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Abstract

Purpose: This study aimed to determine the independent effect of the curved carbon-fiber plate in the Nike Vaporfly 4% shoe on running econ-
omy and running biomechanics.

Methods: Fifteen healthy male runners completed a metabolic protocol and a biomechanics protocol. In both protocols participants wore 2 different
shoes, an intact Nike Vaporfly 4% (VFjy.e) and a cut Nike Vaporfly 4% (VF.). The VF . had 6 medio-lateral cuts through the carbon-fiber plate
in the forefoot to reduce the effectiveness of the plate. In the metabolic protocol, participants ran at 14 km/h for 5 min, twice with each shoe, on a
force-measuring treadmill while we measured metabolic rate. In the biomechanics protocol, participants ran across a runway with embedded force
plates at 14 km/h. We calculated running economy, kinetics, and lower limb joint mechanics.

Results: Running economy did not significantly differ between shoe conditions (on average, 0.55% =+ 1.77% (mean £ SD)) worse in the VF
compared to the VFj.ci; 95% confidence interval (—1.44% to 0.40%). Biomechanical differences were only found in the metatarsophalangeal
(MTP) joint with increased MTP dorsiflexion angle, angular velocity, and negative power in the VF_,. Contact time was 1% longer in the
VFintact-

Conclusion: Cutting the carbon-fiber plate and reducing the longitudinal bending stiffness did not have a significant effect on the energy savings
in the Nike Vaporfly 4%. This suggests that the plate’s stiffening effect on the MTP joint plays a limited role in the reported energy savings, and
instead savings are likely from a combination and interaction of the foam, geometry, and plate.

Keywords: Biomechanics; Footwear; Mechanical doping; Metabolic rate; Performance

1. Introduction The use of carbon-fiber plates to improve running economy,
while increasingly popular, is not new. In 2006, Roy and Stefany-
such as 16 . . .

shyn” showed small (1%) improvements in running economy

with increased LBS. However, since then, reported effects of LBS

Performance running shoe technology,
improved midsole energy return and increased longitudinal

bending stiffness (LBS), has recently become a polarizing
topic.' The Nike Vaporfly 4% (VF) shoe utilizes both
these technologies to give athletes on average up to 4%
savings in running economy compared to popular high-end
marathon racing shoes,” '' which translates to improved
running performance.'” "> While scientists and bloggers
debate whether the foam,*'® geometry,” or curved carbon-
fiber plate’'” contributes more to these “super shoes”, the
exact mechanisms resulting in 4% metabolic savings are
not yet understood.
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on running economy have been mixed, with studies finding results
ranging from deteriorations,'® to no effect,’’ ' to small effect
(~1%),”” to large improvements (3%—4%)" "> (for a full
review, see Ortega et al.”*). Importantly, the largest improvements
in running economy have been reported in studies assessing VF
shoes,” '’ suggesting that the geometry and stiffness of the curved
VF plate may provide additional savings compared to flat plates
previously tested. It is also important to note that the contributions
of the foam to these savings are unknown because no studies have
addressed the effects of the curved plate and foam independently.
Earlier studies have shown that soft and resilient midsole foam
using air pockets or thermoplastic polyurethane foam can improve
running economy by 1% compared to conventional ethyl-vinyl
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acetate foam.””® The VF studies used state-of-the-art baseline
shoes with either ethyl-vinyl acetate foam with air pockets or ther-
moplastic polyurethane foam (boost); however, the VF midsole
foam (polyether block amide) is softer and more resilient.” In an
original analysis of the VFs, Hoogkamer et al.® hypothesized that
energy return from the foam was a key contributor to the metabolic
savings. However, because VFs have not been compared without
the confounding influence of the carbon-fiber plate, the metabolic
savings from the foam remains unknown.

From a biomechanical perspective, increased LBS has been
shown to reduce negative work done at the metatarsophalan-
geal (MTP) joint’’ *’ and to alter joint mechanics in the
ankle'*'?*7?%3931 and knee.”® Specifically, in a biomechani-
cal analysis of the VF, Hoogkamer et al.”’ found that the
curved carbon-fiber plate in the VF prototype resulted in lower
work rates at the ankle and reduced dorsiflexion and negative
work at the MTP joint compared to control shoes. The
researchers therefore concluded that the curved plate provided
a clever lever and a stiffening effect that likely contributed to
the 4% energy savings. An important limitation of that study is
that the tested VF prototype shoes differed in geometry (taller
stack height), foam properties (more compliant and resilient),
and LBS (stiffer and having a carbon-fiber plate) from the con-
trol shoes, once again making the contribution of the plate
alone difficult to pinpoint. While the effects of LBS are often
evaluated with flat carbon-fiber plates,”* curved plates can be
expected to be more effective. Farina et al.”” showed that
increased plate curvature can reduce net MTP joint work with-
out increasing ankle plantarflexion moments, and recently
Nigg et al."'” proposed a theory attributing the majority of
VF’s energetic benefit to the curved plate’s “teeter—totter”
effect. However, this theory is as of yet untested.

In the current study, we attempt to determine the isolated
effects of the stiffness of the carbon-fiber plate in the VF by cut-
ting the plate and reducing its LBS in the forefoot. Our aim was
to determine how LBS independently affects running economy
and biomechanics in the VF. We hypothesized (1) that cutting
the plates would significantly increase (i.e., worsen) metabolic
rate. Based on previous literature reporting ~1% savings with
flat carbon-fiber plates, we expected that reducing LBS by cutting
through the curved carbon-fiber plate of the VF would increase
metabolic rate during running by about 2%. To accommodate
this increased metabolic rate, we hypothesized (2) that decreasing
LBS would decrease ankle dorsiflexion angle and plantarflexion
moment and (3) that it would increase MTP dorsiflexion angle,
plantarflexion moment, and power.

2. Methods
2.1. Participants

A power analysis was performed a priori (G*Power 3.1;
Universitat Kiel, Kiel, Germany), and it was determined that a
sample size of 14 was necessary to achieve an effect size of
0.82. We recruited 17 male participants (aged 24 + 4 years;
weight 67.8 £ 4.3 kg; height 173.3 & 3.6 cm; mean & SD)
who wore U.S. men’s size 9.5 shoes. A total of 13 subjects
took part in both the biomechanics and metabolic protocols,
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while 4 participated in only 1 protocol (2 in each). For the
biomechanics protocol, inclusion criteria consisted of running
at least 16 km/week. For the metabolic protocol, participants
had to additionally be capable of running a 5 km in 19 min or
an equivalent performance (10 km in 39 min, marathon in
3 h). For both protocols, participants were excluded if they had
a lower extremity injury or surgery in the past 12 months or
had any existing orthopedic, cardiovascular, or neuromuscular
conditions. All participants gave written consent. The study
was approved by the University of Massachusetts Amherst
Institutional Review Board (1741 and 1789).

2.2. Shoe conditions

Participants wore 2 pairs of shoes: an intact Nike Vaporfly
(VFintaer) and a cut Nike Vaporfly (VF.,). In lieu of having 2
identical shoes with and without a carbon-fiber plates, we made 6
medio-lateral cuts through the carbon-fiber plate in the forefoot
of new VFs to reduce the plate’s effectiveness in bending
(Fig. 1). This method should not have affected the geometry and
foam properties of the shoes; however, it is possible that the foam
was slightly altered in the forefoot due to cutting. Cuts were
made just past the depth of the plate using a table saw with an
~1.5-mm blade. We measured the LBS in extension with a
3-point bending test using a standard material testing machine
(Instron ElectroPuls 10000; Instron, Norwood, MA, USA). To
perform this test, the shoe was placed on 2 support frames
80 mm apart.”” An Instron tip, aligned with the MTP joint,
displaced 5 mm while recording force at 200 Hz. We cal-
culated bending stiffness in N-m/rad based on the force
applied to the shoe, displacement of the instron tip, and
the distance of the support beams.”* This method was not
suitable for measuring the shoe in flexion due to foam
deformation. Therefore, we measured the shoe’s LBS in
flexion using a standard flex tester (Shoe Flexer; Exeter
Research Inc., Brentwood, NH, USA), calculating flexion
stiffness for the final five of fifty 30-degree flexion cycles.

2.3. Experimental set-up and protocol

The study comprised 2 testing protocols: a metabolic protocol
and a biomechanics protocol. If subjects completed both protocols
on the same day, biomechanics testing was done first.

V Fintact VFcut

Fig. 1. Intact Nike Vaporfly 4% (VFinac) and cut Nike Vaporfly 4% (VFcu)
shoe conditions. To create the VF,,, 6 medio-lateral cuts were made through
the carbon-fiber plate. Note that the black line is not the exact location of the
carbon-fiber plate, but all the cuts were made fully through the plate.
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2.3.1. Metabolic protocol

Participants wore their own shoes for a warm-up of at least
5 min at the test pace of 14 km/h (6:54 min/mile). During the
warm-up, participants wore a mouthpiece attached to an
expired-gas analysis system to get accustomed to running with
it. After the warm-up, participants completed four 5-min trials
at 14 km/h on a level, force-measuring treadmill with a rigid
deck (Treadmetrix, Park City, UT, USA). Shoe order was ran-
domly assigned, and participants wore each shoe twice in a
mirrored order (€.g., VFintacts VFcuts VFeut, VFintact O VFcus
VFintact> VFintactr VFcur). This method reduces bias due to order
of conditions and any possible learning or fatigue effects. We
used lightweight shoe covers to blind participants to the shoes
they were wearing. During each trial we measured horizontal
and vertical ground reaction forces (GRF) at 1200 Hz, as well
as submaximal rates of oxygen uptake and carbon-dioxide pro-
duction using an expired-gas analysis system (True One 2400;
Parvo Medics, Salt Lake City, UT, USA). After each trial, par-
ticipants were given a 5-min break while researchers changed
their shoes behind a barrier.

We calculated the metabolic rate (i.e., running economy)
over the last 2 min of each trial, based on the measured rates
of oxygen uptake and carbon-dioxide production using the Per-
onnet and Massicotte equation.” Running economy is the ener-
getic cost of running at a specific velocity expressed in W/kg;
therefore, lower running economy values will result in an
increase in performance.™'>'” The metabolic rate was averaged
between the 2 trials in the same shoe for each participant.

In the last 30 s of each trial, we collected GRF from the
treadmill. We opted to use GRF from the treadmill, and not
over ground, because treadmill running allowed us to take the
average of multiple steps. A custom Python script (Python
Software foundation, https://www.python.org/) was used to fil-
ter GRF data using a low-pass, second-order Butterworth filter
with a cut-off frequency of 20 Hz.** Contact time was deter-
mined using a 25 N vertical GRF threshold to determine
toe-offs and touch-downs; these points were then visually
inspected to ensure accuracy. We then calculated step fre-
quency, peak vertical GRF, and propelling and braking
impulse. Finally, we further visualized these differences in
GREF between shoes by plotting the GRF vectors in the sagittal
plane relative to the stance phase.

2.3.2. Biomechanics protocol

We placed retro-reflective markers on the participants’ right
leg on the greater trochanter, medial, and lateral epicondyles
and on the medial and lateral malleoli. The right foot was
tracked with markers on the first and fifth metatarsal head and
base, the first toe, and a cluster of 3 markers on the heel. To
track the thigh and the shank segments, rigid bodies with 4
non-co-linear reflective markers were adhered to the lateral
aspects of the thigh and shank.

Participants ran across a 30 m runway embedded with force
plates (AMTI Inc., Watertown, MA, USA) at 14 km/h. During
the trials, motion capture data (Oqus 3; Qualisys Inc., Gothen-
burg, Sweden) and GRF data were continuously collected at
200 Hz and 2000 Hz, respectively. We used timing gates to
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verify that the participant’s speed was 14 km/h (with £4% var-
iance), and we visually made sure that the participants right
foot landed directly on a force plate. Participants continued to
perform runs until we had collected 5 good trials in each shoe
condition.

To process the data, we first visually analyzed, and then gap
filled the motion capture data in Qualisys Track Manager
(Qualisys Inc., Gothenburg, Sweden). Next, using a custom
Python script, GRF and kinematic data were low-pass filtered
using a dual-pass Butterworth filter, with the same effective
14 Hz cut-off,”’ to prevent artificial fluctuations in joint
moments.*>*° For the knee, ankle, and MTP joints, we calcu-
lated joint angles, angular velocities, moments, powers, and
work during the stance phase using a 3D inverse dynamics
model custom built in Python. We assumed the MTP joint
moment was 0 until the center of pressure passed the MTP
joint center. Finally, we normalized data to 100% of stance
phase and averaged the trials in the same shoe condition within
each participant.

2.4. Statistics

We used a 2-tailed paired ¢ test to compare metabolic rate,
step parameters, and peak biomechanical variables between
shoes (R software Version 1.0.44; The R Core Team, Vienna,
Austria). Significance was set at @ =0.05, and a Holm-Bonfer-
roni correction was implemented to account for multiple #
tests. We also used 1-dimensional spatial parametric mapping
in Python to conduct a 2-tailed, paired-sample ¢ test (o =0.05)
for GRF, joint angles, angular velocities, moments, and
powers.”’ Outputs from spatial parametric mapping are a time
series of ¢ values, allowing us to analyze differences across the
whole stance phase rather than just peaks or averages.

3. Results

During analysis, 1 participant was removed from the meta-
bolic protocol (n=14) and 2 participants were removed from
the biomechanics protocol (z = 13) due to data quality issues.

3.1. Shoe properties

The VF, had a bending stiffness of 7.7 N-m/rad, while the
VFintact had a bending stiffness of 23.1 N-m/rad in flexion. In
extension, the VF_, had a stiffness of 3.1 N-m/rad and the
VF;qiact had a stiffness of 11.1 N-m/rad.

3.2. Energetics and step parameters

The average metabolic rate was statistically similar
(p=0.306) in the VF ., (14.17 & 0.74 W/kg) and the VFj
(14.09 £ 0.80 W/kg), with the average change within partici-
pants being 0.55% =+ 1.77% (95% confidence interval
(95%CI): —1.44% to 0.40%; Fig. 2). Individual changes
ranged from —3.3% to 3.3% between the VF., and the
VFintact, With 10 of 14 participants having worse running econ-
omy in the VF., condition. Contact time was significantly
shorter (p < 0.001) in the VF . (0.211 &+ 0.014 s) compared to
the VF; et (0.213 £ 0.014 s), with the average change within
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Fig. 2. Running economy was similar between Vaporfly shoes with intact
(VFintaer) and cut (VE ) carbon-fiber plates. The average metabolic rate is shown
in black, and individual responses are shown with grey lines. On average, runners
had a 0.55% =+ 1.77% (mean £ SD) higher metabolic rate in the VF_ than in the
VFinact, but this difference was not statistically significant (p = 0.306).

participants being —1.19% =+ 1.10% (95%CIL: —1.77% to
—0.61%; Table 1). No significant differences were found for step
frequency, braking impulse, propelling impulse, or peak vertical
GRF (Table 1). Vertical GRF were significantly higher in the
VF during 55%—96% of stance phase (p < 0.001). Anterior-
posterior GRF were significantly lower in the VF_,, compared to
the VFj et for 30%—68% and significantly higher in the VF
compared to the VFj, for 75%—95% of stance phase (both
p < 0.001; Fig. 3). Fig. 3C shows GRF vectors across the stance
phase. Overall, the patterns look similar, but the GRF vector for
the VFjyac 18 directed more forward than for the VF ., for the
majority of the stance phase. Note that for around 60%—70%
of the stance phase, where the vectors appear to be aligned, the
VF;pact Vector is indeed 1% ahead of the VF,.

3.3. Biomechanics

Biomechanical differences were only found in MTP joint
mechanics (Fig. 4). MTP joint angles were more dorsiflexed in
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the VF, for 0%—12% and 85%—100% of the stance phase
(»=0.013), and peak MTP joint dorsiflexion was significantly
higher in the VF . (p =0.002; Table 2). This was accompanied
by increased MTP joint angular velocity in the VF,, between
11% and 21% and between 77% and 90% of stance phase
(»=0.001). Further, there was significantly more negative
MTP joint power in the VF., compared to the VFj,c from
79% to 90% of stance phase (p < 0.001). Negative MTP joint
work was significantly higher in the VF ., compared to in the
VFintact (7 =0.008), and positive MTP joint work was signifi-
cantly lower in the VF_, compared to the VFj e (p=0.023;
Table 2).

4. Discussion

This study sought to determine the independent effect of the
curved carbon-fiber plate in the VF shoe on running energetics
and biomechanics. Our mechanical testing confirmed that the
VF ., was dramatically less stiff in flexion (~66% less stiff)
and extension (~72% less stiff) compared to the VFj it
Interestingly, our results show that reducing the LBS did not
substantially change running economy, refuting our first
hypothesis. Furthermore, we reject our second hypothesis that
reduced LBS would decrease ankle dorsiflexion moment and
power. Supporting our third hypothesis, MTP joint dorsiflex-
ion angle and power were significantly larger in the VF..;
however, MTP joint moment was not significantly different
between conditions. Our findings are in line with previous
research finding small differences in running economy
between shoes with and without carbon-fiber plates.'®'%*%**
However, most of these studies used flat plates, and we
hypothesized that the curved plate in the VF would result in
additional savings and explain ~2% of the 4% savings
reported by Hoogkamer et al.® and Barnes and Kilding.” Con-
versely, there was no detectable difference in running econ-
omy between shoe conditions. As such, our findings are in line
with the data from the vast majority of studies that evaluated
the effects of LBS with flat plates/insoles.'® ' When directly
comparing footwear conditions at the group level, without
focusing on individual responders or the individual stiffness
condition with the lowest metabolic rate, only the study results
of Roy and Stefanyshyn'® and Oh and Park”* showed improve-
ments in running economy (0.8% and 1.1%, respectively). Our
results therefore dispute suggestions that LBS from the curved

Table 1

Average metabolic rate and step parameters during treadmill running in Vaporfly shoes with VF; ... and VF, carbon-fiber plates (mean £ SD).

Variable VFintact VFcut Within-subject change (%) P
Metabolic power (W/kg) 14.09 £ 0.80 14.17 £ 0.74 0.55+ 1.77 0.306
Peak vertical GRF (BW) 2.64 £0.20 2.64 £0.19 0.22 £0.77 0.371
Braking impulse (BW-s) —0.02 £ 0.00 —0.02 £ 0.00 —0.20 £ 1.65 0.607
Propulsive impulse (BW-s) 0.02 £ 0.00 0.02 £ 0.00 —0.22 £1.65 0.589
Contact time (s) 0.213 £ 0.014* 0.211 £0.014* —1.19 £ 1.10* <0.001
Step frequency (steps/s) 3.00 £0.12 3.00 £0.12 0.02 £0.82 0.909

Note: Average within-subject changes are reported as a percentage difference (VF i — VFintact) VFintact X 100%.

* p < 0.001, statistical difference between shoe conditions.

Abbreviations: BW =body weight; VF.,, = cut Nike Vaporfly 4%; VF,.c = intact Nike Vaporfly 4%; W = watt.



Bending stiffness and running economy

A

0 20 40 60 80 100

0.4

0.2-

Fy (BW)

-0.4-

0 20 40 60 80 100

g
3]

/11, 02BW

GRF vector (BW)
= n
<

=
o
A
o
s

o
o

7
2
=

it HIF ‘l,/lll
RN et e 00,77
N\

WYHIEH I Z
SN 1l 7 %
AW HITH] %%

i
0 20 40 60 80 100
Stance phase (%)

o

Fig. 3. Ground reaction forces (GRF) during treadmill running in the Vaporfly
shoes with intact (VFjyc; red) and cut (VF,,; blue) carbon-fiber plates. The
shaded bars represent £ 1 standard error. Force traces have been normalized
to body weight (BW). (A) Average vertical (F,) GRF traces, (B) Anteri-
or—posterior (Fy) GRF traces. Grey shaded areas represent where traces are
significantly different from each other (p < 0.05) as determined by spatial
parametric mapping. (C) GRF vectors during stance phase. Each vector repre-
sents 1% of stance phase. Interestingly, around 60%—70% of stance phase,
when GRF vectors appear to be the same, the VF., (blue) is 1% behind the
VFintact (red)'

carbon-fiber plate alone is responsible for the majority of the
metabolic savings and instead suggest that the savings arise
from a combination of the foam, shoe geometry, and other
effects of the curved carbon-fiber plate not related to bending
stiffness.

These results challenge the recent suggestion that a curved
plate alone can provide metabolic savings as high as 6% by
acting as a teeter—totter."”'” The idea behind this suggested
teeter—totter effect is that the curved plate would allow the
shoe to pivot in mid-stance, and push-off in a way that the
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force applied at the front of the shoe would create a reaction
force at the heel large enough to substantially improve running
economy. In this mechanism, the plate needs to provide bend-
ing stiffness in extension to enable the pivoting action. How-
ever, our current research shows that reducing the bending
stiffness in both flexion and extension does not have a substan-
tial effect on running economy. Better understanding the con-
tributions from the highly compliant and resilient foam, as
well as the shoe geometry, would further our understanding of
how the plate independently contributes to the energy savings.

In general, gross biomechanical measures were similar between
shoe conditions; specifically, step frequency, peak vertical GRF,
braking impulse, or propelling impulse were not significantly
different between conditions. We found a small but significant
difference in contact time between the VF ., and VFj,e, Where
contact time in the VFj was 1% longer than in the VF
(Table 1). These findings are in line with previous research report-
ing longer contact times in plated shoes compared to controls. In
VF shoes (with an embedded, curved plate), contact time has been
found to be 0%—0.6% longer compared to controls.” ' Similar
findings have also been reported in shoes with flat plates.”*"**
Previous research has shown that across running speeds, metabolic
rate is inversely related to contact time’” in that shorter contact
times require faster muscle contractions to produce the force to
support body weight. Faster muscle contractions are more energeti-
cally costly than slower contractions. Similarly, recent findings
from Madden et al.'” and Cigoja et al.”’ suggest that stiff shoes
may reduce triceps surae muscle contraction velocity and improve
overall running economy. While braking and propulsive impulses
were similar between shoes, we found significant differences in
vertical and anterior—posterior GRF traces (Fig. 3). For the major-
ity of the stance phase, the GRF vector for the VFj . is directed
more forward than for the VF .. When accounting for the differen-
ces in contact time, the braking phases are similar, while the pro-
pulsive phase is longer for the VFj.. than for the VF.
(Supplementary Fig. 1). This longer propulsive phase for the VF;,_
wct allows for a lower peak and average propulsive force. Interest-
ingly, the 1% change in contact time and differences in propulsive
GRF observed in our study were not enough to significantly affect
running economy.

Joint mechanical differences were only found at the MTP
joint. Importantly, the MTP joint has been shown to be a rele-
vant location for energy loss during running."'*** Specifically,
when the MTP joint dorsiflexes in stance phase, it absorbs
mechanical energy. Our results show that cutting the carbon-
fiber plate did indeed result in greater MTP joint dorsiflexion
and dorsiflexion angular velocity at touch down and take off
(Fig. 4). This is in line with previous studies finding decreased
MTP joint dorsiflexion with both flat'”~*** and curved®’
plates compared to controls. Interestingly, we did not find dif-
ferences in MTP joint moment. However, it is important to
note that we calculated the external MTP joint moment, which
is a combination of the foot and the shoe. Although we cannot
quantify it with our current data, it is likely that the shoe con-
tributed more to the moment in the VF;,,. than in the VF_,,
which would result in a larger contribution from structures in
the foot to the MTP joint moment in the VF_. Furthermore,
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Table 2

Average knee, ankle, and MTP mechanics during overground running in the VF;, and VF, (mean £ SD).

Variable VFintact VF u¢ Within-subject change (%) 2
Peak knee flexion (°) 32.7+10.0 342+£95 8.8 +18.7 0.411
Peak knee moment (N-m) 336.9 £32.8 336.9 £43.9 08+73 0.683
Peak ankle dorsiflexion (°) 17.8 £4.9 182 +5.7 53+26.8 0.738
Peak ankle moment (N-m) 181.9 +20.8 1825+ 17.5 —-0.7+£6.3 0.876
Peak MTP dorsiflexion (*) 19.1 £ 5.3*% 253 4+ 7.8* 28.7 + 23.6* 0.002
Peak MTP moment (N-m) 31.6£ 8.2 319+ 84 6.6 £21.7 0.875
Positive knee work (J/kg/step) 0.65+0.32 0.55+0.16 —0.83 £22.65 0.190
Negative knee work (J/kg/step) —0.96 £0.31 —0.94 £0.25 —0.37 £17.87 0.756
Positive ankle work (J/kg/step) 091 +£0.18 0.85+0.14 —4.81 £13.50 0.133
Negative ankle work (J/kg/step) —0.64 £ 0.17 —0.62 +£0.19 —3.84 +11.69 0.281
Positive MTP work (J/kg/step) 0.02 £ 0.01* 0.01 £0.01* —32.07 £ 31.18* 0.023
Negative MTP work (J/kg/step) —0.11 £ 0.05* —0.15 £ 0.06* 33.06 +41.35* 0.008

Note: Average within-subject changes are reported as a percentage difference (VF.u — VFintact)/ VFintact X 100%.

* p < 0.05, statistical difference between shoe conditions.

Abbreviations: MTP = metatarsophalangeal; VF = cut Nike Vaporfly 4%; VF;,..; = intact Nike Vaporfly 4%.

MTP joint negative power and negative work were signifi-
cantly lower in the intact shoes (VFjnwme). While decreasing
negative work and energy loss at the MTP joint has been dis-
cussed as an important feature of a carbon-fiber shoe,'*' our
study shows that it alone likely has a small effect on overall
metabolic energy cost.

We anticipated that cutting the plate would result in lower
ankle dorsiflexion velocity and decreased ankle moment.
Theoretically, increased LBS can be expected to affect ankle
joint mechanics and energetics in several different ways, many
of which are related to the opposite effects of potentially
increased moment arms with increased LBS®” on joint moment
and angular velocity (for a detail review, see Ortega et al.”?).

Indeed, in our study, small differences occurred in the center
of pressure location during the final 10% of the stance phase.
Specifically, the center of pressure moves farther away in the
VFijtact, cCreating a larger moment arm around the ankle
(Supplementary Fig. 2). However, we did not find significant
differences in ankle angle, angular velocity, moment, and
power. It is worth noting that while it was not statistically dif-
ferent, on average, an individual’s positive and negative ankle
work was 7.0% and 5.5% greater, respectively, in the VFj et
These findings differ from those of Hoogkamer et al.,”” who
reported decreased negative and positive work, as well as
differences in peak ankle dorsiflexion and moment in the VF
prototypes compared to control shoes. Importantly, the control
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shoes differed dramatically from the VF in midsole foam and
geometry. It is possible that higher positive and negative ankle
work might not be metabolically expensive when they result
from increased mechanical energy storage and return in the
Achilles tendon. Our results are in line with those of Farina
et al.,”> who determined that ankle plantarflexion moment was
similar between similar shoes with and without a curved plate.
Together, these finding suggest that the differences found in
the study by Hoogkamer et al.” are due to differences between
shoes other than the LBS of the curved carbon-fiber plate
under the forefoot.

We did not find any biomechanical differences at the knee
joint between shoe conditions. This is in line with previously
reported research. ' !'%-21:2743

Ideally, we would have compared identical VF shoes with and
without a plate; however, because such shoes are not available, cut-
ting the plate was the next best option. We tried to remove the
plate, but this was not possible without irreparable damage to the
midsole. Because the plate was still in the shoe, it was likely still
interacting with the foam and contributing to medio-lateral bending
stiffness. Furthermore, only the forefoot and midfoot sections of
the plate were cut. This choice was made because we believe that
forefoot and midfoot bending stiffness are most important and
because the plate was very close to the insole in the rearfoot.
Although we believe that the plate’s stiffening effects in the rear-
foot likely have little effect, it is possible that the rearfoot part of
the plate contributes to the shoe’s effectiveness. For example, the
plate may spread out the forces under the foot over a larger foam
area and/or help stabilize the shoe. Interestingly, the newly released
Adidas Adizero Adios Pro (Adidas, Herzogenaurach, Germany)
marathon racing shoes have a flat plate in the rearfoot decoupled
from a stiff rocker in the forefoot; and while there is no experimen-
tal data on how these shoes compare mechanically or energetically
to the VF, they perform well in competition. The findings in our
study can only apply to the role of the plate in LBS under the fore-
foot. Future studies should aim to assess identical shoe models
with and without an embedded, curved carbon-fiber plate. It is
important to note that researchers have been studying this with flat
insoles; however, the literature on this subject suggests that curved
plates provide a superior advantage.”*

We only tested VF shoes on males running at 14 km/h. Pre-
vious research has suggested that the effect of LBS on running
economy may be speed dependent'® (for a detailed review, see
Ortega et al.”*). However, because both Hoogkamer et al.® and
Barnes and Kilding” found that metabolic savings in the VF shoes
were consistent across speeds from 14 km/h to 18 km/h, we believe
that the speed of 14 km/h used in our study was adequate to test
our hypotheses. Our sample size of 14 participants limited our
statistical power and therefore may have affected our ability to find
significant differences. Lastly, our study sample only included
males, some of whom had never run in VFs before. Barnes and
Kilding” found that metabolic savings in the VF shoes were not
significantly different between males and females, but differences
in sex, body mass, leg length, and shoe size can theoretically
affect the relative influence of the plate on running mechanics and
energetics, which should be addressed in future research. Although
some participants were new to using VFs, we do not believe this
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influenced our findings because, for example, all participants in the
Hoogkamer et al. study” were unfamiliar with the shoes and still
exhibited metabolic savings and biomechanical differences.

When mechanically testing our shoes, we used 2 different
methods for quantifying flexion and extension stiffness.
Because the plate is embedded within the foam, our 3-point
bending test of the VFj,.c in flexion resulted primarily in dis-
placement due to foam deformation rather than longitudinal
bending. Therefore, we decided to use an industry standard
flex tester (Shoe Flexer; Exeter Research Inc.) for measuring
flexion, and a 3-point bending test for measuring extension.
These tests were sufficient for showing that cutting the plate
effectively reduced the LBS for flexion and extension;
however, care is advised when comparing stiffness values
between different testing methods (for a detailed review, see
Ortega et al.”"). Future work should aim to improve external
validity and standardization of footwear LBS assessment so that
reported values can be compared across the literature.

As carbon-fiber plates become increasingly popular in run-
ning shoe innovation, it is important to understand how they
affect running economy and joint mechanics and how this can
contribute to improved performance. Future studies should
continue to address specific features of shoes by systematically
assessing one feature at a time in order to further our under-
standing of how different features alter running economy and
running biomechanics.

5. Conclusion

While multiple studies have assessed the effects of increased
LBS and carbon-fiber plates on running economy, our study is the
first to directly assess the role of a curved, embedded carbon-fiber
plate in 2 identical shoes. We found that reducing LBS, in both flex-
ion and extension, did not significantly alter running economy. Sim-
ilarly, we found only small biomechanical changes at the MTP
joint. Overall, we suggest that the curved carbon-fiber plate alone
has minimal impact on the 4% savings in the VF. Instead, the sav-
ings likely result from a combination and interaction of the highly
compliant and resilient midsole, shoe geometry, and other effects of
the curved carbon-fiber plate not related to LBS under the forefoot.
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