 

 

Figure 25: Counter Movement Jump Gear Ratio Concentric Phase 

Holistically, the gear ratio decreased after initial contact and then rebounded and 

increased at toe-off for the AP drill (Figure 25). The gear ratio for the AP started close to one at 

initial contact. It dipped below one down to 0.4 in the first 20% of contact time and then slightly 

increased up to 0.65 at 60% and then dipped down one more time to 0.6 at 80% and then 

increased to greater than one at the end of ground contact.  

Anterior Posterior Drill Gearing During Contact Time 

 

Figure 26: R and r gears during AP Drill 
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Figure 27: Anterior-Posterior Drill Gear Ratio Full Ground Contact 

When looking at the eccentric phase in the AP drill, the gear ratio decreased for the first 

half of the phase, reaching less than half of the initial gear ratio. It started to gradually increase in 

the second half of the phase but did not reach the same gear present at initial contact (Figure 27).  

 
Figure 28: Anterior-Posterior Drill Gear Ratio Eccentric Phase 
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The gear ratio for the concentric phase of the AP drill increased for most of the phase 

(Figure 28). It started low and then increased and slightly dipped at 80% of the phase and then 

rapidly increased towards the toe-off where it nearly tripled in magnitude. 

 

Figure 29: Anterior-Posterior Drill Gear Ratio Concentric Phase 

Triangle Drop Step Foot Gearing During Contact Time 

When looking at the entire ground contact in the triangle drop step, the gear ratio trended 

towards a higher gear ratio throughout (Figure 30). The gear ratio for the TDS started slightly 

above one at initial contact. It increased to 1.9 in the first 10% of contact time and then slightly 

decreased to 1.6 until 20% of ground contact. It then started to gradually climb back up and 

quickly increased from 1.8 to 3 starting around 80% of ground contact time.  

 

Figure 30: R and r gears during Triangle Drop Step Drill 
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Figure 31: Triangle Drop Step Gear Ratio Full Ground Contact 

The gear ratio in the eccentric phase started around 1.55 and then rapidly decreased and 

subsequently increased to 1.85 in the first 20% of the phase. The gear ratio then started to 

decrease and remained steady at 1.6 for the remainder of the phase (Figure 31). 

  

Figure 32: Triangle Drop Step Gear Ratio Eccentric Phase 
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The gear ratio in the concentric phase was at a rapid incline starting from 1.6 at the end of 

the eccentric phase and ending at 3 at toe-off (Figure 32). 

 

Figure 33: Triangle Drop Step Gear Ratio Concentric Phase 

No significant differences were seen between the footwear conditions in any of the 

movements as shown in the SPM figures (Figures 33-35). When parsing out into the eccentric 

and concentric phases of movement, no differences were seen between footwear conditions 

either (Figures 36-41) 

  

Figure 34: Counter Movement Jump Gear Ratio Full Ground Contact SPM 
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Figure 35: Anterior-Posterior Drill Gear Ratio Full Ground Contact SPM 

 

Figure 36: Triangle Drop Step Gear Ratio Full Ground Contact SPM 

 

Figure 37: Counter Movement Jump Gear Ratio Eccentric Phase SPM 
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Figure 38: Counter Movement Jump Gear Ratio Concentric Phase SPM 

 
Figure 39: Anterior-Posterior Drill Gear Ratio Eccentric Phase SPM 

 

Figure 40: Anterior-Posterior Drill Gear Ratio Concentric Phase SPM 
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Figure 41: Triangle Drop Step Gear Ratio Eccentric Phase SPM 

  

Figure 42: Triangle Drop Step Gear Ratio Concentric Phase SPM 

Discussion 

Assessing the gear ratio in tasks that involve force production and change of direction is 

promising as an additional method for analyzing performance in these tasks. Gearing follows 

different paths depending on the task. In gait, gearing starts low and then gradually increases 

until the final part of stance where propulsion is observed. Gait shows both the force attenuation 

and propulsion phases in a seemingly linear fashion. This linearity allows for easy determination 

of how the gear ratio changes with changes in foot and ankle movement. Using this knowledge, 

application of gear ratio determination in agility movements is feasible. 
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For counter movement jumps, the gear ratio starts near one which points to even torques 

from both the triceps surae gear and the ground reaction force gear. It quickly decreases in favor 

of the triceps surae gear working on force attenuation and then just as quickly goes back up to 

close to even torques and continues to rise to help with force production and propulsive energy to 

help jump again.  The anterior posterior drill gear ratio starts similarly to the counter movement 

jump where the gear ratio is around one, so the torques are even, however, it quickly decreases. 

The triceps surae gear takes over to decrease the gear ratio and slow down the individual that is 

cutting and changing direction. The gear ratio slightly increases and then decreases but does not 

fully increase past one until the last push-off where the ground reaction force gear takes full 

effect and helps complete the push-off. In the triangle drop step drill, the gear ratio starts slightly 

above one and immediately increases to around two demonstrating torque quickly increases as 

the GRF gear takes over. The gear ratio slightly decreases about 20% into the contact time and 

then slowly increases until the last 20% of contact time where the gear ratio increases quickly 

until it reaches three. This end of the contact time is where the ground reaction force gear goes 

into full effect to complete the push-off.  

When splitting up into eccentric and concentric phases of movement in each task, further 

understanding of the gear ratio changes can be observed. The eccentric phase is used for force 

attenuation in landing and cutting movements. This can be observed with the eccentric phases of 

all three tasks having lower gear ratios during the eccentric phase. The gear ratios for all tasks 

start near 1 where the torques are even, however, they transition to lower gear ratios which 

demonstrates the low torque and high ankle velocities. The concentric phases show increases in 

the gear ratio as the force is being produced to help push off in jumping and cutting. 

The gear ratios did not differ among the footwear conditions, and this is contrary to the 

hypothesis that stiffening the upper panel will alter gear ratios in these agility movements. It is 

possible that because this study was not statistically powered to analyze differences in gearing 

and was powered instead to detect a difference in contact time during a different athletic task, in 

which gearing was not analyzed. Although no differences were seen between footwear 

conditions, the description of the gear ratios during these agility movements could help further 

describe the function of the foot and ankle system during these tasks. Further modifications to 

the shoe such as bending stiffness, which has been seen to change gear ratios in gait, could be 
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explored during these agility tasks to see how bending stiffness can impact force attenuation and 

production.   

A limitation of this study is the lack of an a priori statistical power analysis to determine 

the sample size that was needed to detect gearing differences between the footwear conditions. 

Future studies should conduct a statistical power analysis to determine how many participants 

are needed in order to detect a difference between footwear conditions. Future studies should 

also use the information gathered about the gear ratio during ground contact in this study to 

determine how different conditions such as bending stiffness impacts the gear ratio in agility 

movements. 
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Ch. 4 Conclusions 

Changes in athletic footwear design can impact biomechanical performance. One factor 

that has not been greatly explored is the impact that different materials in the upper of the shoe 

has on athletic performance in terms of biomechanical metrics. Previous research has found that 

altering the closing mechanism of the shoe can impact athletic performance during agility tasks. 

Research has also shown that increasing stiffness of the upper of a shoe can decrease ankle work 

during lateral shuffle movements. Sex specific response to footwear is another major factor to 

consider in the design of athletic footwear considering the variance in anatomical structures 

present in men and women. The impact that material stiffness in shoes that have alternative 

closing mechanisms has on biomechanical performance had yet to be explored.  

Therefore, the first purpose of this study was to examine the impact that increasing the 

stiffness of an upper panel material has on contact time, peak concentric ground reaction force, 

ankle moment, and ankle power, and ankle work, eccentric rate of force development, and 

eccentric ankle work during four agility tasks. This study also addresses the impact that sex has 

on these biomechanical performance metrics and explored the potential for interactions between 

sex and performance in different footwear conditions. This study showed that stiffness has an 

impact on biomechanical performance and differs between tasks. Stiffening the upper decreases 

contact time on the ground during lateral skater jumps, but not entirely. There is a parabolic 

relationship to contact time when stiffness is increased as seen with the middle stiffness shoe 

producing the highest contact time. Stiffening the upper decreases peak concentric ankle power 

in the anterior-posterior drill. There were differences seen in men and women in jump height, 

peak concentric frontal plane ankle moment in lateral skater jumps and triangle drop steps, and 

concentric work in the anterior-posterior drill. No interactions were found between sex and 

footwear condition. This insight into how the panel materialization can impact performance will 

help footwear manufacturers design athletic footwear to best help the athlete succeed.  

Athletic performance in agility movements can be assessed through conventional 

biomechanical outcome measures; however, there are other methods that have not been explored 

that could lead to further understanding of force attenuation and propulsion. Gearing, which is 

typically seen in gait, can be used as a tool to provide insights into how the foot and ankle 

interact during movement. Gearing is described as the ratio of the triceps surae lever arm and the 

ground reaction force lever arm about the ankle joint. Previous research has explored the impact 
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that bending stiffness has on the gear ratio in walking, however, the impact that altering the 

upper has on gearing has yet to be explored and gearing in agility movements has also not yet 

been studied.  

Therefore, the second purpose of this study was to describe the gear ratio in a counter 

movement jump, anterior-posterior drill, and triangle drop step drill and see if there are any 

differences between footwear conditions in any of these tasks. This study showed that gearing is 

different based on the different tasks, however, they all follow a similar path with a lower gear 

ratio in the eccentric phase of movement and a high gear ratio in the concentric phase. No 

differences were found between footwear conditions in these tasks in terms of gearing. This 

lends to the idea that further exploration of altering characteristics of footwear should be studied 

in agility movements, and gearing should be considered as a means for analysis. 
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