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Literature Review

Throughout the past decade, the main goal of several shoe companies, including Nike and
Adidas, has been simple: efficiency. This increased priority on the efficiency of shoes, rather
than their weight, has resulted in the development of new technologies, like carbon plating, being
more commonly included. Though the first carbon-plated shoes were made in the 1990s, they
didn’t receive much media attention or widespread use until they were more publicly released in
2016 (Thompson, 2022), with the launch of the Nike Zoom Vaporfly 4%. These new shoes are
commonly referred to as “super shoes™ because of their high energy return induced by the carbon
fiber inserts, commonly in the form of plates or rods, causing improvements in performance
(Bermon et al., 2021). In conjunction with the development of super shoes, super spikes were
also created for greater energy efficiency on the track. These spikes employ similar technology to
super shoes, but in a simplified, lightweight form (Healey et al., 2022). Since their introduction
in 2015, most track events—especially events 800 meters or longer—have seen a massive
increase in the number and frequency of elite performances, which is defined by achieving an
event-specific time standard (Thompson, 2022). The aforementioned increase in the frequency of
elite performances may have likely stemmed from the effect that the inserted carbon fiber has on
an individual’s running economy. Running economy is a physiological measure of the oxygen
consumption needed to maintain a certain speed or velocity. There are several factors affecting
running economy with some being aspects of the shoes, such as shoe mass, stiffness, and
cushioning, and some being biomechanical variables (Barnes & Kilding, 2015; Saunders et al.,
2004; Conley & Krahenbuhl, 1980; Hoogkamer et al., 2017). Since certain types of super shoes
have been found to improve running economy to a greater extent than that of super spikes

(Barnes & Kilding, 2019), it can be surmised that super shoes have caused at least slightly
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improved performances compared to those of super spikes. Thus, if an athlete is interested in
optimizing performance, super shoes are the best option.
Running Economy Overview

Running economy is considered an important measure in running that indicates fitness
and helps predict performance; it is also a complex measurement that has several definitions. The
traditional definition of running economy is the amount of oxygen required to maintain a given
speed or velocity in milliliters of oxygen per kilogram per minute, or O,/kg/min (Hoogkamer et
al., 2017; Conley & Krahenbuhl, 1980), or it can be defined as the steady state volume of oxygen
consumption, VO,, at a given running speed (Barnes & Kilding, 2019; Saunders et al., 2004).
However, other researchers have descﬁbed running economy as the energetic cost in watts per
kilogram (W/kg) needed to maintain a given velocity (Hoogkamer et al., 2017). Nevertheless,
each definition references how efficiently someone’s muscles consume oxygen while running
(Barnes & Kilding, 2019), and several factors affect an athlete’s running economy. As previously
mentioned, biomechanical factors like training style, heart rate, and running mechanics, such as
stride length and strike pattern, are factors that impact running economy (Barnes & Kilding,
2019). Strike patterns are categorized into three groups: forefoot strikers, who land more on their
toes; midfoot strikers, who land more flat-footed; and rearfoot strikers, who land closer to their
heels (Bovalino & Kingsley, 2021). These groups all impact running economy differently
because of the amount of force output when they land (Xu et al., 2021). Logically, stride length
impacts running economy because shorter strides mean that more are needed to cover the same
distance as someone who takes longer strides, and as a result, more energy would need to be

expended.
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Running Economy vs. Shoe Stiffness

Along with physical factors, shoe characteristics affect running economy (Hoogkamer et
al., 2016). One major shoe component affecting running economy is longitudinal bending
stiffness (LBS), which is often described as a shoe's resistance to bending (Agresta et al., 2022).
Several studies have concluded that LBS plays, at least, a minor part in improving the running
economy of an athlete, for example by returning some expended energy through the spring-like
effect of the carbon inserts (Chen et al., 2022; Hoogkamer et al., 2016; Rodrigo-Carranza et al.,
2023; Roy & Stefanyshyn, 2006). However, some researchers have concluded that rather than
improving running economy, carbon inserts in the form of rods or plates, the most common
methods used to increase stiffness, do not significantly affect running economy (Beck et al.,
2020). These claims are backed by trials that show minimal difference in any muscular measures
despite an increase in stiffness (Beck et al., 2020). Nevertheless, previous research found that
lower LBS could be more beneficial for certain, often age-related, demographics, such as
adolescent runners (Chen et al., 2022; Beltran, 2021), while other studies have found that higher
LBS can benefit more serious, professional runners (Rodrigo-Carranza et al., 2023). This is
likely due to the increase in force needed to bend shoes with higher LBS, which less experienced
runners may lack. Therefore, most research has shown that a shoe’s stiffness positively affects an
athlete’s running economy. Despite this general common ground, the results of studies vary
(Chen et al., 2022; Beltran, 2021; Hoogkamer et al., 2016; Rodrigo-Carranza et al., 2023; Roy &
Stefanyshyn, 2006).
Determining Optimal Longitudinal Bending Stiffness

Despite all the factors that play into optimal longitudinal bending stiffness, more is not

always better. At some point, the increase in stiffness becomes a burden that requires extra
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energy to be expended and leads to worse overall performances (Stefanyshyn & Fusco, 2007),
creating a problem for athletic footwear designers in determining when stiffness becomes a
hindrance. Instead of going for the stiffest shoe possible, designers must determine when shoes
reach a runner's lowest metabolic cost, which is when the lowest amount of energy is used for
running at a given speed (Arones et al., 2020). This point where the metabolic cost of the shoes
is lowest is considered the optimal bending stiffness (McLeod, 2020). As reported by several
researchers, this optimal stiffness value tends to be speed-dependent (Day & Hahn, 2019;
McLeod, 2020). Some studies have also claimed that age (Chen et al., 2022; Beltran, 2021),
strike pattern (McLeod, 2020), and stiff plate location (Flores et al., 2019; Song et al., 2023) can
also be defining factors. Another study proposes the idea that optimal stiffness is almost arbitrary
and different for each individual (McLeod, 2020). Nonetheless, the majority of existing studies
support the idea that optimal stiffness is heavily dependent on speed, and that slower speeds
correlate with a lower bending stiffness, while higher speeds are the opposite.
Gap

In spite of substantial research into the newer super shoes and how factors such as
stiffness affect their running economy, no current studies explore how the stiffness of the shoes is
affected over time. This void invoked the question of how the Nike Vaporfly 3, which has carbon
plates, compares to the Adidas Adizero Adios Pro 3, which has carbon rods, when it comes to
their deterioration of stiffness when worn by a midfoot striker. It is hypothesized that there will
be no significant difference between the results of the different stiffening methods; rather, it is
expected that carbon rods and plates will nearly equally deteriorate as they are worn, due to
similar materials being used not only for the carbon insert but also for the surrounding foams. If

the deterioration of shoe stiffness is better understood, shoe developers could further increase the
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longevity and effectiveness of the shoes and consumers would have a better understanding of
when to replace their shoes to optimize performance throughout their running careers.
Methodology

This study aims to accurately compare the deterioration of stiffness between carbon rods
and carbon plates in shoes through the analysis of the Nike Vaporfly 3, containing carbon plates,
and the Adidas Adizero Adios Pro 3, containing carbon rods, when worn by a midfoot striker.
These shoes were chosen for this study not only because they allowed insight into different
stiffening methods, but they are also some of the newest shoes from their respective brands, they
are popular among professional and amateur runners, and were made as parallels of each other.
While other devices can measure stiffness automatically, such as SATRA’s Dynamic Footwear
Stiffness Test Machine, they were unattainable due to cost. This resulted in the need to find an
alternative, such as the three-point bending test, which is the most common test in similar studies
(Ortega, 2022). The three-point bending test requires placing whatever object is being measured,
the shoe in this case, on two pivots and then applying pressure in the middle of the object
between the pivot points (Ezenwa et al., 2022). However, due to the need for two pivots and
some way to apply accurate, consistent pressure, the two-point test was considered as an
alternative. The two-point test requires clamping one end of an object, the shoe, to a sturdy, flat
surface, and then applying force to the other end (Ezenwa et al. 2022). Ultimately, greater access
to materials needed for the two-point test led to a configuration similar to traditional two-point
tests being used, which was modeled off previous research and can be seen in Figure 1 (Day &
Hahn, 2019). Along with Day and Hahn’s research, this inquiry was partially modeled off an
earlier study conducted by Mark Cornwall and Thomas McPoil (Cornwall & McPoil, 2017).

Cornwall and McPoil’s study was used as a model, because it is one of few interval studies, with
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them examining the cushion of a shoe’s midsole as it was used over time in 160 kilometer, or 100
mile, intervals. However, since the current consensus among athletes of when to replace
carbon-plated shoes is at 100 miles and there was an extreme time constraint on the current
study, this study only examines shoe stiffness over 100 miles total, or 160 kilometers, resulting in
the shoes being examined every 10 miles or 16 kilometers. This allowed the shoes enough time
to deteriorate in stiffness a significant amount and created enough data points that could be
compared in order to determine if there was a significant difference in the deterioration of

stiffness or not.

Figure 1. Image of Stiffness Test Setup
Stiffness Measurements

Despite the general agreement that optimal stiffness is speed-dependent, there is no
definite value for optimal bending stiffness at any given speed, mainly due to the aforementioned
variance from person to person. Certain researchers report longitudinal bending stiffness in

newton-meters per radian, N-m/rad (Day & Hahn, 2019), while others report stiffness in newtons
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per millimeter, N/mm (Nagahara et al., 2018; McLeod, 2020). Due to this study being heavily
modeled on the research performed by Day and Hahn, the same units that they used, N-m/rad,
will be reported in this study.
Longitudinal Bending Stiffness Test

The focus of this study is on the longitudinal bending stiffness of shoes over time, so the
main emphasis was placed on finding an accurate and effective measuring system. Consequently,
Day and Hahn’s research was used as a model. As previously stated, their research utilized a
custom setup, similar to a traditional two-point stiffness test, to calculate the stiffness of the
shoes (Day & Hahn, 2019). Although Day and Hahn'’s test was modeled, some minor changes
were made to eliminate conversions later in the study. For instance, they employed a strain gauge
to measure the force put on the shoe in pounds and converted that value to newtons. To eliminate
the need for a conversion to newtons, this study chose to utilize a Vernier Dual Force Sensor and
run it with Logger Pro software. Similarly, while Day and Hahn used an imperial tape measure to
help calculate the displacement of the shoe’s tip, this study opted to use meter sticks since the
later calculations required values to be in metric units rather than imperial units. Furthermore,
since the shoes of the study lacked a heel loop, small slits had to be cut into each shoe so that a
zip tie could be fed through to attach the Vernier Dual Force Sensor, as seen in Figure 2. Similar
to the experiment, the calculations were also modeled off of Day and Hahn’s study. One such
calculation reciprocated from their study is the bending degree in radians, which was calculated
by the equation:

AY
I-Ax

— -1
ﬂbend— tan

“Where ‘L’ is the distance from the heel tip to the forefoot rotation axis of the shoe, and Ax and

Ay are the respective linear displacements of the heel tip” (Day & Hahn, 2019). As previously



Research Sample A 9 of 25

mentioned, Day & Hahn utilized imperial tape measures to accurately record the Ax and Ay
measures, while this study employed meter sticks. However, imperial tape measures were
utilized by this study to accurately measure the “L” value, then converted to meters. In order to
accurately calculate the Ax and Ay values, the stiffness tests were recorded, originally on an
iPhone XR, but then on an iPhone 15 held on a tripod. The video was then viewed to find the
starting and ending values for both x and y to get the heel tip’s displacement on each axis.
During these recordings, Logger Pro, which is the program that indicates the stiffness, in
newtons, output on the Vernier Dual Force Sensor, was in the video’s frame, as seen on the left
side of Figure 1. This was done to ensure that the calculated degree bend was accurately
evaluated with the newtons at that moment. After the bend angle and force applied on the shoe
were recorded, the stiffness of the shoes could be determined, in newton-meters per radian
(N-m/rad) through the following equation:

F*D
6

8=

Where “S” is stiffness, “0” is the bend angle, “F” is the force at an instant in newtons, and “D” is
the total distance the tip of the heel traveled during the stiffness test, which was calculated

through the equation:

2

: 2
Distance = —\/(xsrarr - Xend) + (ystart - yend)
Furthermore, the stiffness was calculated three times at each 10-mile interval to ensure greater

accuracy of the values. The calculated values for the left and right shoes were then averaged to

determine the stiffness of each pair of shoes.



Research Sample A 10 of 25

i
5
|

Figure 2. Image of Nike Vaporfly (left) and Adidas Adizero Adios Pro 3 (right) with inserted
Zip ties
Mileage

At the beginning of this study, it was determined to complete the mileage on the nearest
outdoor track in five-mile intervals, not only making the study replicable but also setting a
standard surface for future studies into the deterioration of stiffness. Along with this, it caused
the shoes to undergo more natural, realistic running conditions. Due to cold temperatures and
snow covering the track, it became unsafe and inefficient to complete runs. Ultimately, the
experiment was moved to an indoor treadmill, another replicable, reliable, and accurate location.
During runs, the treadmill was set to 8 mph, or 7 minute 30 second miles, and an incline of 1%.
The pace was chosen to ensure that it could be held for the entire 5-mile interval, meaning that
the shoes would undergo the same conditions. Along with this, the 1% incline was chosen to
better mimic outdoor, nonstationary running. It has long since been ascertained that to account
for the air resistance outdoors, someone running anywhere from 2.92 meters per second to 5.0
meters per second should put the treadmill to a 1% incline to account for the metabolic cost of
outdoor air resistance (Jones & Doust, 1996). Therefore, this study raised the treadmill to a 1%

incline since 7 minute 30 second miles equals 3.576 meters per second.
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Findings and Conclusions

After all 100 miles were completed in each pair of shoes and stiffness values were
calculated, all data was entered into a Microsoft Excel spreadsheet to be graphed, as seen in
Figure 3. The top graph of Figure 3 has the calculated stiffness of the Nike Vaporfly 3 on each
10-mile interval, and the graph includes a logarithmic regression line to illustrate the
deterioration of shoe stiffness as a function of miles run. The same is true for the bottom graph,
except it shows the stiffness of the Adidas Adizero Adios Pro 3 instead. Logarithmic regression
lines were chosen over the standard linear regression line because logarithmic functions level out
closer to the end, similar to the shoe data. In contrast, a linear regression line would continue to
decrease evenly. Therefore, a logarithmic regression line better illustrated the trend of shoe
stiffness deterioration. The original stiffness values of each shoe were omitted from the graph
due to inaccuracies in measuring them. After the initial tests were run, the method used was
refined to get more accurate and reliable answers. Following the completion of all stiffness tests,

the data was plotted to form Figure 3 and give the study accurate findings to analyze.
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Figure 3. Graphs of stiffness data with logarithmic regression lines for each pair of shoes
As seen in Figure 4, the Adidas Adizero Adios Pro 3 shoes had a higher initial stiffness

value than the Nike Vaporfly 3 did, but the Adidas shoe also deteriorated slightly quicker.
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Therefore, one could reason that the Nike Vaporfly is an inherently more beneficial shoe since it
would suffice a runner for longer. However, because there is not a large difference in the stiffness
values of the shoes, it is more likely that there is no innate benefit of one shoe over the other and

the original hypothesis is correct.

Nike Stiffness vs. Adidas Stiffness
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Figure 4. Graph of both shoes’ stiffness data

The correlation matrix table, which was created in the free, easy-to-use statistical analysis
program called Jamovi Cloud, shows how closely two factors are correlated in Figure 5. This
matrix was made by copying the stiffness values recorded throughout the tests into Jamovi
Cloud, which then automatically compiled the statistical information seen in Figure 5. As seen in
the table, the stiffness of both the Adidas Adizero Adios Pro 3 and Nike Vaporfly 3 have a
negative correlation with mileage, meaning that as mileage went up, the stiffness of both shoes
went down, and is shown through Pearson’s r value. Pearson’s r lies in the range of -1to 1. Anr

value of -1 shows a complete negative linear correlation, a value of 0 shows no correlation, and a
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value of 1 shows a complete positive linear correlation. An r value of -0.732 for the Adidas shoe
and -0.770 for the Nike shoe, or around -0.7 for both pairs of shoes, illustrates a strong negative
correlation between total miles and shoe stiffness. Along with this, it reinforces the idea that the
different pairs of shoes lose stiffness at similar rates as the total amount of miles on them
increases, because of the similarity in Pearson’s r values. This data is strengthened further by the
p-value being <.05, which denotes a significant, non-chance-based correlation. Since the shoes
experienced wear and tear as they were used they became more susceptible to bending. Along
with this, the matrix shows that the data between the pairs of shoes is strongly correlated,
meaning that they lost stiffness at the same rate and in similar amounts. This is due to the p-value
recorded in Figure 5 being <.001, which is well under the value used to denote a significant,
non-chance-based correlation of .05. Thus, there is no significant difference in the deterioration
of shoes, even if they are stiffened by different types of carbon inserts, when worn by a midfoot
striker. Therefore, despite the slight difference in stiffness values visible in Figure 4, there is no
inherent benefit of one shoe over the other. Furthermore, the results validate the original
hypothesis of this study and could be explained by the fact that both inserts are made of carbon
and surrounded by similar foams. Due to carbon being used in both shoes, it can reasonably be
assumed that stiffness would deteriorate at the same rate in both, therefore justifying the validity

of the original hypothesis.
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Miles Adios Pro 3 Stiffness
Adios Pro 3 Stiffness| Pearson'sr -0.732 n/a
p-value 0.010 n/a
Vaporfly 3 Stiffness | Pearson'sr -0.770 0.986
p-value 0.006 <.001

Figure 5. Correlation matrix table

Limitations

Despite the strong statistical significance of this study, some limitations need to be
addressed. One such limitation is that five more miles were put on the Adidas shoes compared to
the Nike shoes when the study was moved to the treadmill. While this caused the shoes to be
experimented on in slightly different conditions, it was counteracted by setting the treadmill to
conditions previously outlined to best mimic outdoor running (Jones & Doust, 1996). Despite
this attempt to mimic outdoor running, there is still a chance that the change in surface created
slight variations in stiffness and that the effects were not counteracted. Similarly, the occasional
abnormal stride may have affected the stiffness results. These abnormal strides were more likely
to occur towards the beginning of the study, while the running was outside, where running
conditions on any given day were less predictable due to weather variations. After the move
inside to the treadmill, these awkward strides became less likely, as the ground was completely
unobstructed, but still occurred occasionally. The most common cause of them while indoors was
running too far forward on the treadmill and accidentally stepping on the motor cover at the front

of the running deck, which in turn caused a slight loss in balance and a couple of shorter, faster
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steps to recover. Since these were naturally occurring and could happen to anyone running in
these shoes, it only furthers the realistic nature of this study.

Another limitation is that there are possible slight inaccuracies in measurements. For
example, the previously mentioned “L” measure, which is used while calculating shoe stiffness,
could be slightly off for two main reasons. The first possible reason is the difficulty in measuring
it. Since the tape measure used only went to sixteenths of an inch, the values had to be estimated
to a minimal extent. Moreover, the pivot point, which was the beginning of the “L” measure and
where the clamp was set, wasn’t consistent and the “L” value was difficult to calculate. This
could have resulted in the “L” measure being too long or short, and the stiffness value being
slightly off as a result. The second possible reason for error is that the tape measure used to find
the “L” value was in imperial units and not metric ones. This could have created a slight
difference during the conversion from feet and inches to centimeters, due to rounding to the
nearest tenth of a centimeter. Ultimately, these slight inaccuracies may have resulted in the
oscillating values calculated but were likely too minute to have any significant effect.

One final limitation of this study is the small sample size of the experiment. Since only
one pair of shoes from each brand was used, the derived data may not show a general trend, but
rather what could be an outlier if more participants were involved. Additionally, this study is
only relevant to midfoot strikers, seeing as the miles were conducted by a midfoot striker. This is
important to address because different strike patterns generally put different amounts of force in
different locations on shoes. Therefore, the deterioration of the shoe’s stiffness in this study is
midfoot striker-specific. Finally, the amount of miles that the shoes underwent for this study was
on the lower end. Despite the current consensus for replacing carbon-reinforced shoes being 100

miles, most runners greatly overshoot this mark, and instead replace their shoes closer to 150 or
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200 miles. Thus, it would have been beneficial for this study to examine these shoes over a
greater distance, but due to the strict time frame of this experiment, that was implausible. If this
study had a wider sample size, then the results would have represented a more general trend in
the deterioration of shoe stiffness.

Implications

Despite these limitations, this study confirms that there is no significant difference
between the deterioration of stiffness in current carbon rods and carbon plates. Thus, there is no
benefit of buying one shoe technology over the other, and it is left up to consumer preference.
Therefore, this study could motivative shoe companies, mainly Nike and Adidas since their
shoes were examined in this study, to become more innovative with their future shoes in order to
convince consumers to buy their product, and other brands could use this as a baseline of what to
strive for. However, it should be noted that there is a slight chance that a runner would find one
pair of shoes more beneficial than the other because of the aforementioned optimal bending
stiffness dilemma, since the Nike shoe consistently recorded higher stiffness values than Adidas’
shoe toward the end of the 100 miles.

If companies did consider these results, they could create longer-lasting shoes that could
then result in faster, more intense training for the general public. While most high-tier athletes do
not have to worry about buying equipment due to sponsorships providing them with all the gear
they need, most consumers have to buy at full price. Long-distance runners, such as someone
training for a marathon, could purchase super shoes biannually or more. Thus, longer-lasting
stiffness could not only reduce the cost of their training but also help them train harder for
longer, since the newly manufactured shoes would maintain an athlete's optimal bending stiffness

range for longer. As previously described, stiffness, specifically if it is in a runner’s optimal
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stiffness range, helps to improve running economy. Therefore, if a shoe remains stiffer for
longer, then an athlete could train more beneficially. Along with this, since higher optimal
bending stiffness tends to correlate with faster runners, those most benefiting from increased
shoe longevity would be more likely to turn pro. Ultimately, this could result in overall
improvements in running that could be seen worldwide in the future.
Future Research

To further the understanding of the deterioration of shoe stiffness, future research could
make some slight improvements to this study to minimize possible variables. Most of the
changes that could be made to advance this study would address the limitations of this study.
One such adjustment to counter a limitation would be achieved by performing the entire study on
one surface. Using one surface would essentially eliminate the effects it has on the shoes since it
would have the same effect on each shoe. Even though running on one surface throughout an
entire study would eliminate some realism from the study, since it is unrealistic for a runner to
stay completely isolated to one surface, it would better show a link in deterioration of stiffness,
which is the ultimate goal. Also, no matter what surface is used, the shoe's deterioration should
be the same when compared: if a shoe maintains stiffness better on one surface than a different
shoe, then it should on all surfaces. A second improvement that could be made is by expanding
the sample size of this study. Having more runners of all different strike patterns run more miles
would set a more reliable general trend. Data collected from a study with an increased sample
size could also break their data into groups based on strike patterns to set a more specific trend
too. It could also be interesting if future research incorporated more brands, such as On, New

Balance, and Hoka, to see if one brand has longer-lasting shoes than the others.
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Along with this, future research could benefit from ensuring more accurate
measurements. One way of doing this is by marking where on the shoes the clamp is applied.
This would ensure that the “L” measure is consistent throughout the study and there would be no
possible variation between tests. Finally, any future studies should consider using some sort of
program to compile the stiffness values. The use of a program for this would allow for the data to
be as accurate as possible and for a more averaged value across the whole test to be achieved. A
program or device that tracks the tip of a shoe’s heel and links it with the force output in the
shoes, like the Logger Pro program outputs force in newtons, could be one possible way to do
this. While it would be beneficial to future research, a researcher would most likely have to write
code in order to automatically track the xy coordinates of the heel tip and link them with
corresponding newtons, since there currently is no program or device that does this. Thus, while
some instruments that could automatically calculate the stiffness would be beneficial, it is more
time-efficient to instead focus on following the methods outlined in this paper and previous

papers.
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