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ABSTRACT

Objectives: To determine the independent effect of the curved carbon-fiber plate in the Nike
Vaporfly 4% shoe on running economy and running biomechanics.

Methods: Fifteen healthy male runners completed a metabolic protocol and a biomechanics
protocol. In both protocols participants wore two different shoe conditions, an intact Nike
Vaporfly 4% (VFintact), and a cut Nike Vaporfly 4% (VFcut). The VFcut 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-minutes, twice with each shoe, on a force-
measuring treadmill while breathing into an expired gas system. In the biomechanics protocol
participants ran across a runway with embedded force plates at 14 km/h. We calculated running
economy, kinetics, and joint mechanics of the lower limb.

Results: Running economy did not significantly differ between shoe conditions (0.5% higher in
the VFcut compared to the VFintact). Biomechanical differences were only found in the
metatarsophalangeal joint (MTP) with increased MTP dorsiflexion angle, angular velocity, and
negative power in the VFcut. Contact time was 1% longer in the VFcut.

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 alone plays a limited role in the 4% energy savings, and instead those likely result from

a combination and interaction of the foam, geometry, and plate.
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1. INTRODUCTION

Performance running shoe technology has recently become a polarizing topic, most
notably due to advances in footwear technology, such as midsole energy return and longitudinal
bending stiffness (LBS) 6. The Nike Vaporfly 4% (VF) shoe utilizes both these technologies to
give athletes up to 4% savings in running economy compared to two popular high-end marathon
racing shoes 72, which translates to improved running performance %%, While scientists and
bloggers debate whether the foam 112, geometry 3, or curved carbon-fiber plate 22 contribute
more to these ‘super shoes’, the exact mechanisms resulting in 4% metabolic savings are not yet
understood.

The use of carbon-fiber plates to improve running economy, while increasingly popular,
is not new. In 2006, Roy and Stefanyshyn 2 showed small (1%) improvements in running
economy with increased LBS. However, since then, reported effects of LBS on running economy
have been mixed, with studies finding deteriorations 4, no effect 1517, or small (~1%) 1218, to
large improvements (3-4%) 17819 (for review see 2°). Importantly, the largest improvements in
running economy have been reported in studies assessing VF shoes 78, 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 as 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 TPU (thermoplastic polyurethane) foam, can improve running economy by 1% as compared to
conventional EVA (ethyl-vinyl acetate) foam 2422, While the VF studies used state of the art
baseline shoes with either EVA foam with air pockets or TPU foam (boost), the VF midsole

foam (polyether block amide) is softer and more resilient than those . Whether this foam
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provides additional metabolic savings has not been tested without the confounding influence of
the carbon-fiber plate in the VF shoes.

From a biomechanical perspective, increased LBS has been shown to reduce negative
work done at the metatarsophalangeal (MTP) joint 23-2° and to alter joint mechanics in the ankle
121523242627 and knee 2*. Specifically, in a biomechanical analysis of the VF, Hoogkamer et al.
23 found the curved carbon-fiber plate in the VVF prototype resulted in lower work rates at the
ankle and reduced dorsiflexion and negative work at the MTP joint compared to control shoes.
They concluded the curved plate provided a clever lever and a stiffening effect that likely
contributed to the 4% energy savings. However, an important limitation of that study is that the
tested VVF prototype shoes differed in both geometry (taller stack height), foam properties (more
compliant and resilient) and LBS (stiffer; carbon-fiber plate) from the control shoes, once again
making the contribution of the plate alone difficult to pinpoint. A recently introduced concept
suggests that the curved plate may act like a teeter-totter and alone can result in up to 6% savings
213 however, this unconfirmed concept originated based on pilot work and simulation data and
has not been experimentally tested.

In the current study, we attempt to determine the isolated effects of the carbon-fiber plate
in the VF by cutting the plate to reduce its LBS. Our aim was to determine how LBS
independently affects running economy and biomechanics in the VF. Based on previous
literature, we hypothesized that reducing LBS by cutting through the carbon-fiber plate of the
Nike Vaporfly 4% would increase metabolic rate during running by about 2%. To accommodate
this increased metabolic rate, we hypothesized that decreasing LBS would (1) decrease ankle
dorsiflexion angle and plantarflexion moment, and (2) increase MTP dorsiflexion angle,

plantarflexion moment, and power.
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2. METHODS
2.1 Participants

A power analysis was performed a-priori (G*Power 3.1, Universitat Kiel, Germany) and
it was determined a sample size of 14 was necessary to achieve an effect size of 0.95. We
recruited 17 male participants (aged 24 + 4 years, mass 67.8 + 4.3kg, height 173.3 + 3.6cm) who
wore US size M9.5 shoes. Thirteen subjects took part in both the biomechanics and metabolic
protocols, while four participated in only one protocol (two in each). For the biomechanics
protocol, inclusion criteria consisted of running at least 10 miles per week. For the metabolic
protocol, participants had to be capable of running a 5 km in 19 minutes, or an equivalent
performance (10 km in 39 minutes, marathon in 3 hours). For both protocols, participants were
excluded if they had a lower extremity injury or surgery in the past twelve months, or had any
existing orthopaedic, cardiovascular, or neuromuscular conditions. All participants gave written

consent per the University of Massachusetts Amherst Institutional Review Board.

2.2 Shoe Conditions

Participants wore two pairs of shoes: an intact Nike Vaporfly (VFintact), and a cut Nike
Vaporfly (VFcut). In lieu of having two identical shoes with and without a carbon-fiber plates, we
made six medio-lateral cuts through the carbon-fiber plate of new VFs to reduce the plate’s
effectiveness in bending, while keeping all geometry and foam properties the same (Figure 1).
We measured the shoe’s LBS in flexion using a standard flex tester (Shoe Flexer, Exeter
Research, Brentwood NH), calculating flexion stiffness for the final five of fifty 30-degree
flexion cycles. We also measured the LBS in extension with a 3-point bending test using a

standard material testing machine (Instron ElectroPuls 10000, Norwood, MA, USA). To perform
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this test, the shoe was placed on two support frames 80mm apart. The Instron tip, aligned with
the MTP joint, displaced 5mm while recording force.

To test the midsole foam properties, we used a custom cylindrical head attached to a
material testing machine (Instron ElectroPuls 10000, Norwood, MA, USA). The head was
aligned in the rearfoot and loaded the shoe at ~ 2000 N with a contact time of ~ 185 ms for 100

cycles 1. We used the last 20 cycles to calculate energy return.

[Fig. 1]

2.3 Experimental Set-up and Protocol
The study comprised of two testing protocols: a metabolic protocol and a biomechanics
protocol. If subjects completed both protocols on the same day, biomechanics testing was done

first.

2.3.1 Metabolic protocol

Participants wore their own shoes for a warm-up; at least 5-minutes at the test pace of 14
km/hr (6:54 min/mile). During the warmup 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-minute trials at 14 km/hr on a level, force-measuring treadmill with a rigid
deck (Treadmetrix, Park City, UT, USA). Shoe order was randomly assigned, and participants
wore each shoe twice in a mirrored order (e.g. VFintact, VFcut, VFcut, VFintact OF V Feut, VFintact,
VFintact, VFcut). 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 at 1200
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Hz, as well as submaximal rates of oxygen uptake and carbon-dioxide production using an
expired-gas analysis system (True One 2400, Parvo Medics, Salt Lake City, UT, USA). After
each trial participants were given a 5-minute break while researchers changed their shoes behind
a barrier.

We calculated metabolic rate (running economy) over the last two minutes of each trial,
based on the measured rates of oxygen uptake and carbon-dioxide production using the Peronnet
& Massicotte equation 2. In the last 30s of each trial we collected ground reaction forces from
the treadmill at 1200 Hz. A custom Python script was used to filter ground reaction force data
using a low-pass, second-order, Butterworth filter with a cut-off frequency of 20 Hz. Contact
time was determined using a 25 N vertical ground reaction force threshold to determine toe-offs
and touch-downs, these points were then visually inspected to ensure accuracy. We then
calculated step frequency, peak vertical ground reaction force, and propelling and braking

impulse.

2.3.2 Biomechanics protocol

We placed retro-reflective markers on the participants’ right leg on the greater trochanter,
medial and lateral epicondyles, and medial and lateral malleoli. The right foot was tracked with
markers on the 1% and 5" metatarsal head and base, as well as a cluster of three markers on the
heel. To track the thigh and the shank segments, rigid bodies with four non-co-linear reflective
markers were adhered to the lateral aspects of the thigh and shank.

Participants ran across a 100ft runway embedded with force plates (AMTI Inc,

Watertown, MA) at 14 km/h. During the trials motion capture data (Oqus 3, Qualisys Inc.,

Gothenburg, Sweden) and ground reaction force data were continuously collected at 200 Hz and
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2000 Hz, respectively. We used timing gates to verify that the participant’s speed was 14 km/h +
4%, 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 five good trials in each shoe
condition.

To process the data, we first visually analyzed, and gap filled motion capture data in
Qualisys. Next, using a custom Python script, ground reaction force and kinematic data were
low-pass filtered using a dual-pass, with an effective 14 Hz cut-off 2. For the knee, ankle, and
MTP joints, we calculated joint angles, angular velocities, moments, powers, and work during
the stance phase using an 3D inverse dynamics model custom built in Python. 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 two-tailed paired t-test to compare RE, step parameters, and peak biomechanical
variables between shoes with a traditional significance level of o = 0.05 (R, Vienna, Austria). We
also used one-dimensional spatial parametric mapping (SPM) to conduct a two-tailed, paired-
sample t-test (a = 0.05) for ground reaction forces, joint angles, angular velocities, moments, and

powers 2°,
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3. RESULTS
During analysis, one participant was removed from the metabolic protocol (n=14) and two

participants were removed from the biomechanics protocol (n=13) due to data quality issues.

3.1 Shoe properties

The VFcut had a bending stiffness of 7.7 Nm/rad, while the VFintact had a bending stiffness of 23.1
Nm/rad in flexion. In extension, the VFcuthad a stiffness of 3.1 Nm/rad and the VFintact had a
stiffness of 11.1 Nm/rad. Vertical compression energy return was 86% in both the VVFcut and

VFintact.

3.2 Energetics and step parameters

Average metabolic rate was statistically similar in the VFcut (14.17 = 0.74 W/kg) and the
VFintact (14.10 £+ 0.80 W/Kg), but numerically 0.5% higher (Figure 2). Individual changes ranged
from -3.3 to 3.3% between the VVFcut and the VFintact, With 10 of 14 participants increasing RE in
the VVFcut condition. Contact time was significantly shorter in the VFcut (0.211 sec) compared to
the VFintact (0.213 sec; p<0.001). No significant difference was found for step frequency, braking
impulse, propelling impulse, or peak vertical ground reaction force (Table 1). Vertical ground
reaction forces were significantly higher in the VFcut during 55-96% of stance phase (p<0.001).
Anterior-posterior ground reaction forces were significantly lower in the VFcut for 30-68% and

significantly higher for 75-95% of stance phase (both p<0.001; Figure 3).

[Fig. 2]
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Table 1 Average step parameters during running in Vaporfly shoes with intact (VFintact) and cut (VFeu)
carbon-fiber plates. * indicates statistical difference between shoe conditions.

VFintact £ SD VFcut+ SD p-value
Peak vertical GRF BW 2.64 +0.20 2.64 £ 019 0.371
Braking impulse BW sec -0.02 £ 0.00 -0.02 £ 0.00 0.607
Propulsive impulse BW sec 0.02 £ 0.00 0.02 +£0.00 0.589
Contact time sec 0.213 £0.014* 0.211 £ 0.014* <0.001
Step frequency steps/sec 3.00+0.12 3.00+0.12 0.909

SD standard deviation; BW bodyweight; SD standard deviation

[Fig. 3]

3.3 Biomechanics

Biomechanical differences were only found in MTP joint mechanics (Figure 4). MTP
joint angles were more dorsiflexed in the VFcut for 0-12% and 85-100% of the stance phase
(p=0.013) and peak MTP joint dorsiflexion was significantly higher in the VFcut (p=0.002; Table
2). This was accompanied by increased MTP joint angular velocity in the VFcut between 11-21%
and 77-90% of stance phase (p=0.001), and significantly more negative MTP joint power in the
VFcut compared to the VFintact from 79-90% of stance phase (p<0.001). Negative MTP joint work
was significantly higher in the VFcut compared to in the VFintact (p=0.008), and positive MTP

joint work was significantly lower in the VVFcut compared to the VFintct (p=0.023; Table 2).

[Fig. 4]
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Table 2. Average knee, ankle, and metatarsophalangeal (MTP) mechanics while running in the intact
Vaporfly (VFinact) and the cut Vaporfly (VFcu). * indicates statistical difference between shoe conditions

VFintact £ SD VFat+ SD p-value
Peak knee flexion degrees 32.7+10.0 34.2+95 0.411
Peak knee moment Nm 336.9+32.8 336.9+43.9 0683
Peak ankle dorsiflexion degrees 178+4.9 18.2+5.7 0.738
Peak ankle moment Nm 181.9+20.8 1825+175 0.876
Peak MTP dorsiflexion degrees 19.1+5.3* 25.3+7.8* 0.002
Peak MTP moment Nm 31.6+£ 8.2 319+8.4 0.875
Positive knee work JIkg/step 0.65 +0.32 0.55+0.16 0.190
Negative knee work JIkg/step -0.96 +0.31 -0.94 +0.25 0.756
Positive ankle work J/kg/step 0.91+0.18 0.85+0.14 0.133
Negative ankle work J/kg/step -0.64 +0.17 -0.62 +0.19 0.281
Positive MTP work JIkg/step 0.02 +0.01* 0.01 +£0.01* 0.023
Negative MTP work J/kg/step -0.11 +£ 0.05* -0.15 + 0.06* 0.008

SD standard deviation

4. DISCUSSION

This study sought to determine the independent effect of the curved carbon-fiber plate in

the Nike Vaporfly shoe on running energetics and biomechanics. Our mechanical testing results

confirm that the two shoes (VFintact and VFcut) had the same compression energy return, but the

VFcutwas dramatically less stiff in flexion (~66% less stiff) and extension (~72% less stiff).

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
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hypothesis, MTP joint dorsiflexion angle and power were significantly larger in the VFcut,
however, external 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 1215181° However, most of these
studies used flat plates, and we hypothesized 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 ’. Conversely, cutting the carbon-fiber plate only resulted in a non-significant 0.5%
difference from the intact shoe. As such, our findings are in line with the data of the vast
majority of studies that evaluated the effects of LBS with flat plates/insoles 147, 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 Roy and Stefanyshyn 12
and Oh and Park 8 showed improvements in running economy (0.8 and 1.1%, respectively). Our
results therefore dispute suggestions that LBS from the curved carbon-fiber plate alone is
responsible for the majority of the metabolic savings, and instead suggest 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 213, The idea behind this suggested
teeter-totter effect is that the curved plate would allow the foot and shoe to pivot during mid-
stance to push-off in a way that the force applied at the front of the shoe results in a reaction
force at the heel of the foot, and that this heel force would substantially improve running
economy. In this mechanism the plate needs to provide bending stiffness in extension to enable

the pivoting action. However, our current research shows that reducing the bending stiffness in
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both flexion and extension, does not have a substantial effect on running economy. This is not
surprising because if a teeter-totter effect exists, the pivot action can be expected to slow the
center of pressure velocity under the foot, and additional push-off force would be needed to land
on top of the teeter-totter during the next stance, which both would deteriorate running economy.
Better understanding the contributions 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.

Biomechanical differences were found at the MTP joint; however, these changes did not
translate to the ankle or knee. Predictably, cutting the carbon-fiber plate allowed for greater MTP
joint dorsiflexion and dorsiflexion angular velocity. This is in line with previous studies finding
decreased MTP joint dorsiflexion with both flat 151625 and curved % plates, compared to
controls. Interestingly, we did not find differences 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
VFintact contributed more to the external moment than the VVFcut, which would result in a larger
internal MTP joint moment in the VFcut. Further, MTP joint negative power and negative work
were significantly lower in the intact shoes (VFintact). While decreasing negative work at the MTP
joint has been discussed as an important feature of a carbon-fiber shoe 227, we show here 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. Instead, we did not see any differences at the ankle joint. These
findings are different from Hoogkamer et al. 22 who first assessed the VF and found differences

in peak ankle dorsiflexion, moment, and work; however, they compared the VVF to control shoes
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with different midsole foam and geometry. Together, these finding suggests that their results are
due to differences between shoes other than the LBS of the curved carbon-fiber plate. Similar to
Hoogkamer et al. 2, we did not find any differences in knee joint mechanics. Other gross
biomechanical measures, i.e., step frequency, peak vertical ground reaction force, braking
impulse, and propelling impulse were not significantly different between conditions. Finally, we
found a small, but significant difference in contact time between the VFcutand VFintact, Where
contact time in the VVFcut was 1% shorter than the VFintact. Previous research has shown that
metabolic rate is inversely related to contact time ¥, and therefore the 1% difference in contact
time may cause running economy differences in the VFintact VS. VFcut. This is because muscles
must produce force to support body weight, however, with a shorter contact time that force must

be produced in a shorter period of time, requiring more metabolic energy.

4.1 Limitations and future directions

Ideally, we would have compared identical VVF shoes with and without a plate, however,
as such shoes are not available, cutting the plate was the next best option. We tried to remove the
plate, but this was not possible without irreparable damage to the midsole. As the plate was still
in the shoe, it was likely still interacting with the foam and contributing to medio-lateral bending
stiffness. Further, only the forefoot and midfoot sections of the plate were cut, this choice was
made because we believe forefoot and midfoot bending stiffness are most important, and because
the plate was very close to the insole in the rearfoot. While we believe the plate in the rearfoot

likely has little effect, it is possible it still contributes to the shoe’s effectiveness for example by
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spreading forces under the feet out over a larger foam area. Therefore, this study can only
comment on the role of the plate in LBS, as it may still be contributing in other ways. Future
studies should aim to assess identical shoe models with and without an embedded, curved
carbon-fiber plate. Note people have been studying this with flat insoles, however, combined, the
literature suggests that curved plates might provide a superior advantage (for discussion see
Ortega et al. ).

Further, our shoes were only tested on males running at 14 km/h. Previous research has
suggested that the effect of LBS on running economy may be speed dependent (34, for review see
20y, However, because both Hoogkamer et al. ! and Barnes and Kilding 7 found that metabolic
savings in the VF shoes were consistent across speeds from 14 to 18 km/h, we believe that our
speed of 14 km/h was adequate to test our hypotheses. Additionally, this study was only
performed on males. 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 differently affect the relative influence of the plate on running
mechanics and energetics, which should be addressed in future research.

Finally, when mechanically testing our shoes we used two different methods for
quantifying flexion and extension stiffness. Because the plate is embedded within the foam, our
three-point bending testing of the VFintact in flexion resulted primarily in displacement due to
foam deformation, rather than longitudinal bending. Therefore, we decided to use an industry
standard flex tester (Shoe Flexer, Exeter Research Inc., Brentwood, NH) for measuring flexion,
and a three-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 discussion see
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20). Future work should aim to improve external validity and standardization of footwear
longitudinal bending stiffness assessment so reported values can be compared across the
literature.

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

on how different features alter running economy and running biomechanics.

4.2 Conclusion

While multiple studies have assessed the effects of increased LBS and carbon-fiber plates
on running economy, this study is the first to directly assess the role of a curved carbon-fiber
plate in two identical shoes. We found that reducing LBS, in both flexion and extension, only
altered running economy by a non-significant 0.5%. In line with this, we found 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 those 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 bending stiffness.
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Figures

VFintact VFcut

Fig 1. VFintactand VFcut Shoe conditions. To create the VFcut Six medio-lateral cuts were made
through the carbon-fiber plate. Note the black line is not the exact location of the plate, all the

cuts were fully through the carbon-fiber plate.
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Fig 2. Running economy was similar between Vaporfly shoes with intact (VFintact) and cut
(VFcut) carbon-fiber plates. Average metabolic rate is shown in black and individual responses
are shown with grey lines. Numerically, runners had a 0.5% higher metabolic rate in the VFcut

than in the VFintact, but this difference was not statistically significant.

22



Bending stiffness and running economy 23

F2
(8W) 15-

02

Fy
(8W) 00 -

-0.2-

-04 -

0 20 20 0 8 100
% stance

Fig 3. Ground reaction forces (GRF) in the Vaporfly shoes with intact (VFintact; red) and cut

% stance

(VFcut; blue) carbon-fiber plates. Force traces have been normalized to body weight (BW). A)
Average vertical (Fz) GRF traces; B) anterior-posterior (Fy) traces. Grey shaded areas represent
where traces are significantly different from each other (p<0.001) as determined by SPM. C)
Ground reaction force vectors during stance phase. Note around 60-70% of stance phase when

GREF vectors appear to be the same, the VFcut (blue) is 1% behind the VFintact (red).
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Fig 4. Joint angles, angular velocities, moments and powers for the knee, ankle, and metatarsal
phalangeal (MTP) joints while running in the intact VVaporfly (solid red line) and cut Vaporfly
(dashed blue line). Positive values are extension/plantarflexion. Grey regions indicate where the
traces are significantly different (p<0.05) as determined by SPM. Traces are group averages and

shaded regions represent +1 standard error.
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