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ABSTRACT 

Kyle M. Edgar: The Effect of Carbon-Plated Running Shoes on Performance 

(Under the direction of Erik Hanson) 

 

 Differences in running economy (RE) in shoes with and without a carbon fiber plate were 

assessed. Nine participants who had previously run under 18-minutes in the 5km completed the study. 

Three shoe conditions were assessed at intensities slightly above and below the ventilatory threshold 

(VT), totaling six 5-minute RE bouts. In two otherwise identical Skechers running shoes, RE was 

unchanged with a carbon fiber plate running at intensities below (p = 0.355) and above VT (p = 0.715). 

The Nike Vaporfly 4% improved RE with respect to the Skechers Speed Elite carbon fiber shoe both 

below (p = 0.005) and above VT (p = 0.019). Changes in RE did not differ at intensities below and above 

VT (p = 0.893). The current interim findings suggest that a carbon fiber plate alone may not improve RE, 

but there may be a combined effect of midsole cushioning and a carbon fiber plate.  
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CHAPTER 1: INTRODUCTION 

 The goal for runners of all levels is the same, to cover a given distance in as little time as 

possible. Historically, athletes have gone to great lengths to meet these goals by incorporating different 

training plans, fueling techniques for races, as well as using ergogenic aids (Bennett & Kehoe, 2008; 

Kenneally et al., 2017; Saunders et al., 2006; Schubert & Astorino, 2013). These aids include commonly 

used dietary supplements, USADA designated performance-enhancing drugs, and more recently footwear 

that contains carbon fiber plates and cutting-edge midsole cushioning compounds. While many 

performance-enhancers have been studied for years and are well established, the potential physiological 

and biomechanical benefits of these new "super shoes" are not entirely understood (Barnes & Kilding, 

2019; Healey & Hoogkamer, 2021; Hébert-Losier et al., 2020; Hoogkamer et al., 2018; Hunter et al., 

2019). This study will add to the growing body of work aiming to quantify the potential benefits of 

carbon fiber running shoes on running performance by examining running economy (RE).  

 Improvements in endurance running are often quantified using RE, a complex combination of 

physiological and biomechanical factors (Anderson, 1996; Barnes, Kyle R.; McGuigan, Michael R.; 

Kilding, 2014). RE is defined as the oxygen consumption (VO2), as a measure of energy expenditure 

needed to maintain steady state at a given submaximal running speed (Barnes & Kilding, 2015a; Daniels, 

1985). Thus, the ability to maintain a given running speed using lower absolute VO2 results in improved 

RE. Alternatively, better RE also allows athletes to run faster at the same physiological intensity. Both 

scenarios lead to enhanced performance in endurance athletes.  

Carbon fiber shoes have the potential to provide immediate improvements in RE. Simply 

switching to these carbon-plated shoes,  increases in performance are similar to those observed following 

several weeks/months? of endurance training. Initial findings suggest a 4% improvement in RE while 

wearing the Nike Vaporfly (Hoogkamer et al., 2018). As this was the first data on a commercially 
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available carbon fiber shoe, the Vaporfly has since become the “pseudo” Gold Standard for runners 

aiming to use footwear as a performance enhancer. Improvements in RE are hypothesized to be due 

primarily to a combination of the stiff carbon fiber plate and a compliant, yet resilient midsole in which 

the plate is embedded.  

The incorporation of a carbon fiber plate results in an increased stiffness (longitudinal bending 

stiffness/LBS) that alters foot and ankle mechanics. This is of interest as runners naturally develop the 

most economical gait pattern, with a key part being ankle and knee joint stiffness (Hamill et al., 2014; Oh 

& Park, 2017). Energy loss while running is greatest at the metatarsophalangeal (MTP) joints, notably the 

great toe (Roy & Stefanyshyn, 2006; Stefanyshyn & Nigg, 1997). Therefore, the ability to conserve 

energy by either decreasing the work required (push-off during late stance phase) or energy lost 

(absorption during early stance phase) can result in performance improvements (see Chapter 2 Section 

1.4.1). One method of doing so is through the addition of a carbon fiber plate. By increasing the stiffness 

of the foot, specifically at the  MTP joint where net energy loss is significant, total energy expenditure 

decreases (Farina et al., 2019; Ortega et al., 2021). While knowledge of how carbon fiber plates affect 

running biomechanics and energetics is not new, the interplay of the stiff carbon plate with new midsole 

compounds that return more energy to the runner than ever before may be the difference.  

In recent years, midsole compounds have been also been studied with findings both supporting 

(Tung et al., 2014; Worobets et al., 2014) and refuting (Aminaka et al., 2018; Hannigan & Pollard, 2020) 

their benefit on running performance. Newly formulated midsoles have been developed to be both 

compliant and resilient. Compression of the midsole foam during impact results in 65-87% of the energy 

being returned to the runner (Hoogkamer et al., 2018). Compliancy and resiliency allow for the shoe 

midsole to mitigate work done by muscles of the lower leg, specifically the triceps surae and Achilles 

tendon musculotendon system (Barnes & Kilding, 2015a; Cavagna et al., 1963). Thus, less muscular work 

is required, resulting in an overall decreased metabolic cost and improved RE.  

Improvements in RE can be attributed to decreased energy expenditure, primarily resulting from 

the carbon plate and compliant midsole compound. However, there remains a limitation in the literature 
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regarding which of these variables plays a more pivotal role in increasing RE. In an attempt to quantify 

the individual effect of the plate or midsole, groups have made modifications to shoes. Previous studies 

have added or removed midsole volume (Hannigan & Pollard, 2020) and made cuts into the carbon plate 

(Healey & Hoogkamer, 2021) to single out the effect that either variable has on changes in RE. Both 

studies reported that neither the carbon plate nor midsole individually account for the observed 

improvements in RE. However, the use of custom lab-made shoes likely altered the function of the carbon 

plate and midsole compounds, making the results inconclusive. To fill this gap in the literature the present 

study will utilize two commercially available shoes in which the sole difference is the presence or absence 

of a carbon fiber plate.  

Therefore, the purpose of this study is to determine the effect of a carbon fiber plate on running 

economy in two, otherwise identical, commercially available running shoes. For this, oxygen 

consumption while running in the Skechers Speed Elite Hyper (carbon fiber plate) will be compared to 

the Skechers Razor 3. By doing so, the benefit of a single carbon fiber plate can be quantified.  

Purpose 

The purpose of this study is to determine the benefit of a carbon fiber plate on running economy 

in commercially available shoes of identical midsole composition.  

Research Questions 

1. Does a carbon fiber plate improve running economy in trained male runners? 

2. Do improvements in running economy differ at speeds below and above the ventilatory 

threshold? 

Study Aims 

1. In trained runners, to compare running economy measures in two commercially available 

shoes in which the sole difference is the presence or absence of a carbon fiber plate.  

2. To determine changes in running economy in trained runners while running at an intensity 

slightly above and below the ventilatory threshold.  
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Research Hypotheses 

1. Running economy will be improved when running in a shoe containing a carbon fiber plate when 

all other shoe characteristics are the same. 

2. Changes in running economy will not differ between running velocities.  

Limitations  

1. Participants are encouraged to replicate sleep and dietary patterns between visits, but otherwise, 

these factors are not controlled.  

2. Participant 5k times are not verified aside from word of mouth.  

3. Participants will not fatigue during visit 3 RE assessments.  
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CHAPTER II: REVIEW OF LITERATURE 

This literature review is divided into six sections. The first section explains what running 

economy (RE) is and how it relates to performance. The second section reviews how carbon fiber plates 

in shoes can potentially improve RE. The third section provides a background on how characteristics of 

midsole cushioning may also improve RE.  The fourth section describes the existing evidence for carbon 

fiber plated running shoes, and how these findings have changed the distance running world in such a 

short period. Section five explores biomechanical, spatiotemporal, and training variables that may explain 

the observed improvements in RE. The sixth and final section provides a justification of the methods in 

this research study.  

Section 1: Running Economy  

 Running economy will be the primary variable of interest for this study and will be defined as the 

energy required to run at a given submaximal velocity.  

Distance Running Triad  

Improvements in distance running performance, from a physiological standpoint, can be primarily 

attributed to three factors. Runners who have a high VO2max, high lactate threshold, and high running 

economy are typically able to outperform their competitors (Joyner, 1991). VO2max is a representation of 

the body's ability to breathe in, transport, and supply oxygen to the working muscle. Oxygen demand 

increases with exercise intensity, so having a higher VO2max allows for individuals to run at a higher 

workload. The lactate threshold (LT) is the point at which lactate accumulation increases exponentially, 

signifying a shift from aerobic to anaerobic metabolism (Sjödin & Jacobs, 1981). LT is known to increase 

with endurance training, allowing runners to utilize aerobic pathways at higher intensities (Henritze et al., 

1985). Thus, a high LT results in the ability to run at a given intensity for a longer period. Lastly, RE is a 

combination of various physiological and biomechanical factors that affect efficiency. These factors, 
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which will be discussed in greater detail in the following sections, include energetics, biomechanics, 

neuromechanics, training status, and personal choices like footwear (Barnes, Kyle R.; McGuigan, 

Michael R.; Kilding, 2014; Barnes & Kilding, 2015a; Fletchern & MacIntosh, 2017). The ability to 

improve a runner's efficiency by optimizing any one of these variables results in an improved running 

economy.  

What is Running Economy and how is it assessed? 

 Running economy is the energy required to run at a given submaximal velocity (D. L. Conley & 

Krahenbuhl, 1980). VO2 is commonly measured to quantify RE and compare results both within and 

between individuals (Daniels, 1985). It should be noted that individual variation is often due to various 

physiological and biomechanical differences between runners. Conclusions of economy from VO2 can be 

made because of the linear relationship between running velocity and VO2 at submaximal intensities 

(Henry & Demoor, 1956). This relationship suggests that a more economic runner will expend less 

energy, or have a lower VO2, at a given submaximal velocity. However, this relationship is not 

universally agreed upon and does not remain linear at near maximal intensities (Di Prampero et al., 2009; 

Fletcher et al., 2009; Shaw et al., 2014). As such, energy expenditure with respect to an individual’s body 

mass is also commonly reported as kcal/kg/km (Cavagna et al., 1963; Shaw et al., 2014). Additionally, 

RE can only be accurately assessed when RER values are known to be < 1.0 (Barnes & Kilding, 2015a; 

D. L. Conley & Krahenbuhl, 1980). RE is closely related to improved endurance performance, making the 

accurate assessment of RE vital for endurance athletes.  

Running Economy and Endurance Performance  

Running economy is a key predictor of performance in endurance athletes (Joyner, 1991). How RE 

affects performance is not as straightforward because several different variables alter a runner’s 

efficiency. However, it has been shown that a 100g increase in shoe mass increases VO2 by 1% 

(Frederick, 1984). The exact improvement or decrease in RE will depend on the runner's body mass and 

other factors but do not differ significantly from these findings. Knowledge of the effect of shoe mass on 

RE has since been used to determine the relationship between RE and performance (Hoogkamer et al., 
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2016). It was found that the addition of 100-300g (1-3% decrease in RE) decreased performance by 

0.78% per 100g, on average. Extrapolating these findings to other factors enables predictions of 

performance improvement to be made based on laboratory RE measurements.  

Factors That Affect Running Economy 

 Factors that affect RE are numerous and have varying degrees of influence on a runner's 

performance. Alterations to the factors discussed below, and others, can increase or decrease economy. 

By doing so the metabolic cost of running at a given velocity will also change.  

 Anthropometric 

 Body mass is a crucial determinant of RE as work performed by the muscle to move in a given 

direction will increase with greater mass. Supporting body mass is estimated to comprise 74% of the 

metabolic cost while running (Arellano & Kram, 2014). At nearly three-quarters of the metabolic cost, it 

is apparent that optimizing total body mass is important for endurance athletes. Aside from body mass, 

non-modifiable factors like Achilles' tendon and limb length may play a key role in running economy. 

The Achilles tendon moment arm is negatively correlated with RE (Barnes, Kyle R.; McGuigan, Michael 

R.; Kilding, 2014). The Achilles tendon stores elastic energy when it is stretched during the stance phase 

of running (phases of running in Figure 1). This energy is then utilized during the push-off phase and 

conserves energy by reducing the muscular work needed to move forward. Additionally, a shorter 

forefoot length has been found to improve RE (Fletcher & MacIntosh, 2015; Kunimasa et al., 2014). 

Thus, a smaller ratio of forefoot length to Achille tendon moment arm is believed to be an indicator of 

RE.  

Figure 1: 8 Phases of a single gait cycle. Diagram adapted from Tao et al. 2012.  



8 

 

 Cardiorespiratory 

An increase in cardiorespiratory fitness results in increased RE. Lower heart rate (HR) and 

minute ventilation are both positively correlated with RE (Barnes & Kilding, 2015b). It is estimated that 

the mechanical work associated with ventilation accounts for 16-26% and 12-19% of oxygen 

consumption in women and men respectively (Barnes & Kilding, 2015a). Therefore, a trained individual, 

or someone with larger lungs and lower minute ventilation will require less energy, improving RE.  

 Biomechanical 

 Running biomechanics can vary greatly between runners and deviation from what is natural for a 

runner can negatively affect RE. Several studies have investigated how altering stride length affects RE 

by either shortening or lengthening each step (Barnes, Kyle R.; McGuigan, Michael R.; Kilding, 2014; 

Powers & K., 1982). These studies, among others, have reported that the natural stride length for an 

individual is almost always more economic. The other key biomechanical variable of interest is ground 

contact time (GCT), which can be related to stride frequency. Running speed is a function of stride 

frequency and stride length, so the more efficient an individual can be within these variables, the greater 

their RE.  Mixed results regarding GCT have been published with some suggesting that longer GCT is 

more economic (Williams & Cavanagh, 1987) while others suggest shorter is more beneficial (Hunter et 

al., 2019; Nummela et al., 2007). However, studies that have found long GCT to be disadvantageous had 

participants running at near maximal velocities. This makes sense as sprinters often have very shorter 

GCTs in which power output is extremely high. Conversely, when participants are prescribed speeds 

representative of distance running, longer GCTs are more beneficial or show inconclusive results 

(Cavanagh et al., 1977; Williams et al., 1987). The mechanism by which RE is improved by changes in 

GCT is not completely understood and does seem to vary between individuals and based on footwear 

choice.  

 Neuromuscular  

 Neuromuscular implications for RE are directly related to muscular work performed and the rate 

at which this work is required. At slower running speeds GCT is greater. As a result, the contraction of 
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muscles in the lower limbs occurs over a longer period. With slower contractions, lower levels of 

activation are required to propel the body forward (Fletchern & MacIntosh, 2017). As a result, the total 

energy required is decreased, increasing RE.  

Several studies have investigated the efficacy of resistance and plyometric training on RE (Barnes 

et al., 2013; Li et al., 2021; Saunders et al., 2006). During the stance phase of the gait cycle muscles of the 

lower body contract eccentrically. RE and peak eccentric force were found to have a strong correlation at 

12, 14, and 16 km/hr (R values: 0.686, 0.728, 0.761) suggesting that lower body strength may be an 

important factor when determining RE (Li et al., 2021). Plyometric training invokes neural adaptions that 

allow for greater activation, resulting in improved RE (Barnes et al., 2013; Saunders et al., 2006). 

Additionally, these quick explosive movements have been shown to increase muscle-tendon stiffness 

(Paavolainen et al., 1999). Increased stiffness is primarily observed at the Achilles tendon in runners 

following plyometric training. As a result, elastic energy that is stored when a tendon stretches is better 

utilized during contraction.  

 Training History 

 It is commonly agreed upon that runners naturally adapt the most economic running 

biomechanics (Moore et al., 2012). Subsequently, runners with more experience commonly have better 

RE than those who are less experienced. Additional training will also allow for the various physiological 

adaptations described above to occur, further enhancing RE in trained individuals.  

 Footwear 

 The impact that footwear has on RE varies greatly on different factors including shoe mass, 

midsole volume, and composition, presence of a carbon fiber plate, among others. Numerous studies have 

been conducted to determine the effect footwear has on RE (Frederick, 1984; Oh & Park, 2017; Tung et 

al., 2014; Worobets et al., 2014), but the field has grown rapidly with the introduction of running shoes 

with an embedded carbon fiber plate (Barnes & Kilding, 2019; Healey & Hoogkamer, 2021; Hébert-

Losier et al., 2020; Hoogkamer et al., 2018). These studies and the variables of interest will be discussed 

in greater detail in the following sections to explore how these new "super shoes" may improve RE.  
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Section 2: Carbon Fiber Plates in Footwear 

 For years footwear has been designed to optimize performance for athletes, specifically runners. 

Companies and researchers alike have attempted to make runners more efficient by either decreasing the 

work necessary by muscle-tendon systems or decreasing energy lost during the gait cycle. During the 

initial stance phase of running, energy is absorbed at various joints to break and support an individual’s 

body mass, but some of this energy is not returned during the subsequent push-off phase (Cavagna et al., 

1963). Specifically, energy loss at the metatarsophalangeal (MTP) joints is significant (Stefanyshyn & 

Nigg, 1997). It was determined that the ankle and knee joints generate about the same amount of energy 

as they absorb while the MTP joint generates a minimal amount. The reason for this is believed to be that 

the MTP joints remain in a dorsiflexed position for most of the gait cycle. As a result, there is no “push-

off” or return of elastic energy, so energy loss is considerable.  

 One way to potentially decrease energy loss at the MTP is through the addition of a stiff carbon 

fiber plate and increasing longitudinal bending stiffness (LBS). LBS is a measure of how stiff a shoe is, or 

how much force must be applied to cause a change in conformation. More force must be applied to a shoe 

with higher LBS to cause it to bend. When carbon plates with varying LBS were added as insoles a “stiff” 

(LBS: 38N*mm) plate was found to benefit RE more so than no plate (LBS: 18N*mm) or the “stiffest” 

(LBS: 45N*mm) condition (Roy & Stefanyshyn, 2006). Although ~1% improvements in RE were 

observed on average, negative work at the MTP did not change, leaving the mechanism by which optimal 

LBS improves RE unclear. These results counter previous findings that reported ~2% decrease in 

energetic cost while running due directly to decreased energy loss at the MTP (Stefanyshyn & Nigg, 

2000). Additionally, results were not uniform across the sample of trained runners. A strong negative 

correlation (R2 = 0.602) was found between body mass and improvements in RE suggesting that optimal 

LBS may differ between runners.  

 Several studies have attempted to identify what optimal bending stiffness is and what variables 

must be taken into account (Day & Hahn, 2020; Oh & Park, 2017; Roy & Stefanyshyn, 2006; Willwacher 

et al., 2013). The idea of a critical stiffness has been hypothesized for runners. Above this LBS there 
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would be a detrimental effect on RE due to limitations of the natural MTP flexion (Oh & Park, 2017). A 

carbon plate must be stiff enough to decrease negative work at the MTP but not too stiff that it requires 

increased muscular work to push the runner forward. These results suggest that the optimal LBS likely 

differs between runners based on the natural range of motion of the MTP joints. The effect of carbon fiber 

plates is also speed-dependent. 78% of participants had better RE in a control shoe at 14km/hr while 40% 

had better RE in the “stiff” condition at 17km/hr (Day & Hahn, 2020). It should also be considered that 

adding a top-loaded carbon fiber plate does add additional mass to the shoe. It is plausible that the 

increased LBS has a greater effect on RE than is observed when being compared to a control shoe with no 

plate. Custom-made carbon plates range from 50-100g, and a 100g increase in shoe weight increases RE 

by 1% (Frederick, 1984). 

 The aforementioned studies all utilized custom top-loaded plates, which likely altered shoe 

comfort and properties that the manufacturer did not intend for. More recent studies have assessed 

commercially available carbon fiber shoes with the plate embedded in the midsole (Barnes & Kilding, 

2019; Hébert-Losier et al., 2020; Hoogkamer et al., 2018). Each of these three studies observed 

improvements in RE ranging from 2-4%. Alternatively, studies with top-loaded plates often saw changes 

of no more than 1% suggesting that plate location is crucial for increasing RE.  Finally, while limited 

research is available, it appears that plate length and geometry may be important factors. A heavily curved 

plate was found to improve RE and decrease negative work at the MTP significantly more than a flat or 

removed plate (Farina et al., 2019). A curved plate allows for force to be applied close to the MTP joint 

while a flat plate extends the point more distally. As a result, the moment arm is extended and energy loss 

at the MTP is greater (Ortega et al., 2021). To date no published study found has assessed plates of 

varying length. The Nike Vaporfly 4% with a curved full-length plate is commonly used as the “gold 

standard” in recent RE footwear studies. Other studied carbon fiber shoes include Hoka RocketX, 

Saucony Endorphin Pro, Brooks Hyperion Elite2, New Balance RC Elite, and Asics Hyperspeed, all of 

which contain a full-length plate. However, the interaction of the plate, midsole, and foot of the runner 

may require different levels of compliance to optimize RE (Stefanyshyn & Nigg, 1997). In the following 
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section the benefits of compliant and resilient midsoles will be discussed before exploring how these two 

variables may interact to improve RE further.  

Section 3: Midsole Cushioning in Footwear 

 Running shoe midsoles are designed to be both compliant and resilient. The compliancy of a shoe 

describes how stiff or soft it is. Optimal compliance will provide a runner with cushioning during impact, 

and result in increased stiffness at the ankle and knee joints (Ferris et al., 1999). As stated previously, 

increased stiffness during running reduces the energetic cost of body weight support, improving RE. A 

softer, more compliant midsole improved RE by 1-1.2%, on average, in trained runners (Worobets et al., 

2014). However, these results were not uniform as ~25% of participants had better RE while running in a 

“stiffer” midsole. Again, this suggests that RE responses are highly individualized and are the result of 

many different factors.  

A more resilient shoe will store, and return, a greater percent of mechanical energy to the runner 

meaning that less energy is lost as heat (Hoogkamer et al., 2018). Mechanical testing suggests that 

resiliency varies greatly between shoes, with newly formulated compounds returning significantly more 

energy. The Nike Vaporfly 4% (87%) returned over 25% more energy to the runner than the Adidas 

Adios Boost 2 (75.9%) and Nike Zoom Streak 6 (65.5%). While substantial, the energy returned from 

midsoles (3.38-7.46J per step) is only a fraction of what is returned naturally from the Achilles tendon 

system (~35J per step) (Hoogkamer et al., 2018). These results suggest that optimal compliance is likely 

more important, and variable among runners, while resiliency can be seen as an added bonus.   

The composition of the Vaporfly, and other newly developed shoe midsoles, allows for greater 

energy storage and return to the runner, resulting in improved RE. The chemical composition of midsoles 

is beyond the scope of this review, but it should be noted that newly developed running shoes are being 

designed to be more compliant, resilient, and lightweight than ever before. Maintaining a lightweight 

midsole is a balance of increasing total foam volume to make shoes compliant and resilient, while also 

minimizing shoe mass. "Maximal" shoe volume has been shown to decrease ground reaction and loading 

forces, which may contribute to improvements in RE, although limited research is available (Hannigan & 
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Pollard, 2020). Beyond the midsole composition itself, these newly formulated midsoles are being 

combined with the previously described carbon fiber plates, resulting in even greater improvements in 

RE.  

Section 4: “Super Shoes” 

 The first commercially available running shoe with a carbon plate in the midsole was designed by 

Reebok in the 1980s (Jewell, 2019). Several others followed suit in years to come, but with no record-

breaking performances to show, the design fell off. It was not until the release of the Nike Vaporfly 4% in 

2018 that the new wave of footwear took off. The first study investigating the benefit of the Vaporfly as a 

prototype observed 4% decreases in oxygen consumption at 14, 16, and 18km/hr, hence the name of the 

show (Hoogkamer et al., 2018). Because mass was added to the Vaporfly to match the other shoes, the 

savings likely exceeded 4%. The Vaporfly, often referred to as the "gold standard" of the carbon shoes, 

was the first to incorporate a lightweight, curved plate with cutting-edge midsole foam that maximized 

energy return. Since this study was published two other groups conducted similar studies and found 

similar improvements in RE of 2.8% (Hunter et al., 2019) and 2.6% (Barnes & Kilding, 2019) when 

comparing the Vaporfly to a traditional marathon racing shoe. All three studies saw significant 

improvements in RE, but the mechanism by which these improvements occurred remains unclear. Ground 

contact time in the Vaporfly was reported to be unchanged (Hunter et al., 2019), shorter (Hoogkamer et 

al., 2018), or longer (Barnes & Kilding, 2019). Peak vertical ground reaction force also differed between 

these studies. Similar to ground contact time, ground reaction forces were observed to be unchanged 

(Hunter et al., 2019) and decreased (Hoogkamer et al., 2018) while wearing carbon fiber shoes. These 

findings are true for nearly all factors that affect RE discussed in Section 1 of this review. A plausible 

explanation is that many of these factors are optimized and result in minor improvements in RE, with the 

culmination being the observed 4% improvement. It should again be noted that there is a considerable 

interindividual variation with improvements in RE ranging from 1.3-7.5% within a single study (Hébert-

Losier et al., 2020).  
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 Few studies have experimented with carbon fiber footwear besides the Nike Vaporfly to date. 

Seven commercially available carbon fiber shoes were compared to a single traditional running shoe, and 

the Nike Alphafly Next% was found to be most beneficial on average (Joubert & Jones, 2021). Changes 

in oxygen uptake differed significantly across the shoes tested. Two of the five shoes (Table 1) did not 

significantly lower VO2, while the remaining five decreased VO2 by 1.37-3.03% on average. Individual 

variation again displayed that some runners respond more than others. 33% of participants improved RE 

by over 4% in the Nike Alphafly Next% while 25% improved by less than 2%. Additionally, by assessing 

several carbon fiber shoes by different manufacturers, it is difficult to conclude why improvements were 

greater in certain shoes. Characteristics of each shoe are provided in Table 2, including differences in 

stack height, midsole composition, plate geometry, and shoe mass. All of these factors can contribute to 

improvements, or lack thereof, in RE.  

 No study to date has been able to quantify the benefit of either a carbon fiber plate or midsole 

individually. The described studies assessed shoes in which both the plate and midsole differed, meaning 

that RE improvements cannot be accredited to one or the other. One study attempted to quantify the 

individual benefit of the carbon fiber plate in the Vaporfly by making horizontal cuts through it (Healey 

& Hoogkamer, 2021). The goal was to negate any effect of the plate by decreasing LBS, meaning that any 

observed changes in RE would be a result of the midsole. RE did not change when running with the cut 

plate compared to an intact shoe. These results suggest that the 4% improvements in RE observed were 

due solely to the midsole, counter previous studies that suggested an optimal plate could decrease oxygen 

consumption by up to 6% (Nigg et al., 2020). MTP range of motion and power were the only variables of 

interest that were affected by the horizontal cuts, suggesting that they may not play a pivotal role in 

improving RE. However, it is likely that the horizontal cuts made to the shoes did not negate the effect 

that the plate had while running. Cuts were only made in the mid and forefoot regions, so any benefit 

from the heel would still be expected. Because of these limitations, it is still unclear whether the carbon 

plate or midsole compound improves RE in the absence of the other. Knowledge of how these new "super 
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shoes" improve RE is more important now than ever as international committees attempt to nail down 

regulations.  

 With large improvements in RE and subsequently performance, carbon fiber shoes have been the 

topic of discussion within the running economy in recent years. In 2018 Eliud Kipchoge broke the men's 

marathon world record by over one minute, and Brigid Kosgei broke the women's by nearly three 

minutes; both athletes wore variations of the Nike Vaporfly during their respective races. Furthermore, 

seven of the ten fastest marathon times in history have been run since 2018, when the Nike Vaporfly was 

first made available to the public. When Kipchoge famously broke the two-hour barrier, he was wearing a 

prototype that is now banned under World Athletics footwear regulations (World Athletics, 2020). 

Additional regulations include that no more than one plate may be embedded in the midsole and the shoe 

must be commercially available. These regulations come with the assumption that both the carbon fiber 

plate and midsole composition are crucial in the observed RE improvements. However, no study to date 

has investigated two identical shoes with and without a carbon fiber plate, so the true benefits remain 

unclear.   

Table 1: Currently published studies that have investigated RE in carbon fiber plated shoes. 

Study Shoes Population Speeds ΔRE 

Hunter 2019 
NK Vaporfly 4%, NK Zoom Streak, ADI 

Adios Boost 
19 men, 10km <32min 16km/hr 2.80% 

Healey 2021 NK Vaporfly 4%, NK Vaporfly 4% CUT 17 men, 5km <19min 14km/hr 0.5% 

Joubert 2021 

Hoka Rocket X, SCY Endorphin Pro, 

NK Alphafly Next%, Asics Metaspeed, 

NK Vaporfly Next% 2, NB Fuel Cell, 

Brooks Hyperion 2, Asics Hyperspeed 

12 men, 5km 

<17:30min 
16km/hr 3.03% 

Hebert-

Losier 2020 

OWN, SCY Endorphin Racer 2, NK 

Vaporfly 4% 

18 men, 

5km x̄ 21:18min 

60, 70, 80% 

VO2peak 

1.0, 1.2, 

1.7% 

Barnes 2019 
NK Vaporfly 4%, NK Zoom Streak, ADI 

Adios Boost 

12 men, 10km <30min 

12 women, 10km 

<35:30min 

M: 14, 16, 

18km/hr 

W: 14, 15, 

16km/hr 

2.6±1.3% 

Hoogkamer 

2018 

NK Vaporfly 4%, NK Zoom Streak, ADI 

Adios Boost 
18 men, 10km <32min 

14, 16, 

18km/hr 
4.01% 

Blue indicates the shoe in which the best RE was observed. Red indicates the non-carbon fiber shoe used to 

determine ΔRE.  

Abbreviations: NK, Nike; ADI, Adidas; SCY, Saucony; km, kilometer; km/hr, kilometer per hour; ΔRE, change 

in running economy  
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Table 2: Characteristics of shoes of interest to the current and former RE studies. 

 

Section 5: Potential Explanatory Variables  

 This section will postulate how several variables being analyzed may contribute to any changes in 

oxygen consumption based on prior studies.  

Foot Strike Pattern & Plate Length 

 For the purposes of this study participants will be classified as a forefoot or rearfoot (heel) 

strikers. These terms reference the region of the foot that contacts the ground first during the initial stance 

phase of each step. In shoes with greater midsole volume and stack height it is more common for runners 

to heel strike. A non-significant difference in RE improvement (2.41 vs. 3.32%) was observed when 

forefoot and rearfoot strikers ran in the same two shoes (Perl et al., 2012). However, when comparing 

changes in RE across strike patterns in carbon fiber shoes, heel strikers benefited more (Hébert-Losier et 

Shoe Mass (oz) 
Heel Stack 

(mm) 

Forefoot 

Stack 

(mm) 

Heel-Toe 

Drop 

(mm) 

Midsole 

Composition 

Plate 

Geometry 

Nike Zoom Vaporfly 

4% 
6.9 39 29 10 ZoomX 

Full-

Length 

Curved 

Skechers Speed Elite 

Hyper 
5.7 28 24 4 Hyper Burst 

Forefoot 

Winglet 

Skechers Go Run 

Razor 3 
5.4 28 24 4 Hyper Burst None 

Saucony Endorphin 

Pro 
7.6 39 31 8 PWRRUN PB 

Full-

Length 

Curved 

Nike Alphafly Next% 7.4 40 36 4 ZoomX 

Full-

Length 

Curved 

Asics Metaspeed Sky 7.3 38 33 5 FlyteFoam 
Full-

Length 

Nike Vaporfly Next% 

2 
6.9 40 32 8 ZoomX 

Full-

Length 

Curved 

New Balance Fuel 

Cell RC Elite 
7.8 34 24 10 FuelCell 

Full-

Length 

Brooks Hyperion Elite 

2 
7.4 35 27 8 DNA Flash 

Full-

Length 

The first three shoes listed will be assessed in the present study. Information was retrieved from 

runningwarehouse.com and based on a size 9 men’s shoe.  

Abbreviations: oz, ounce; mm, millimeter 
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al., 2020; Hoogkamer et al., 2018). Both of these studies used the Nike Vaporfly, but there is currently no 

agreed-upon mechanism to explain why heel strikers may benefit more than forefoot strikers. It may be 

that the full-length plate in the Vaporfly provides optimal LBS in the heel region that further benefits 

those runners. Alternatively, forefoot runners never contact the ground with their heel, so they would miss 

out on the additional improvement in RE.  

Spatiotemporal Differences & Ground Reaction Forces 

 Spatiotemporal differences encompass changes in running mechanics such as GCT, stride length, 

and frequency, among others. GCT increases in shoes with greater midsole volume (Barnes & Kilding, 

2019) and an increase in carbon fiber shoes (Hoogkamer et al., 2018). Results in carbon fiber shoes have 

been inconclusive and likely depend on other properties of the midsole and plate. It is hypothesized that 

an increase in GCT at the same running velocity decreases metabolic cost (Chapman et al., 2012). An 

increase in GCT allows muscle recruitment and contraction to occur over a greater period, decreasing the 

metabolic cost per unit weight of active muscle (Kram & Taylor, 1990). It is more costly from an 

energetics perspective to exert a large force over a short period than a small force for a slightly longer 

period. The onset of fatigue will occur earlier with larger ground reaction forces, decreasing RE 

significantly. Importantly, the magnitude of force application throughout the stance phase differs greatly 

between runners based on anatomical and biomechanical differences (Clark et al., 2017). As a result, 

some runners may display large changes while others show very little. Stride length will increase with 

GCT, while stride frequency will decrease slightly due to the natural relationship of the three variables at 

a set velocity.  

Shoe Comfort Rating 

 Shoe comfort has been shown to significantly affect RE (Luo et al., 2009). When comparing two 

shoes rated as “most” and “least comfortable” oxygen consumption was up to 2% lower in the more 

comfortable shoe. Optimal LBS based on anatomical and biomechanical differences of the foot and ankle 

may explain why runners benefit more from a certain shoe (Day & Hahn, 2020). If the design of a shoe's 
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midsole and plate are more optimal for runners with certain characteristics, they will likely perceive the 

shoe as more comfortable and experience greater benefits.  

Table 3: Rationale for the method of collection for key variables of interest. 

 

Fitness Level/Training Status 

 No substantial analysis on training status or fitness level has been conducted when assessing RE. 

This is likely because these variables are controlled to the best of the investigator's ability, and most 

studies use a homogenous sample. However, runners are likely at different phases of their respective 

training plans during a study, and individual training plans can vary significantly. An individual who is 

Outcome/Method Options Key Considerations Selection  Rationale 

Running 

Economy 

Oxygen Cost 

- Direct calorimetry 

- Indirect calorimetry 

    - Laboratory test 

    - Field test  

Energetic Cost 

- Valid & reliable 

- Participant burden 

- Ability to assess at the 

same time as 

spatiotemporal & GRF  

Indirect 

calorimetry 

laboratory test  

Section 6.1  

Shoe Selection  

All commercially 

available carbon fiber 

shoes 

(runningwarehouse.com) 

- Cost/availability 

- Comparable non-carbon 

fiber shoe 

Skechers Speed 

Elite Hyper & 

Skechers Go Run 

Razor 3  

Section 6.2 

Determination of 

running speeds 

Fixed Speed 

Individualized Speed 

    - VT 

    - LT 

- Validity/reliability  

- Participant burden 

- Translation to 

performance  

Individualized 

speed based on VT 

Section 6.3 

Running bout 

duration  

Theoretically, any 

duration could be 

performed.  

- Time 

- Participant burden 

- Fatigue 

- Steady-state oxygen 

consumption 

5-minutes with a 5-

minute recovery in 

between each of 

the six trials 

Section 6.4 

Spatiotemporal 

variables 

OptoGait  

Motion capture camera 

Wearable IMU device 

 

- Validity/reliability 

- Cost/availability  

- Measure in tandem with 

RE 

- Subject burden/safety 

OptoGait gait 

analysis system 

    - RunScribe 

wearable IMU also 

collects 

spatiotemporal data  

Section 6.5 

Ground reaction 

force  

Force treadmill 

Wearable IMU device  

- Validity/reliability 

- Cost/availability  

- Measure in tandem with 

RE 

- Subject burden/safety 

RunScribe 

wearable IMU 

device  

Section 6.6 

Abbreviations: GRF, ground reaction force; VT, ventilatory threshold; LT, lactate threshold; IMU, inertial mass 

unit; RE, running economy.  
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primarily doing "'base" training of long slow runs may not be prepared to run at the speeds required to 

receive the most benefit from a carbon fiber shoe.  

Section 6: Justification of Methods  

 The following section and associated table provide the rationale for the study design.  

 Running Economy  

 RE is the energetic cost to run at a given submaximal velocity (D. Conley & Krahenbuhl, 1980). 

However, RE is commonly reported with respect to ventilatory data (i.e., VO2). The ability to report RE 

as a function of oxygen consumption is thus reliant on energetic and oxygen costs correlating to one 

another. It is well established that there is a linear relationship between running velocity and VO2 

(Daniels, 1985), but this is not true for all intensities. It has been proposed that at intensities 

>80%Vo2max there is a deviation between oxygen and energetic cost of running (Shaw et al., 2014).  At 

higher intensities, it would then be more accurate to quantify RE by calculating energetic cost via 

substrate utilization. For the present study, RE measures will be performed just above and just below VT. 

The trained, but not elite runners being recruited are expected to hit VT ~70-75%VO2max. If this 

assumption holds, runners should remain at or below 80%Vo2max. Thus, VO2 will be used to quantify 

RE. The use of direct calorimetry would not be appropriate for the given study because heat given off by 

the treadmill would confound results. Indirect calorimetry can be performed both in the laboratory and 

field settings, with VO2 assessments being valid and reliable across both methods (Meyer et al., 2003). 

However, the ability to control for temperature, pressure, and lack of wind resistance is vital when 

attempting to compare RE assessments between visits (Fletchern & MacIntosh, 2017). The availability of 

equipment was also a deciding factor because of cost and time restrictions. As a result, lab-based indirect 

calorimetry will be performed to assess RE. The Parvo Medics TrueMax® 2400 Metabolic system (Parvo 

Medics, Salt Lake City, UT, USA) will be used. Additionally, since VO2 will be assessed via a metabolic 

cart, RER values are obtained. This would allow the investigators to do a post-hoc analysis of energetic 

cost if deemed necessary.  



20 

 

Shoe Selection  

 The study of carbon fiber shoes and RE is a new field of interest for researchers, with the first 

study being published in 2018 (Hoogkamer et al., 2018). In the three years since several others have 

added to the body of literature, but few have expanded to other shoe models. One study assessed seven 

different carbon fiber shoes and one traditional (Joubert & Jones, 2021), while many others limited their 

analysis to the Nike Vaporfly (Barnes & Kilding, 2019; Hébert-Losier et al., 2020; Hunter et al., 2019). In 

each of these, the shoes being compared differ in midsole volume, composition, and presence/absence of 

a carbon fiber plate. As a result, they were unable to determine which of these variables was the reason 

for improvements in RE, or if it is a result of the interaction between them. Runningwarehouse.com was 

used to search for carbon fiber shoes of interest at the study's inception in the fall of 2019. The Skechers' 

Speed Elite Hyper was chosen because of the nearly identical design to the traditional running shoe, 

Skechers Razor 3. Stack heights, heel-to-toe drop, and midsole composition are identical in both shoes. 

The sole difference being the carbon fiber plate in the Skechers Speed Elite Hyper, and subsequently an 

8g increase in weight. Thus, the chosen shoes enable the researchers to quantify the benefit of the forefoot 

winglet plate in the Skechers Speed Elite Hyper. Additionally, no study known to the investigators has 

assessed the Skechers Speed Elite Hyper in a laboratory setting. Knowledge gained from the present study 

will allow runners to make a more educated decision regarding footwear.  

 Unfortunately, at the time of study inception, Skechers was not producing women's sizes in the 

chosen shoes. A follow-up study is being planned in which women's sizes will be assessed following the 

same protocol as the current study. As a result, the remaining funds were allocated to an additional shoe 

condition, the Nike Vaporfly 4%. Previous studies that tested the Vaporfly saw heel strikers benefit more 

than forefoot strikers (Hébert-Losier et al., 2020; Hoogkamer et al., 2018). This raises the question as to 

whether or not plate geometry and length may affect improvements in RE received. The current study 

plans to assess improvements in RE in the Vaporfly (full-length) and the Speed Elite (forefoot) with 

respect to foot strike pattern as an exploratory outcome.  
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Determination of Running Speeds 

 When assessing RE it is pivotal that measures are assessed at submaximal intensities. Previous 

studies used fixed speeds for all participants of 14, 16, and 18km/hr (Barnes & Kilding, 2019; Day & 

Hahn, 2020; Hoogkamer et al., 2018) while only one study attempted to individualize intensities (Hébert-

Losier et al., 2020). By prescribing the same speed for all participants conclusions can be inferred as to 

how another runner may improve if running at the same speed. Additionally, this makes comparisons 

between runners simpler for statistical analyses. However, all participants would not be running at the 

same relative intensity. Distance running performance is correlated strongly with physiological 

parameters like lactate and ventilatory thresholds (Henritze et al., 1985) and should be considered when 

prescribing speeds for RE assessments. Determining the lactate threshold puts an additional burden on the 

participant with several blood samples being taken at various time points. Alternatively, the ventilatory 

threshold can be determined retrospectively through V-Slope analysis of the respiratory data (Albouaini et 

al., 2007). V-Slope is a reproducible and valid method of determining the ventilatory threshold. Finally, 

speeds 5-10% above and below will be prescribed for each participant. The below VT intensity is 

reflective of marathon and similar distance running (Costill, 1972). The above VT intensity is for 

exploratory purposes. If considerable improvements in RE occur with carbon fiber shoes, it is possible 

that a speed prescribed ~5% above VT will be below VT.  

Running Bout Duration  

 Three main considerations were made when determining running bout duration and subsequent 

rest periods. First, when assessing RE it is crucial that steady state is achieved. It takes about three 

minutes for a runner to reach steady state at a submaximal intensity (Milani et al., 1998). By prescribing 

five-minute exercise bouts, two minutes of ventilatory data is obtained and averaged to determine RE. 

Second, adequate rest time needed to be provided to prevent the onset of fatigue during the six trials. 

Following pilot testing in the Exercise Oncology Research Lab and previous studies that used a similar 

group of athletes (Barnes & Kilding, 2019; Hoogkamer et al., 2018), it was determined that five minutes 

was appropriate. Finally, the time commitment of the participant and researchers was considered. 
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Although longer rest periods may be beneficial to ensure that fatigue is never a factor, even adding five 

minutes to each rest period will increase visit time by 30 minutes. Furthermore, recovery HR and subject 

RPE will be assessed throughout the visit to determine if there is an onset of fatigue.  

Spatiotemporal Variables 

 Spatiotemporal variables including stride length and GCT are exploratory variables for the 

current study. As such, it is important that the collection does not interfere with the primary variable of 

interest, RE assessment via the metabolic cart. Several different systems have been used in running 

biomechanics studies. Motion capture cameras are commonly used for the analysis of joint angles as well 

as spatiotemporal variables (Hannigan & Pollard, 2020). However, joint angles are not of interest for the 

given study, so visual data was deemed unnecessary. The Optogait gait analysis system (Optogait, 

Microgait, Bolzano, Italy) is both valid and reliable for the assessment of running spatiotemporal 

variables (Lienhard et al., 2013).  The portable LED bar design allows for the Optogait to be placed on the 

sides of the treadmill without interfering with the participant. Additionally, the RunScribe (Scribe Labs, 

Inc., Half Moon Bay, CA, USA) described below, gathers spatiotemporal variables and has been verified 

as valid and reliable (Koldenhoven & Hertel, 2018).  

Ground Reaction Force 

Ground reaction force is an exploratory variable for the current study. As such, it is important that 

the collection does not interfere with the primary variable of interest, RE assessment via the metabolic 

cart. Force treadmills are the optimal method of collecting ground reaction forces while running (Kram et 

al., 1998). Previous studies analyzing ground reaction forces have observed differences between carbon 

fiber shoes and traditional running shoes (Day & Hahn, 2020; Hoogkamer et al., 2018). Unfortunately, the 

current study does not have access to a treadmill equipped with force plates. However, wearable sensors 

have been developed to assess both spatiotemporal and kinetic variables. The RunScribe wearable IMU 

system is both valid and reliable (Koldenhoven & Hertel, 2018). The wearable pods strap seamlessly onto 

the laces of any shoe and cause no burden to the participant.  
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Study Design 

 The proposed study is using a randomized counterbalanced crossover design to determine 

changes in RE. Six trials will be performed by each participant. Speed (2) and shoe order (3) will be 

randomized to a total of six possible groups. Randomization ensures that there is no investigator bias 

towards the order of trials. Counterbalancing shoes and speeds increases internal validity by preventing 

order or sequence effects that could confound the results. Finally, a crossover design allows the 

researchers to analyze the difference in RE both within and between participants.  
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CHAPTER III: METHODOLOGY 

Study Overview 

This study used a randomized crossover design consisting of three separate visits in which 

participants visited the Exercise Oncology Research Lab (EORL) for exercise testing. Visit 1 served to 

familiarize participants with the metabolic cart while running on the treadmill. During Visit 2 all subjects 

completed a maximal aerobic capacity test to volitional exhaustion to determine ventilatory threshold 

(VT) and VO2max values. During the final visit, subjects ran in each of the three shoe conditions at a speed 

eliciting a VO2 5-10% below and 5-10% above VT. Each trial was five minutes long, with five minutes of 

recovery in between each effort.  

Subjects 

 Subjects for this study were trained male runners aged 18-35. All participants had run an 18:00 5k 

or faster in the past year and were free of any musculoskeletal injury that limited their training in the past 

six months. Additionally, all subjects were considered low risk for participating in maximal exercise 

testing based on American College of Sports Medicine (ACSM) guidelines. Eligibility was determined 

via the completion of a medical history questionnaire and Physical Activity Readiness Questionnaire 

(PAR-Q). Participants were recruited from running groups and clubs in Chapel Hill and the surrounding 

communities. Subject eligibility was determined over the phone or via email by running performance and 

then confirmed following completion of the health history and PAR-Q questionnaires during the first 

visit. Once eligibility was confirmed, all participants were asked to provide written informed consent 

documents previously approved by the University of North Carolina Chapel Hill and Slippery Rock 

University of Pennsylvania IRBs.  
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Study Procedures 

Height, weight, and resting vitals (HR and BP) were measured before each visit, and a 

questionnaire regarding fatigue, sleep, and diet was completed by the participant. Before visits 2 and 3, 

participants confirmed that all pre-assessment guidelines were followed accordingly. Urine specific 

gravity was measured before Visit 2 to ensure proper hydration levels for the maximal aerobic capacity 

test. Visits occurred 2-8 days from one another at a similar time of day to account for diurnal variations.  

 

Visit 1: Familiarization 

 During Visit 1, participants completed the PAR-Q and health history questionnaires to confirm 

that they were at low risk of adverse events during maximal testing and provided written informed 

consent. Heart rate, blood pressure, height, and weight were all measured within the EORL following 

completion of written documents. Prior to familiarization with the metabolic cart a resting ECG was 

performed. The ECG was sent to the study cardiologist for approval prior to the maximal test during visit 

2.  

 Participants were then fitted with an appropriate facemask for the metabolic cart (Parvo Medics 

TrueMax® 2400 Metabolic System, Parvo Medics, Salt Lake City, UT, USA) and a heart rate monitor 

(Polar RS800CX, Polar, Kempele, Finland) was placed just below the sternum. All participants were 

instructed to bring their own training shoes and the brand, model, and size were recorded. The Rating of 

Perceived Exertion (RPE) scale was explained to each participant to ensure that subjective ratings 

Figure 2: Study visit timeline. 
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accurately reflected the workload. After resting in a seated position for 2-3 minutes participants ran at a 

self-selected "warm-up" speed on the treadmill for 5-8 minutes. Heart rate and RPE were recorded every 

two minutes to simulate the following visits. Before leaving, participants were instructed on pre-

assessment guidelines to be followed before the maximal test, which occurred 1-8 days following visit 1.  

Visit 2: VO2max Testing 

 Visit two occurred 1-8 days after visit 1. During visit two, all participants completed a VO2max 

testing protocol. Forty-eight hours before the visit, participants were emailed and reminded of their visit 

and pre-assessment guidelines. Upon arrival, participants were asked to verify all pre-assessment 

guidelines again and report information regarding sleep, diet, and fatigue. A urine sample was then 

obtained, and specific gravity was assessed to ensure proper hydration. Participants with specific urine 

gravity values ≥1.01 were asked to drink a 16-ounce bottle of water, wait 15-30 minutes, and provide a 

second urine sample. The visit will proceed if adequate hydration status has been achieved. If a second 

specific urine gravity test again shows dehydration, the participant will be asked to reschedule the visit for 

a different day. (Moertl 2021) . Participants then sat down for 5-minutes and resting heart rate and blood 

pressure were measured, followed by height and body mass.  

 As performed in visit 1, participants were fitted with the appropriate face mask and heart rate 

monitor. While resting, participants were informed of the maximal testing protocol. A 5–8-minute warm-

up was conducted at a self-selected pace and grade. The treadmill was set to 16 km/hr and the grade was 

increased 1% each minute until volitional exhaustion while running in their own shoes as performed 

previously ((Barnes & Kilding, 2019; Hoogkamer et al., 2018). A modification was made to the maximal 

test protocol after it was determined that the ramp protocol was too intense for some participants. 

Necessary IRB amendments were made and approved by the Slippery Rock University IRB to increase 

the grade 0.5% per minute. Speed remained at 16km/hr. Heart rate was acquired at the end of every 1-

minute stage and RPE at the end of every other stage. When participants reached volitional fatigue, a final 

heart rate and RPE values were obtained. They were transitioned to a chair for recovery with their legs 
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propped up. After 3 minutes, maximal blood lactate was measured using a handheld blood lactate 

analyzer (Nova Biomedical Lactate Plus, Waltham, MA). Standardized sampling methods, described 

below, were followed to measure blood lactate.  

i) Participants were asked to sit with their palm up and if they preferred a certain finger to get 

stuck. In most cases, the ring finger was chosen.  

ii) The desired finger was cleaned with an alcohol prep pad to remove impurities. 

iii) The single-use lancet was pressed on the belly of the finger while holding the participants’ 

finger with the other. The lancet was pressed, and the finger was squeezed before wiping 

away the first drop of blood.  

iv) The second drop of blood was assessed by placing the lactate analyzer strip into the drop.  

v) Participants were given a gauze pad to hold on to their finger until the bleeding stopped.  

vi) After a reading was obtained and recorded, the needle, gauze pads, and gloves were disposed 

of.  

The following five criteria were used following visit 2 to determine if the effort was a true maximal 

aerobic capacity test. To be considered a maximal test four of the five criteria must be met. If a test was 

not considered a maximal test, VT was still obtained, but it was instead considered a VO2peak.  

i) No change in VO2 (< 2.0ml/kg/min) with an increase in grade 

ii) Heart rate within 10 beats per minute of age-predicted maximum (220 – age) 

iii) Blood lactate > 8.0mmol/L 

iv) RER > 1.10 

v) RPE > 18 

The ventilatory threshold was determined using data from the VO2max test using a modified V-Slope 

method (Albouaini et al., 2007). 1. Carbon Dioxide output (VCO2) is plotted against oxygen consumption 

(VO2) as measured per minute during exercise. 2. A line with a slope of 1 is drawn through the points on 

the graph during the early phase of exercise. 3. The point on the line where VCO2 departs drastically 

from VO2 (breakaway point) will be marked as the ventilatory threshold. The VO2 value at this point will 
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be recorded and reported as a percentage of VO2max. VO2 values 5-10% above and below VT were used 

for the prescription of speeds during visit 3. Trained runners likely run a marathon or similar distances 

slightly below VT, while shorter races such as a 5k will likely be performed at a physiological intensity 

slightly above VT.  

Visit 3: Running Economy Assessments 

Participants were randomized into one of six groups using an online random number generator to 

determine shoe and speed order. Identical pre-assessment guidelines were followed to visit 2, and 

participants were emailed twenty-four hours before their visit as a reminder. Prior to running economy 

assessments participants completed the same self-selected warm-up as in visit 2. Participants were handed 

the shoes to put on and tie themselves for comfort. Six separate five-minute trials were performed to 

assess running economy with two trials being completed in each of the three shoe conditions. Either the 

above VT or below VT condition was completed first for each shoe, dependent on group randomization. 

Both running speeds in each shoe were performed before changing shoes. In between RE trials, 

participants were able to sit or walk freely in the lab and drink water as needed.   

 

Running Economy 

Running economy was assessed within the six submaximal trials during visit 3. VO2 data from 

the final 2-minutes of each 5-minute trial were averaged. Oxygen consumption was reported directly from 

the Parvo Medics metabolic cart as ml/kg/min for each shoe type both above and below VT. The 

Figure 3: Description of the order of events during visit 3 Running Economy assessments. 
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respiratory exchange ratio (RER) was constantly monitored throughout each RE trial. RER must remain 

below 1.0 to meet the standards for RE assessment (D. Conley & Krahenbuhl, 1980).  

Heart Rate & Rating of Perceived Exertion  

Heart rate was recorded at the end of each minute during RE assessments using a Polar heart rate 

monitor (details). Rating of perceived exertion (RPE) on a 6-20 scale was assessed twice during each 

five-minute trial. Once during the third minute and once in the last minute to ensure that the trial did not 

“feel” more difficult as the participant progressed.  

Power Analysis 

A power analysis was performed a priori (G*Power 3.1 Universität Kiel, Germany). Several 

published research studies were referenced to determine that a significant and meaningful difference in 

oxygen consumption would be 2.2%. (Barnes & Kilding, 2015a). It was determined that a sample size of 

24 was required to achieve an effect size of 0.35, matching previous literature (Hébert-Losier et al., 

2020).  Alpha and beta values were set a priori at 0.05 and 0.20 respectively. Two groups (shoe condition 

and running velocity) and three measures were used to determine the sample size.  

Statistical Analyses 

Data were analyzed using Jamovi Statistics Version 2.2.5 (Jamovi Project Computer Software, 

2022). Differences in running economy between shoe conditions were determined using a linear mixed 

model. VO2 was the dependent variable, with shoe condition being the fixed factor. Subject ID was used 

as a cluster variable. Above and below VT running economy values were assessed separately for all 

statistical analyses. Non-significant interaction effects were moved from the model.  
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CHAPTER IV: RESULTS 

 

Subjects 

Nine trained male runners who had previously run a sub-18-minute 5k in the past year completed 

the study. Participants ranged from 18-28 years old, with anthropometric data and self-reported variables 

of interest listed in Table 4 Participants also reported training phase (base n=5, strength n=2, speed n=1, 

taper or recovery n=1) and their typical training shoe. Individual shoe characteristics as well as 

characteristics of the three shoes assessed in the study are presented in Table 5. 

Table 4: Participant Characteristics 

 

 

 

 

 

VO2max 

 Each participant completed a maximal aerobic capacity test during visit 2. Five participants 

completed the original protocol with a 1% grade increase each minute while running at 10mph. As most 

participants (n=4) were unable to run for the desired period (8-12 minutes), a modification was required. 

To date, four participants completed the revised protocol with grade increasing 0.5% per minute while 

running at 10mph. The average time to termination increased from 6.2 minutes before the change in protocol 

to 10.0 minutes.  

 Ventilatory variables from maximal aerobic capacity tests are listed in Table 6. Eight out of nine 

participants met at least three of the following five criteria for determining a maximal aerobic capacity test; 

Age 

(years) 

Height 

(cm) 

Weight 

(cm) 

5k Run 

Time (min) 

Weekly 

Training 

Volume (miles) 

20.7 (2.9) 182.8 (5.1) 74.4 (8.4) 17.2 (0.8) 37.8 (18.2) 

Abbreviations: cm, centimeter; kg, kilogram; min, minutes. 

Data reported in mean (standard deviation). 
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(i) Blood lactate >8.0mmol/L 3-minutes posttest termination; (ii) RER ≥ 1.10; (iii) HR within 10bpm of 

age-predicted maximum; (iv) No change in VO2 (≤  2ml/kg/min) with an increase in exercise intensity; (v)  

RPE ≥ 18. One test was deemed a VO2peak, but a valid ventilatory threshold could still be determined, so  

the participant remained enrolled. 

Table 5: Shoe Characteristics 

 

Table 6: Maximal Aerobic Capacity Test 

Shoe Model 

Mass 

(oz) 

Heel Stack 

Height (mm) 

Forefoot Stack 

Height (mm) 

Heel-Toe 

Drop (mm) 

Midsole 

Composition 

Plate 

Geometry 

Skechers Speed 

Elite Hyper 
5.7 28 24 4 Hyper Burst 

Forefoot 

Winglet 

Skechers Go Run 

Razor 3 
5.4 28 24 4 Hyper Burst None 

Nike Zoom 

Vaporfly 4% 
6.9 39 29 10 ZoomX 

Full-Length 

Curved 

Brooks Ghost 10 36 28 8 DNA Loft None 

Brooks Glycerin 10.2 31 21 10 DNA Loft None 

Asics GT 2000 10.6 22 14 8 LiteTruss None 

Altra Escalante 6.8 22 22 0 Altra EGO None 

Hoka Rincon 3 7.3 33 28 5 HOKA EVA None 

New Balance 

Tempo 
6.5 24 18 6 Fresh Foam None 

Zoot Ultra TT Fade 7.3 23 20 3 ZVA None 

Adidas Energy 

Boost 
11 31.5 21.5 10 Boost None 

Skechers Speed Elite Hyper, Skechers Go Run Razor 3, and Nike Zoom Vaporfly 4% were analyzed in the study. 

Participants regularly trained in one of the other six shoes described. No participants previously trained in the shoe 

conditions being assessed in the study.  

Abbreviations: oz, ounce; mm, millimeter 

 VO2max 

(L/min) 

VO2max 

(ml/kg/min) 

VT 

(L/min) 

VT 

(ml/kg/min) 

VT 

(%VO2max) 

Below 

VT 

Running 

Speed 

(mph) 

Above 

VT 

Running 

Speed 

(mph) 

Mean 5.0 (0.5) 67.9 3.7 (0.4) 50.1 (5.9) 73.9 (3.4) 7.7 (1.0) 9.6 (1.2) 

Minimum 4.1 52.6 3.0 39.9 66.5 6.1 7.5 

Maximum 5.4 73.8 4.2 56.8 77.8 8.9 11.0 

Abbreviations: L/min, liters per minute; ml/kg/min, milliliters per kilogram per minute; mph, miles per hour.  

Data reported in mean (standard deviation).  
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Running Economy 

 The following two sections address RQ1: how RE differs across three shoe conditions at 

independent running intensities. Running speeds were prescribed 5-10% both above and below VT using 

ACSM metabolic equations, and the %VT measured during the trials is presented in Table 7 We did not 

achieve this range for the below VT condition. On average participants' oxygen consumption was 14.6%, 

15.3%, and 16.9% below VT for the SE, R3, and VF respectively with an average of 15.6% below VT 

across conditions. We did achieve this range for the above VT condition. On average participants' oxygen 

consumption was 7.9%, 8.1%, and 6.2% above VT for the SE, R3, and VF respectively, with an average 

of 7.4% above VT across conditions. Average running speeds across the sample size were 12.5kmh and 

15.5kmh during the below and above VT trials respectively. Oxygen consumption while running at 

speeds above and below VT were analyzed separately. 

Table 7: Running Economy Intensities 

 

 

 

 

 

Below Ventilatory Threshold  

Oxygen consumption values while running at a speed 15.6% below ventilatory threshold are 

displayed in Figure 4. Relative to the SE, RE in the R3 was unchanged [MD = -0.35ml/kg/min; 95% CI 

(1.08, 0.372); p = 0.355; d = 0.05, Figure 4A). Relative to the SE, RE in the VF was decreased 1.3% 

[MD = -1.19ml/kg/min; 95% CI (-1.92, -0.47); p = 0.005; d =0.18).  

Additionally, HR and rating of perceived exertion data while running at an intensity below VT 

are included in Figure 4. Relative to the SE, neither R3 HR [MD = 0.2; 95% CI (-1.9, 2.2); p = 0.875; d = 

0.01, Figure 4B) or VF HR [MD = -2.2; 95% CI (-4.2, -0.1); p = 0.054; d = 0.14) were different. For 

Shoe Condition Above VT% Below VT% 

Speed Elite 107.9 (7.4) 85.4 (7.1) 

Razor 3 108.1 (7.1) 84.7 (6.5) 

Vaporfly 106.2 (6.3) 83.1 (5.8) 

Abbreviations: VT, Ventilatory Threshold  

Reported as mean (standard deviation) 
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RPE, R3 [MD = 0.1; 95% CI (-0.4, 0.6); p = 0.660; d = 0.08, Figure 4C) and VF [MD = -0.4; 95% CI (-

0.9, 0.1);      p = 0.136; d = 0.36) were not different than the SE. 

 

Figure 4: Mean and individual response while running at a speed prescribed 5-10% below ventilatory threshold 

Above Ventilatory Threshold  

Oxygen consumption values while running at a speed prescribed 5-10% above ventilatory threshold 

are displayed in Table 5. Relative to the SE, running economy in the R3 was unchanged [MD = 0.13; 95% 

CI (-0.55, 0.81); p = 0.715; d = 0.01, Figure 5A).   Relative to the SE, RE in the VF was significantly 

decreased [MD = -0.90; 95% CI (-1.58, -0.23); p = 0.019; d =0.11). Individual responses to the three 

footwear conditions while running at an intensity above VT are displayed in Figure 5. Also included in 

Figure 5 are cardiovascular (HR) and rating of perceived exertion data while running at an intensity above 

VT. Relative to the SE, neither R3 HR [MD = 1.4bpm; 95% CI (-1.5, 4.4); p = 0.346; d = 0.05, Figure 5B) 

or VF HR [MD = 0.1bpm; 95% CI (-2.9, 3.0); p = 0.971; d = 0.06) were different. For RPE, R3 [MD = 0.1; 

95% CI  (-0.8, 1.0); p = 0.805; d = 0.15, Figure 5C) and VF [MD = -0.4; 95% CI (-1.3, 0.5); p = 0.39; d = 

0.36) were not different than the SE. 

A) oxygen consumption, B) heart rate, and C) rating of 

perceived exertion.  

Abbreviations: SE, Speed Elite; R3, Razor 3; VF, 

Vaporfly; VO2, oxygen consumption; HR, heart rate; 

bpm, beats per minute; RPE, rating of perceived 

exertion.  

# p<0.05 vs. SE  
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Changes in Running Economy Above and Below Ventilatory Threshold 

 To examine if RE changes different between the two running speeds, the condition x speed 

interaction was then examined. No interaction was found (p = 0.893) and this term was subsequently 

removed from the model. As expected, a main effect of running intensity (below vs. above VT) was 

observed for VO2 (MD 11.6ml/kg/min; 95% CI (10.8, 12.5); p < 0.001; d = 1.6, Figure 6A). Independent 

of running speed, a main effect of shoe condition is approaching significance (p = 0.089, Figure 6). Relative 

to the SE, running in the R3 was unchanged [MD = -0.11; 95% CI (-1.11, 0.89); p = 0.827; d = 0.01) 

independent of running speed. Alternatively, relative to the SE, RE in the VF was increased [MD = -

1.1ml/kg/min; 95% CI (-2.1, -0.05); p = 0.046; d = 0.14). No shoe condition x speed interaction was 

observed for HR (p = 0.323) or RPE (p = 0.125). As expected, main effects of running intensity were 

observed for HR (MD = 19bpm; 95% CI (17.0, 21.0); p < 0.001; d = 1.3, Figure 6B) and RPE (MD = 

2.3bpm; 95% CI (1.9, 2.7); p <0.001; d = 1.6, Figure 6C).  

A) oxygen consumption, B) heart rate, and C) rating of 

perceived exertion.  

Abbreviations: SE, Speed Elite; R3, Razor 3; VF, 

Vaporfly; VO2, oxygen consumption; HR, heart rate; 

bpm, beats per minute; RPE, rating of perceived 

exertion.  

# p<0.05 vs. SE 

 

Figure 5: Mean and individual response while running at a speed prescribed 5-10% above ventilatory threshold 
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Figure 6: Combined mean and individual responses of running at intensities below and above ventilatory threshold. 

 

 

 

 

 

 

 

 

 

 

 

A) oxygen consumption, B) heart rate, and C) rating 

of perceived exertion.  

Abbreviations: SE, Speed Elite; R3, Razor 3; VF, 

Vaporfly; VO2, oxygen consumption; HR, heart rate; 

bpm, beats per minute; RPE, rating of perceived 

exertion.  

# p<0.05 vs. SE 

⃝ = Above VT, Δ = Below VT 
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CHAPTER V: DISCUSSION 

 With the goal of covering a given distance in as little time as possible, many runners opt to use 

various ergogenic aids to enhance performance. Carbon fiber shoes have been a popular choice in recent 

years, with evidence that these "super shoes" benefit most runners. However, it remains unclear whether 

this is a result of the carbon fiber plate, reliant and resilient midsoles, or a combination thereof. The present 

study is the first to assess the independent benefit of a carbon fiber plate by assessing RE in two nearly 

identical, commercially available, running shoes. Preliminary results suggest that a carbon fiber plate alone 

does not significantly improve RE when compared to an otherwise identical shoe. However, there is a trend 

towards significance for improvement RE while running in a shoe with both increased midsole volume and 

a carbon fiber plate that supports previous work. Initial results thus suggest that further research is warranted 

to determine which shoe characteristic is most important concerning RE improvements.   

 Limitations and strengths of the present study are presented initially to provide context for the 

interim findings. In this pre-planned interim analysis, we are currently underpowered (β = 0.13) due to the 

small sample size (n=9), and data collection remains ongoing. While these shoes were the top of the line at 

the time of the study's inception (early 2020), the current versions may be slightly outdated as new 

variations of both Skechers and Nike running shoes have since been released. Although differences in RE 

between shoe conditions may not be physiologically significant at this time it is important to determine if 

certain shoe characteristics (i.e., carbon fiber plate, midsole volume) are beneficial moving forward. 

Additionally, results from the current study cannot be extrapolated across sexes, as at the study’s inception 

Skechers had not yet released women’s sizes. Finally, despite being a trained population, there is some 

heterogeneity within our participants. All participants were trained runners, but differences in weekly 

training volume, training plans, and training phase were evident. There were also several triathletes within 

the group. However, all participants responded similarly across speeds and shoe conditions, so current 

findings may be appropriate for trained runners of various backgrounds.  
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The present study also had several strengths. Two commercially available running shoes were used, 

in which the sole difference is the presence of a carbon fiber plate. Moreover, participants were a well-

trained population of competitive runners who are most likely to purchase and use this footwear. The 

inclusion of the Nike Vaporfly also allows for comparison to previous literature as the "gold standard" for 

RE studies. This is the first study to our knowledge that prescribed individualized running speeds in carbon 

fiber shoes, while also assessing intensities both above and below the ventilatory threshold. Furthermore, 

the crossover design performed in a single testing session reduced inter- and intra-subject variation. While 

not part of this thesis, additional analyses are ongoing that will allow us to identify if foot strike patterns or 

differences in the gait cycle result in improved or diminished RE.  

The primary aim of this study was to determine the effect of a carbon fiber plate in two otherwise 

identical, commercially available running shoes. Preliminary results suggest that a carbon fiber plate alone 

may not improve RE while running at intensities above and below the VT. While running at an intensity 

above VT oxygen consumption was 0.23% lower in the SE compared to the R3. Interestingly, oxygen 

consumption was 0.82% higher in the SE compared to the R3 while running at any intensity below VT. 

While not statistically significant, this does suggest that the SE may be of greater benefit as running velocity 

continues to increase. Conversely, the SE could be detrimental to performance at slower running velocities.  

This aligns with previous literature that found a stiffer carbon fiber plate to be favorable at 17km/hr but not 

at 14km/hr (Day & Hahn, 2020). In the current study participants’ average running speeds were 12.5km/hr 

and 15.5km/hr at the below and above VT intensities respectively. Of additional importance, the running 

speeds and fitness level of participants is similar to that of previous literature. Previous studies have 

attempted to isolate the carbon fiber plate as a variable of interest but made custom modifications to 

commercially available footwear. A top-loaded carbon fiber plate was found to have no effect on the 

energetic cost of running when compared to a similar control shoe (Beck et al., 2020; Flores et al., 2019), 

which is consistent with the current study. A similar study in which a carbon fiber plate was cut to reduce 

its’ effect also found no benefit to increased LBS in an otherwise identical shoe. Our current results support 

these findings in previous work but provide the first results in non-modified commercially available shoes.  
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While not the primary focus of the study, RE was also assessed in the VF to provide a reference to 

previous literature. RE while running at an intensity above VT was 1.6% better in the VF compared to the 

SE. This difference was greater when running below VT, with the SE being 2.8% lower than the VF. These 

values align with previous studies that have reported improvements in RE ranging from 1.0-4.0% (Barnes 

& Kilding, 2019; Hébert-Losier et al., 2020; Hoogkamer et al., 2018; Hunter et al., 2019) when running in 

the VF compared to non-carbon fiber plated running shoe. Additional questions are raised based on the VF 

performing better independent of running speed in comparison to the SE. While most studies to date 

compared the VF to non-carbon fiber running shoes, a recent study (Joubert & Jones, 2021) assessed RE in 

seven different carbon fiber shoes. Running in the two shoes with the greatest midsole volume (Nike 

Alphafly Next% and Nike Vaporfly Next%2) provided the greatest improvement in RE. These results have 

been reproduced in the present study using different carbon fiber shoes, showing that shoes (e.g., VF) with 

greater midsole volume and a carbon fiber plate improve RE.  

The current study assessed RE while running at intensities prescribed both below and above each 

participant’s VT. This is a novel design as previous studies used a standardized running speed ranging from 

14-18km/hr (Barnes & Kilding, 2019; Healey & Hoogkamer, 2021; Hoogkamer et al., 2018; Hunter et al., 

2019; Joubert & Jones, 2021). While not detailed in these studies, it is unlikely that each participant was 

running at the same relative intensity at a given velocity. Although we did not observe statistically 

significant differences in RE across running speeds, interim results offer that shoe selection may be 

meaningful for performance.  

 At present, the current study suggests that a carbon fiber plate alone may not account for 

improvements in RE while wearing different shoe models. As such, it remains unclear how exactly these 

"super shoes" result in significant improvements in RE. Thus, future studies should consider assessing RE 

in two nearly identical carbon fiber shoes with different midsole volumes, as our initial results suggest that 

inclusion of the carbon plate had little impact while controlling for the midsole. Furthermore, the findings 

presented in this study may be beneficial for runners who race at different distances. The VF (40mm stack 

heigh vs. 28mm in SE) and other high midsole volume running shoes are designed for marathon-like 
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distances. During marathon running trained runners have been found to run at an intensity of 65-75% of 

VO2max for the majority of the race (Koivisto, 1986). In trained runners like those in the current study, 

these physiological intensities are typically just below the VT. The current results suggest that the VF would 

improve while the R3 would not change performance compared to the SE. would. For shorter races (i.e., 

5km and 10km) shoe selection may differ. The VF remains significantly better than the SE, but 

improvements in RE are only 1.6% compared to 2.8% at slower speeds. It is important to consider the race 

day implications for small improvements in RE when determining how beneficial a given shoe may be. The 

ability to extrapolate improvements in RE at physiological intensities above VT is a novel aspect of the 

current study and may be a potentially important finding for a large number of runners training for shorter 

distance events.  

Although current differences in oxygen consumption are not statistically significant, even a minor 

improvement in RE can substantially improve performance. A 1% improvement in RE has shown to result 

in a 0.78% improvement in performance (Hoogkamer et al., 2016). As a result, wearing the SE would 

improve performance by 0.18% (vs. the R3) at intensities 6% above VT and decrease performance by 0.64% 

at intensities 17% below VT, potentially suggesting that shoe selection needs to be race (distance) specific. 

Additionally, wearing the SE rather than the VF would decrease performance by 1.3% and 2.2% below and 

above VT respectively. For reference, a 1% improvement in performance for a runner who previously ran 

a three-hour marathon would result in a nearly two-minute personal best. For an 18-minute 5k runner, a 1% 

improvement would result in over a 10-second personal best by simply changing shoe conditions. Assuming 

that extrapolations to performance remain true, this could be important information as runners decide if 

running "X percent" faster is personally worth purchasing a pair of "super shoes."  

In summary, this study adds to the growing body of literature regarding the effect of carbon fiber 

plated running shoes on RE and performance. The preliminary analyses conducted for the present study 

suggest that a carbon fiber plate alone may not significantly improve RE, but that changes in RE are 

consistent across physiological intensities. Going forward, additional analyses will be conducted in the 

future to assess the effect that gait cycle parameters, ground reaction forces, and foot strike patterns may 
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have on changes in RE. Further research is necessary to determine what shoe characteristic is most 

important for manufacturers and runners alike when choosing footwear on race day. These may include but 

are not limited to foot strike pattern, midsole volume and composition, plate geometry, and gait mechanics.  
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