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Abstract

Background We have shown that a prototype marathon racing shoe reduced the metabolic cost of running for all 18 partici-
pants in our sample by an average of 4%, compared to two well-established racing shoes. Gross measures of biomechanics
showed minor differences and could not explain the metabolic savings.

Objective To explain the metabolic savings by comparing the mechanics of the shoes, leg, and foot joints during the stance
phase of running.

Methods Ten male competitive runners, who habitually rearfoot strike ran three 5-min trials in prototype shoes (NP) and
two established marathon shoes, the Nike Zoom Streak 6 (NS) and the adidas adizero Adios BOOST 2 (AB), at 16 km/h.
We measured ground reaction forces and 3D kinematics of the lower limbs.

Results Hip and knee joint mechanics were similar between the shoes, but peak ankle extensor moment was smaller in NP
versus AB shoes. Negative and positive work rates at the ankle were lower in NP shoes versus the other shoes. Dorsiflexion
and negative work at the metatarsophalangeal (MTP) joint were reduced in the NP shoes versus the other shoes. Substantial
mechanical energy was stored/returned in compressing the NP midsole foam, but not in bending the carbon-fiber plate.
Conclusion The metabolic savings of the NP shoes appear to be due to: (1) superior energy storage in the midsole foam,
(2) the clever lever effects of the carbon-fiber plate on the ankle joint mechanics, and (3) the stiffening effects of the plate

on the MTP joint.
Key Points

We compared running mechanics in a prototype mara-
thon shoe and two well-established racing shoes and
showed that hip and knee joint mechanics were similar
between shoes.

Peak extensor moment, negative and positive work at the
ankle, and dorsiflexion and negative work at the meta-
tarsophalangeal joint were all reduced in the prototype
shoes.

Substantial mechanical energy was stored/returned in
compressing the midsole foam of the prototype shoe, but
not in bending its carbon-fiber plate.

The metabolic savings of the prototype shoes appear to

be due to: (1) superior energy storage/return in the mid-
sole foam, (2) the clever lever effects of the carbon-fiber
plate on the ankle joint mechanics, and (3) the stiffening
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1 Introduction

Previously, we reported that a prototype marathon racing
shoe reduced the metabolic cost of running by 4% com-
pared to two well-established racing shoes [1]. Our ener-
getics findings have been largely replicated in two follow-
up studies by two other laboratories [2, 3]. Subsequent
to our study, the commercial version of those prototypes,
the Nike Vaporfly 4%, was released, and some have sug-
gested that the IAAF (International Association of Athlet-
ics Federations, the governing body for athletics) should
ban the shoes from competition [4-6]. While running in
the prototype shoes, the participants in our previous study
generally exhibited slightly greater peak vertical ground
reaction forces, slower step frequencies (longer steps), and
longer contact times than in the control shoes at matched
velocities; however, the differences were small (~ 1%) and
could not explain the metabolic savings [1].

Here, to try to explain the metabolic savings, we com-
pared the mechanics of the shoes, leg and foot joints
during running in the same three shoe models tested pre-
viously. The Nike prototype shoes (NP) have two distin-
guishing features: a midsole comprising highly compliant
and resilient foam and a carbon-fiber plate embedded in
the midsole. Cushioning and carbon plates have individu-
ally been shown to reduce the metabolic cost of running
[7-10], but the biomechanical mechanisms underlying
these savings are not fully understood [11, 12].

In the 1980s, Frederick and co-workers demonstrated
the metabolic energy savings of more compliant and
resilient shoes [7, 13, 14]. Compliance is the amount of
compression that occurs when a material is loaded with
a certain force; resilience is the fraction of the stored
mechanical energy that is returned [1]. Kerdok et al. [11]
varied the compliance of a highly resilient treadmill sur-
face and observed substantially reduced metabolic rates
(= 12%) in the most compliant condition (0.026-m sur-
face deflection). Their participants ran with less peak
knee flexion during the stance phase. This reduced knee
flexion presumably increased the effective mechanical
advantage (EMA) of the muscles acting around the knee
joints [15], which reduced the quadriceps muscle forces
and thus metabolic requirements [16]. Tung et al. [17]
attached ethylene—vinyl acetate (EVA) foam panels to the
belt of a rigid treadmill, which allowed them to study the
effects of compliance, independent of shoe mass. When
their habitual midfoot striking participants ran barefoot on
10-mm thick EVA foam panels, their metabolic rates were
~1.6% lower than when they ran on the rigid treadmill
surface. Contemporaneously, Worobets et al. [8] showed
a 1% reduction in oxygen uptake for running in shoes
with a more compliant and resilient midsole foam [adidas
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BOOST, made with thermoplastic polyurethane (TPU)],
compared to otherwise identical, weight-matched shoes
with EVA foam midsoles.

The other design feature of the NP shoes, the curved stiff
midsole plate, is reminiscent of the flat plate tested by Roy
and Stefanyshyn in 2006 [9]. They reported a 1% reduction
in metabolic rate when participants ran in shoes with a flat
embedded carbon-fiber plate in the midsole as compared
to control shoes. Those savings have since been attributed
to changes in metatarsophalangeal (MTP) and ankle joint
mechanics, but the relative importance of these mechanisms
remains unresolved [12]. Willwacher et al. [18] observed
that midsoles with greater longitudinal bending stiffness lim-
ited MTP dorsiflexion and resulted in smaller moments and
less negative work around the MTP joint. Oh and Park [10]
found that the metabolically optimal longitudinal bending
stiffness of a shoe plate is similar to a runner’s biological
MTP joint rotational stiffness (the ratio of the MTP joint
moment to the maximum MTP joint flexion). Willwacher
et al. [19] observed that midsoles with greater longitudinal
bending stiffness increase the moment arms of the ground
reaction force vector around the hip, knee, ankle, and MTP
joints, with the greatest increases at the distal joints. These
changes in external moment arm decrease the EMA (the
ratio of internal moment arm/external moment arm), which
is equivalent to an increase in the joint gear ratio (i.e., the
ratio of external moment arm/internal moment arm [20]).
However, it is unclear how increases in gear ratio affect
metabolic rate because the interactions between calf mus-
cle forces, muscle shortening velocities, and energy storage
and return in the Achilles tendon are complicated [21-23].

Based on the previous studies on cushioning, we hypoth-
esized that: (1) The NP shoes would allow people to run
with less knee flexion and smaller peak knee moments.
Further, based on previous studies of carbon-fiber plates,
we hypothesized that in the NP shoes (2) the peak ankle
extensor moment would be greater, while (3) dorsiflexion
and negative work at the MTP joint would be less.

2 Methods
2.1 Participants

We recruited ten male participants (aged 26.2 +4.0 years,
mass 63.2+3.1 kg; height 1.77 +0.06 m) through personal
contacts, running clubs, and social media. Inclusion criteria
consisted of: fitting a US men’s size 10 shoe, rearfoot strike
pattern, and a recent sub-35-min 10-km (or equivalent) race
performance. Six had participated in our prior metabolic
study [1]. All participants gave written informed consent
per the University of Colorado Boulder Institutional Review
Board.
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2.2 Shoe Conditions

Participants wore three pairs of shoes: a prototype of the
Nike Vaporfly (NP), Nike Zoom Streak 6 (NS), adidas
adizero Adios BOOST 2 (AB), in a randomized order. We
have previously described the shoe properties in detail [1].
The NP midsole comprises highly compliant and resilient
ZoomX foam made with polyether block amide (PEBA),
combined with a stiff embedded carbon-fiber plate. The NS
midsole is composed of lightweight EVA foam and a rear-
foot air bag. The AB midsole is made of resilient BOOST
foam made with TPU. By sewing lead pellets into the tongue
of the NP and NS shoes, we equilibrated all shoes to 250 g/
shoe (equivalent to the mass of the AB shoe; see Hoogkamer
et al. [1] for details). This eliminated the potential confound-
ing effects of shoe mass on metabolic rate [24—26]. Total
running use for any pair of shoes did not exceed 70 km.

The longitudinal bending stiffness values of the shoes
were measured at the Nike testing facilities (Nike Inc., Bea-
verton, OR, USA) with a rotational axis material testing
machine (Instron ElectroPuls E1000, Norwood, MA, USA).
The forefoot portion of the shoe was clamped down with a
metal block onto a fixed platform set to align the rotational
axis of the machine with the anatomical MTP joint bending
axis (i.e., the rotational axis was aligned above the midsole).
The rearfoot portion of the shoe was clamped to an actuating
platform that rotated to simulate MTP bending. The aver-
age bending stiffness at 27° beyond the neutral position was
determined from 20 30° loading cycles at 2.5 Hz. The NP
(18.5 Nm/rad) was about twice as stiff as the NS (9.4 Nm/
rad) and AB (7.0 Nm/rad).

2.3 Experimental Set-up and Protocol

Participants ran 5-min trials at 16 km/h (4.44 m/s) in each
shoe condition on a motorized, force-measuring treadmill
(Treadmetrix, Park City, UT, USA). Between trials, par-
ticipants took a 5-min break while they changed shoes. We
used a three-dimensional motion capture system (Vicon 512
System, Oxford, UK) to determine the positions of the joints
relative to the force-measuring treadmill. We placed 44
reflective markers on the participant’s legs and shoes using
a modified Helen Hayes marker set. Using double-sided
tape, we adhered small, lightweight retro-reflective mark-
ers bilaterally to the skin over: the ASIS and PSIS of the
pelvis, the greater trochanter, the medial and lateral femoral
condyles, and the medial and lateral malleoli. We also glued
markers on both shoes: one on the posterior of the heel, one
below the lateral malleolus, one below the medial malleo-
lus, one each above the tips of the first and fourth toes, and
one over the fifth metatarsal head. Finally, we adhered one
marker on the shoe over the first metatarsal head. To track
the movements of the thigh and shank segments as rigid

bodies, we glued sets of four reflective markers to four light-
weight plastic plates. These markers were arranged on each
plate in unique non-co-linear patterns (“clusters”) to ease
recognition by the motion capture software. We secured a
plate to each thigh and calf segment using elastic bandage
material. With the participant standing, we recorded a static
calibration trial before each running trial, after which we
removed the greater trochanter, medial femoral condyle,
medial malleolus, and first metatarsal markers because they
were likely to be knocked off. The static calibration using
the clusters allowed us to reconstruct the positions of the
removed markers and hence define the hip, knee, ankle, and
MTP joint centers. We defined the hip joint center at 1/4
and 3/4 of the line connecting the left and right greater tro-
chanter markers, and the knee, ankle, and MTP joint centers
as the midpoints of lines connecting the respective medial
and lateral markers.

2.4 Data Analyses

We collected ground reaction force (GRF) data at 1000 Hz
and kinematic data at 200 Hz during the last 30 s of each
biomechanics measurement trial and analyzed ten strides (20
steps). Due to cluster plate slippage during some trials for
six participants, we could only include their left or right side,
i.e., ten steps in the final analysis. For the other participants
we averaged the values between their left and right sides.
We used a recursive fourth order Butterworth low-pass filter
(14 Hz) to process both GRF and kinematic data (Visual
3D, C-Motion Inc., Germantown, MD, USA) [27]. We cal-
culated contact time and stride frequency using a custom
MATLAB script (MathWorks Inc, Natick, MA, USA) with
a 30 N vertical GRF force threshold. Visual inspection for
the presence of an impact peak in the vertical GRF traces
confirmed that all participants were rearfoot strikers. For the
hip, knee, ankle, and MTP joints, we calculated joint angles,
angular velocities, moments, powers, and work during the
stance phase, using Visual 3D and its associated anthropo-
metric model with six degrees of freedom joints, and MAT-
LAB scripts. We time-normalized all data curves to the
stance phase duration. We defined the MTP joint moment
and power to be equal to zero until the resultant GRF vector
originated distal to the MTP joint center [18, 28]. Further,
because reliability of the center of pressure (CoP) location
is poor at low force values, especially during treadmill run-
ning, we evaluated all outcome parameters that depend on
the CoP location (joint moments, powers, and work) only for
5-95% of the stance phase [18, 29].

We estimated the mechanical energy stored and returned
during midsole compression and rebound, based on the peak
vertical GRF and the known force—displacement curves and
resilience of the different shoe models (for details see Hoog-
kamer et al. [1]). To estimate the energy stored per step for
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each runner, in each shoe condition, we calculated the area
under the loading curve for that shoe condition up to the
force value equal to the peak vertical GRF for each runner
in that shoe condition. Then, we multiplied that value by
the corresponding resilience (87.0% for NP, 65.5% for NS,
and 75.9% for AB) to estimate the energy returned per step.
In addition, we estimated the contribution of the shoe to
the external MTP joint moments by multiplying the MTP
dorsiflexion angle beyond neutral (i.e., when the resultant
GREF vector originated distally from the MTP joint center)
by the longitudinal bending stiffness of each shoe model.
Next, we multiplied these moments by the angular velocity
at the MTP joint to quantify the mechanical bending power
at the shoe. From this, we quantified negative and positive
mechanical bending energy stored in and returned by the
shoes. Multiplying energy changes per step (at the midsole
and at the joints) by step frequency allowed us to quantify
average mechanical work rate values in W/kg.

2.5 Statistics

We calculated means and standard deviations (mean + SDs)
for all tested variables. We compared all biomechanical out-
come parameters between the three shoe conditions using
one-way repeated measures ANOVAs. When we observed
a significant main effect for shoe, we performed Bonferroni
corrected paired ¢ tests to determine post hoc which shoe-by-
shoe comparisons differed significantly. We used traditional
levels of significances (@¢=0.05 and « =0.0167) and
performed analyses with MATLAB.

post-hoc

3 Results

Step frequency was slower for running in the NP shoes
(2.91+0.11 steps/s) than in the NS and AB shoes
(2.96+0.09 and 2.95 +0.10 steps/s, respectively; Table 1).
Since the treadmill velocity was fixed, that means the run-
ners chose~ 1.7% longer steps in the NP shoes than in the

other shoes. Contact time was not statistically different
between shoes, but aerial time was~3.2% longer in the NP
versus AB shoes (Table 1). Ground reaction force patterns
were quantitatively different in the NP shoes versus the other
two shoes (Fig. 1a, b). Specifically, peak vertical GRF (F,)
was slightly greater in the NP versus AB shoes, and the ver-
tical impulse per step (integral of force with respect to time)
in the NP shoes was greater than both of the other two shoes
(Table 1). In the NP shoes, the propulsive phase started rela-
tively earlier in the stance phase (52.1 +1.3%) versus NS
and AB shoes (54.3+1.9% and 54.0 + 1.6%, respectively;
Table 1). Braking and propulsive impulses were equal and
opposite, as required for constant velocity, level treadmill
running. Overall, braking and propulsive impulses were
both greater in the NP (22.3+1.9% 1073 BW s) versus AB
shoes (21.5+1.7x 1073 BW s) but braking and propulsive
impulses in the NP and AB shoes were not significantly dif-
ferent from the NS shoes (21.9+1.9x 107 BW s; Table 1).

Hip and knee joint kinematics (Fig. 2) and kinetics
(Fig. 3) were similar between shoe models (Table 2), but
some ankle mechanics were different. Peak ankle dorsiflex-
ion during stance was less in the NP shoes than in the other
two shoe models (Fig. 2, Table 2). The ankle angular veloc-
ity trace had a unique shape for the NP shoes (Fig. 2), but
peak ankle dorsiflexion velocity was not significantly differ-
ent between shoes. Peak ankle moment was smaller in the
NP (254.5+28.1 Nm) versus AB shoes (264.6 +27.7 Nm;
Table 2). Negative ankle joint work (area under the nega-
tive part of joint power curve in Fig. 3) was 9.4% and 16.4%
less in the NP versus the NS and the AB shoes, respectively
(Table 2). Positive ankle work was 9.5-11.0% less in the NP
versus the other two shoe models (Table 2).

We also found differences between shoe models in MTP
joint kinematics. Peak MTP joint dorsiflexion was least in
the NP and greatest in the NS shoes (Fig. 2, Table 2). Peak
MTP dorsiflexion velocity was slower in the NP shoes versus
the other two shoes (Fig. 2). Peak MTP moment was smaller
in the AB shoes than in the NS shoes, but the pairwise differ-
ences between the other shoes were not significant. Negative

Table 1 Step frequencies and ground reaction forces were slightly different for running in the prototype shoes vs. the other shoe models

Nike Prototype Nike Streak 6 Adidas BOOST Main effect

Mean +SD Mean +SD Mean +SD P value
Step frequency steps/s 2.91+0.11 2.96+0.09™ 2.95+0.10™ <0.001
Contact time s 0.192+0.006 0.190+0.005 0.191+0.006 0.174
Aerial time S 0.153+0.016 0.149+0.013 0.148+0.0015™ 0.009
Peak vertical GRF BW 3.07+0.19 3.02+0.16 3.01+0.18™ 0.008
Vertical impulse BW s (x 107%) 341+12 335+10™ 336 11" 0.001
Braking/propulsive impulse BW s (x107%) 223+19 21.9+19 21.5+1.7" 0.042
Relative start propulsion % stance phase 52.1+1.3 543+1.9™ 54.0+1.6™ 0.001

GRF ground reaction force, BW body weight, SD standard deviation, " value significantly different from Nike prototype shoes
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Fig. 1 Ground reaction force traces were different for running in the
prototype shoes (NP, orange) than in the Nike Zoom Streak 6 (NS,
green) and the adidas adizero Adios BOOST 2 (AB, purple) shoes.
Panel a shows the vertical ground reaction force trace and panel
b show the anterior—posterior ground reaction force trace. Panel ¢
shows the anterior—posterior distance between the center of pressure
and the metatarsophalangeal (MTP) joint. Traces represent group
averages; shaded areas indicate + 1 standard error of the mean

MTP joint work was least in the NP shoes (—0.13 +0.04 J/
kg/step), ~50% greater in the AB shoes (—0.20+0.05 J/kg/
step) and ~ 100% greater in the NS shoes (—0.27 +£0.07 J/kg/
step; Table 2). Positive MTP joint work was not significantly
different between the shoes (p =0.055), but the joint power
traces show positive power values in the NP shoes earlier

at the end of stance phase. Some positive power might be
performed during the last 5% of the stance phase, but this
was not assessed due to the unreliability of the CoP location
at low force values [18, 27]. Differences in ankle and MTP
power between shoe models were not due to obvious dif-
ferences in the progression of the CoP relative to the MTP
joint (Fig. 1c), but during peak ankle moment, at ~60% of
the stance phase, the moment arm of the ground reaction
force around the ankle was smaller in the NP than in the AB
shoes (Fig. 4).

Mechanical compression energy storage in the shoe mid-
sole was much greater in the NP (0.126 +0.008 J/kg/step)
versus NS and AB shoes (0.071 +0.004 and 0.067 +0.005 J/
kg/step, respectively), as were energy return estimates
(0.109, 0.046, and 0.051 J/kg/step in the NP, NS, and AB
shoes, respectively). Note that we could only properly esti-
mate these values for eight participants because for two
participants the peak vertical GRF values were above the
loading range of the mechanical testing (0-2000 N) [1].
The amounts of mechanical bending energy stored in and
returned by the shoe midsole (and plate) were substantially
smaller. Mechanical bending energy storage was greater in
the NS shoes (0.0142 +0.0053 J/kg/step) than in the NP
and AB shoes (0.0076 +0.0032 and 0.0079 +0.0027 J/
kg/step, respectively). Bending energy return was great-
est in the NP (0.0025 +0.0019 J/kg/step), next in the NS
(0.0011+0.0011 J/kg/step), and least in the AB shoes
(0.0003 +0.0005 J/kg/step).

4 Discussion

Our results indicate that, contrary to our first hypothesis,
peak knee flexion and moments were not significantly dif-
ferent between the NP, NS, and AB shoes. We also reject
our second hypothesis; peak ankle extensor moment was
smaller, not larger, in NP shoes than in the AB shoes. Sup-
porting our third hypothesis, dorsiflexion and negative work
at the MTP joint were reduced when running in the NP shoes
compared to the other shoe models.

After observing substantial reductions in metabolic rate
for running in the NP shoes [1], we reasoned that this likely
resulted from improved EMA at the knee as the highly com-
pliant NP midsoles could allow athletes to run with less knee
flexion during stance. However, here we observed no differ-
ences in knee joint kinematics and kinetics between the dif-
ferent shoe models. This could be related to the fact that the
differences in midsole compliance between shoes resulted
in displacement differences of ~6 mm when loaded with
2000 N [1], which is substantially less than that of the sur-
face displacement (~26 mm) that resulted in reduced knee
flexion in Kerdok et al.’s [11] compliant treadmill study.
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Fig.2 Joint angles (left column) and joint angular velocities (right
column) for the hip, knee, ankle, and metatarsophalangeal (MTP)
joints while running in the prototype (NP, orange), the Nike Zoom
Streak 6 (NS, green) and the adidas adizero Adios BOOST 2 (AB,

We anticipated that the carbon-fiber plate in the NP shoes
would cause the CoP to move forward under the foot faster,
resulting in a larger moment arm of the resultant GRF vector
acting at the ankle joint [10, 18, 19]. Thus, we expected that
the peak extensor moment and negative work at the ankle
joint would be greater in the NP shoes. Instead, peak ankle
moment was smaller in the NP versus AB shoes. Based on
the slightly greater peak F, in the NP versus AB shoes and
similar progression of the CoP relative to the MTP joint,
this seems counter-intuitive. However, peak ankle moment
occurred later in the stance phase than peak F,, when F, was
no longer different between shoes, and the moment arm of
the ground reaction force around the ankle was smaller in
the NP than in the AB shoes (Fig. 4). We did not observe
the anticipated faster CoP progression under the foot in the
NP shoes (Fig. 1¢). This might be because the carbon-fiber
plate in the NP shoes was embedded in the midsole and
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purple). Note that the vertical scales differ between panels. Positive
values indicate extension/plantar flexion. Traces represent group aver-
ages; shaded areas indicate + 1 standard error of the mean

curved, whereas previous studies used carbon-fiber insoles
that were flat and atop the midsole [18, 19]. Furthermore,
our baseline shoes (NS and AB) had substantially greater
longitudinal bending stiffness than the baseline condition
in those studies (< 1 Nm/rad [18, 19]). The reductions in
ankle power in the NP shoes resulted from a combination of
smaller moments and slower joint angular velocities. It is not
straightforward to attribute these changes to either the more
compliant midsole or the carbon-fiber plate, and they might
result from interactions between the compliant midsole and
its taller stack height (31 mm at the heel vs. 23 mm in the
other shoe models [1]).

Peak dorsiflexion angle at the MTP joint was least in the
NP shoes and greatest in the NS shoes. Peak dorsiflexion
moments at the MTP joint were smaller in the AB ver-
sus NS shoes, but the differences between the other shoes
were not significant. Negative work per step at the MTP
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Fig.3 Joint moments (left column) and powers (right column) for
the hip, knee, ankle, and metatarsophalangeal (MTP) joints, and
shoe bending moment and power while running in the prototype (NP,
orange), the Nike Zoom Streak 6 (NS, green) and the adidas adizero

joint was substantially less in the NP shoes than in either
the AB or NS shoes. With comparable center-of-pressure
traces and only minor differences between shoes in peak
MTP moments, the differences in power and work resulted
mainly from differences in dorsiflexion angular velocity.
At the MTP joint, the foot and the longitudinal bending
stiffness of shoe function in parallel. However, the shoes
account for only 6.0, 5.3, and 3.9% of the average negative
mechanical bending MTP work rates of —0.37 W/kg in the
NP shoes, —0.79 W/kg in the NS shoes, and —0.60 W/kg
in the AB shoes, respectively.

% of stance time

Adios BOOST 2 (AB, purple). Note that the vertical scales differ
between panels. Positive values indicate extension/plantar flexion.
Traces represent group averages; shaded areas indicate +1 standard
error of the mean

In line with observations of Willwacher et al. [18], some
positive work was performed at the MTP joint towards the
end of the stance phase in the NP shoes. This positive work
can result from return of energy stored in the arch of the
foot [30], the midsole, the carbon-fiber plate [18], or from
muscle contractions [31]. In the NP shoes, positive work
during 5-95% of the stance phase was ~20 times less than
the negative work, though some positive work could have
occurred during the last 5% of the stance phase, which we
did not quantify. We cannot be absolutely conclusive about
the amounts of positive work performed at the end of the
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Table2 Ankle and MTP joint
mechanics were different for

Nike Prototype Nike Streak 6  Adidas BOOST  Main effect

running in the prototype shoes Mean+ SD Mean+SD Mean+SD P value
vs. the other shoe models Peak knee flexion (stance) degrees  43.1+4.4 434443 432440 0.781
Peak knee moment Nm 175.5+25.5 174.0+£22.8 176.0+26.4 0.855
Peak ankle dorsiflexion degrees 17.5+3.9 19.3+4.0™ 21.2+53™ <0.001
Peak ankle moment Nm 254.5+28.1 260.6+23.2 264.6+27.7" 0.011
Peak MTP Dorsiflexion degrees 16.6+4.0 28.2+4.3"° 229+3.8""  <(0.001
Peak MTP moment Nm 46.2+9.3 51.9+84 47.0x7.6™ 0.027
Negative hip work J/kg/step —0.10+0.11 -0.12+0.14  -0.12+0.15 0.194
Positive hip work J/kg/step 0.18+0.15 0.18+0.15 0.19+0.16 0.860
Negative knee work J/kg/step —0.53+0.15 -0.56+0.15 —-0.53+0.15 0.385
Positive knee work J/kg/step 0.22+0.08 0.24+0.09 0.23+0.09 0.347
Negative ankle work J/kg/step —0.72+0.07 —-0.80+0.10" —0.87+0.09"" <0.001
Positive ankle work J/kg/step 0.83+0.16 0.93+0.19" 0.92+0.14" 0.002
Negative MTP work J/kg/step  —0.13+0.04 —0.27+£0.07" —0.20+0.05"" <0.001
Positive MTP work J/kg/step 0.01+0.01 0.00+0.01 0.00+0.00 0.055

MTP metatarsophalangeal joint, SD standard deviation, " value significantly different from Nike prototype
shoes, " value significantly different from Nike Streak 6 shoes

Moment arm ground reaction force
about ankle joint (m)

0.15¢

0.10

0.05¢

-0.05¢1

0 50 100
% of stance time

Fig.4 Moment arm of the ground reaction force about the ankle
joint during peak ankle moment (~60% of stance time) was smaller
in the prototype shoes (NP, orange) than in the adidas adizero Adios
BOOST 2 (AB, purple) shoes, but not significantly different from the
Nike Zoom Streak 6 (NS, green). Traces represent group averages;
shaded areas indicate + 1 standard error of the mean

stance phase in any of the shoe models. We estimate that if
mechanical energy is stored in and returned from the NP’s
carbon-fiber plate at the MTP joint, this would be at a rate
of about 0.007 W/kg at most, providing ~35% of the posi-
tive work rate at the MTP joint, but to put it in perspective,
only ~0.3% of the positive work rate at the ankle (Table 3).
This strongly suggests that, rather than being a spring, the
carbon-fiber plate acts in parallel with the intrinsic foot mus-
cles to stiffen the MTP joint.

The properties of running shoe midsoles, however, are
designed to be spring-like. The greater compliance of the
NP midsoles, combined with their higher resilience [1],

A\ Adis

can be expected to have resulted in 0.059-0.063 J/kg/step
greater compression energy return. Taking into account the
step frequency differences between shoes, this would result
in an average mechanical work rate of 0.32 W/kg in the
NP shoes, versus 0.14 W/kg in the NS shoes and 0.15 W/
kg in the AB shoes (Table 3). Can we relate between-shoe
differences in average midsole compression energy return
work rates to between-shoe differences in overall, whole-
body metabolic rate? Focusing on the NP and the NS shoes,
we observed a 0.18 W/kg greater rate of mechanical com-
pression energy return in the NP shoes in this study and a
0.71 W/kg lower metabolic rate at 16 km/h in our earlier
study [1]. Noteworthy, our earlier study also found that the
absolute differences in average midsole compression energy
return work rates between shoes were fairly constant across
running velocities. Since the mechanical testing results were
independent of loading rate, the energy return rate depends
only on peak vertical force and step frequency, not on con-
tact time. Over the velocity range of 14-18 km/h, peak ver-
tical force and step frequency increased by ~7% and ~5%,
respectively [1], suggesting an increase in between-shoe
difference in mechanical compression energy return rate of
~12% (105% x 107%). In contrast, the between-shoe differ-
ence in metabolic rate increased by ~40%, from 0.60 W/kg
at 14 km/h to 0.84 W/kg at 18 km/h [1]. Together, these cal-
culations demonstrate that the differences in midsole energy
return rates between shoes alone do not fully explain the
metabolic savings.

Further insight into the metabolic savings was revealed
by our analysis of the average mechanical work rates at the
ankle and MTP joints and in the shoes (compression and
bending). The highest work rates occurred at the ankle, with
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Table 3 Average mechanical work rates at the ankle and MTP joint and mechanical compression and bending work rates at the midsole (and

plate) for running in the prototype shoes vs. the other shoe models

Nike Prototype Nike Streak 6 Adidas BOOST Main effect

Mean +SD Mean +SD Mean +SD P value
Negative ankle work rate W/kg —2.100+0.181 —2.359+0.275" —2.557+0.240"P" <0.001
Positive ankle work rate W/kg 2.413+0.448 2.760+0.558™ 2.715+0.415™ <0.001
Negative MTP work rate W/kg —0.369+0.114 —0.787+0.212™° —0.596+0.155"P"¢ <0.001
Positive MTP work rate Wikg 0.020+0.017 0.012+0.017 0.005+0.005 0.055
Negative compression work rate W/kg —0.366+0.014 —0.209+0.009™ —0.196+0.010""¢ <0.001
Positive compression work rate W/kg 0.318+0.012 0.137 +0.006™ 0.149 +0.007™- " <0.001
Negative bending work rate Wikg —0.022+0.009 —0.042+0.016"™ —0.023+0.008™ <0.001
Positive bending work rate W/kg 0.007 +£0.005 0.003 +0.003" 0.001 +0.002" <0.001

MTP metatarsophalangeal joint, SD standard deviation, " value significantly different from Nike prototype shoes, ™ value significantly different

from Nike Streak 6 shoes

both negative and positive work rates being lowest in the NP
shoes, 0.26—0.46 and 0.30-0.35 W/kg lower, respectively.
The reduced negative work rate at the ankle in the NP shoe
suggests that less energy was stored in the elastic structures
of the triceps surae muscle tendon-unit. At the same time,
the smaller ankle moment (NP vs. AB) suggests that the
force was lower in the triceps surae muscle tendon-unit,
reducing the metabolic cost of generating muscular force
[16, 32]. Overall, net work rates at the ankle were positive,
and not all negative work was stored/returned elastically,
suggesting that the reduced positive work rate at the ankle
in the NP shoes is an important factor in the reduced meta-
bolic rate. The reductions in negative work rate at the MTP
joint in the NP shoes were similar to those at the ankle,
0.23-0.42 W/kg. However, less than 6% of the negative work
was returned as positive work at the MTP joint, with small
non-significant differences between shoes. Note that nega-
tive work can be expected to be metabolically inexpensive as
it is either absorbed in passive structures [33] or performed
using eccentric muscle actions [31]. Between-shoe differ-
ences in shoe compression and bending work rates were
smaller than at the joints. The NP midsole returned more
than twice as much energy from compression as the other
shoes, but the magnitude was only 0.17-0.18 W/kg more.
Noteworthy, the NP midsole returned 0.318 W/kg from com-
pression and just 0.007 W/kg from bending the carbon-fiber
plate and midsole, almost 50 times more.

4.1 Limitations and Future Studies

Strictly interpreted, our conclusions are limited to males
running at 16 km/h with a rearfoot strike pattern. Our rela-
tively small sample size is a potential limitation, but none
of our hypothesis tests were borderline in terms of p-values.
When comparing our joint power curves to the literature,
we noticed that the net summed joint work was negative, not

positive as expected based on Riddick and Kuo [34]. Still,
our joint power curves are within the range of those reported
by others (e.g., Riddick & Kuo [34], Lai et al. [35], Schache
et al. [36], and Stearne et al. [37]). Within the literature,
substantial variability exists in reported hip and ankle joint
power curves, due to methodological issues such as differ-
ences in foot strike pattern [37], non-matched filter cut-off
frequencies for kinematic and kinetic data [38], and vari-
ability in hip joint center definitions [39]. Importantly, we
only made comparisons between shoe conditions, so differ-
ences in the absolute magnitudes of our joint power data due
to methodology would not change our overall conclusions.
Previous exposure to running in NP shoes varied within our
sample, but step frequency and contact time data from the
first and second trial in the NP in our previous study [1]
were similar, indicating this did not confound our results as
there is a rapid immediate adaptation of running mechanics,
and then no further adaptation over 10 min. We set out to
investigate the biomechanics underlying the metabolic sav-
ings when running in the NP shoes. Ideally, we would have
performed this biomechanical study simultaneously with
the metabolic study, but we did not have access to motion
capture equipment during the metabolic study. In the cur-
rent study, we managed to recruit six of the eight rearfoot
strikers who participated in the metabolic study. Numeri-
cally, we observed similar changes in step frequency, peak
vertical ground reaction forces, and contact times between
shoe models across both studies and the subset of runners
who participated in both studies. Contact times were ~4%
shorter in the current study, which could be related to the use
of a different force-measuring treadmill in the two studies.
Because we compared running biomechanics in three
shoe models with substantial differences in several fea-
tures, we cannot distinguish how much each feature
[midsole compliance, midsole resilience, and longitudi-
nal bending stiffness (carbon-fiber plate)] individually
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contributed to the substantial metabolic savings of 4%
observed in the NP shoes [1]. The benchtop methods we
used to measure midsole compression energy storage/
return and longitudinal bending stiffness are state-of-the-
art in the footwear industry, but they do not exactly repli-
cate a human running in the shoes. Perhaps, in the future,
robotic human foot emulators will be the best way to quan-
tify midsole compression energy storage. X-ray video may
be the best method for quantifying the bending of midsole-
embedded plates. We have focused on midsole compliance
and resilience and the embedded carbon-fiber plate, but
other features such as midsole stack height, toe-spring,
and uppers also differed between shoes. In that respect,
future studies could compare prototype shoes that differ
in only one feature, such as comparing shoes with identi-
cal foam midsoles, but with/without a carbon-fiber plate.
Further, it would be useful to compare shoes with identi-
cal carbon-fiber plates but different midsole foams. Such
studies could also measure muscle activation and muscle
fascicle shortening velocities [22]. Using ultrasound meas-
urements, Takahashi et al. [22] showed that insoles with
greater bending stiffness slow muscle shortening veloci-
ties in the soleus muscle during walking. However, this
did not result in a lower metabolic rate for stiffer insoles,
most likely related to increases in the metabolic cost of
generating greater soleus fascicle forces, resulting from
increased external ankle joint moments. In contrast, in the
present study, both ankle plantar flexion velocity and peak
ankle moment were reduced in the NP shoes, suggesting
muscle fascicles in the triceps surae shortened slower and
with less force.

5 Conclusions

Running in the NP shoes did not change hip or knee mechan-
ics, but reduced the positive and negative work rates at the
ankle joint and negative work rates at the MTP joint, each
by ~0.3 W/kg. Differences between shoes in bending energy
return work rates (~0.005 W/kg) were much smaller than the
differences in midsole compression energy return work rates
(~0.17 W/kg), and only ~0.3% of the positive work rate at
the ankle. Overall, the metabolic savings of the NP shoes can
be attributed to the spring-like energy return from midsole
compression, the clever lever effects of the carbon-fiber plate
on the ankle joint mechanics, and the stiffening effects of the
plate on the MTP joint.
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