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ABSTRACT ARTICLE HISTORY

The changes in running biomechanics induced by an increased Received 26 November 2018
longitudinal bending stiffness (stiff plates added into the shoes) Accepted 9 April 2019
have been well investigated, but little is known concerning the

. Lo . : KEYWORDS
effects of the stiff plate location into the shoe on running biome- Footwear: shoe design;
chanics. Fourteen male recreational runners ran at two participant- longitudinal bending
specific running speeds (3.28 + 0.28 m/s and 4.01 + 0.27 m/s) with stiffness; running speed;
two shoe conditions where a stiff plate was added either in high lower limb joint

(under the insole) or low location (between the midsole and out-
sole). Ground reaction forces, lower limb joint angles, net joint
torques and work, as well as alignment between the resultant
ground reaction force and the leg were analysed. Among the
running speeds performed by the runners, the high location sig-
nificantly decreased propulsive ground reaction forces, increased
metatarsophalangeal joint dorsiflexion and ankle plantarflexion,
induced an increased alignment between the resultant ground
reaction force and the runner’s leg, thus decreasing all the lower
limb joint torques and the positive work at the knee joint com-
pared to the low location. The results suggested that the high stiff
plate location into the shoe should be considered for running
performance perspectives, but care should be taken to not alter
the perceived comfort and/or increase injury risks.

Introduction

The longitudinal bending stiffness (LBS) is a shoe feature that has raised interest in the shoe
design for 20 years due to its influence on several tasks’ performance. It has been reported that
increasing LBS resulted in increased maximum jump height (Stefanyshyn & Nigg, 2000b),
decreased sprinting time (Stefanyshyn & Fusco, 2004), and decreased oxygen uptake during
running (Roy & Stefanyshyn, 2006). The reduced oxygen uptake during running can likely be
due to the biomechanical changes induced by an increased LBS such as a decreased meta-
tarsophalangeal (MTP) dorsiflexion (Madden, Sakaguchi, Tomaras, Wannop, & Stefanyshyn,
2016; Oh & Park, 2017; Willwacher, Konig, Potthast, & Briiggemann, 2013), decreased
propulsive ground reaction forces (GRF) (Flores, Delattre, Berton, & Rao, 2017; Morio &
Flores, 2017; Oh & Park, 2017), a shifted point of application of the GRF anteriorly under the
shoe (Oh & Park, 2017; Willwacher et al., 2013), and an increased lever arm of the resultant
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GRE relative to all the lower limb joints in the sagittal plane (Willwacher, Kénig, Braunstein,
Goldmann, & Briiggemann, 2014). Taken together, these kinematic and kinetic modifications
may have changed the orientation of the lower limb kinematic chain and/or the resultant
GREF in the sagittal plane, thus potentially influencing the alignment between the resultant
GRF and the runners’ leg (Alexander, 1991; Biewener, Farley, Roberts, & Temaner, 2004;
Carrier, Heglund, & Earls, 1994; van Ingen Schenau, Boots, de Groot, Snackers, & van
Woensel, 1992). As an altered alignment was previously shown to influence the metabolic
cost of running (Moore, Jones, & Dixon, 2016), the kinematic and kinetic modifications
induced by the LBS may have influenced the metabolic cost of running.

The increased shoe LBS has usually been achieved by adding stiff plates into the
shoes. In most studies, the stiff plates were located under the insoles of shoes (Flores
et al., 2017; Morio & Flores, 2017; Oh & Park, 2017; Roy & Stefanyshyn, 2006;
Stefanyshyn & Fusco, 2004; Willwacher et al, 2014, 2013), while other studies
inserted the stiff plate in the exact middle of the shoe midsole thickness
(Stefanyshyn & Nigg, 2000b), or between the midsole and the outsole of shoes
(Madden et al., 2016; Tinoco, Bourgit, & Morin, 2010). The different stiff plate
locations into the shoe thus make the plate more or less distant from the foot
(Figure 1). This induces different lever arms to the MTP joint centre of rotation that
may influence the forefoot bending and affect all the lower limb kinematic and
kinetic behaviour.

Figure 1. Picture of the shoe prototype used during the experiment (top), and locations of the stiff
plate into the shoe (High and Low) with their respective distance (duign and diow) from the
metatarsophalangeal joint center of rotation (MTP) (down). Subtracting dyign from dio, equaled
the forefoot midsole thickness (12 mm).
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From a mechanical point of view, bending an object causes tensile stresses and
lengthening on one side, compressive stresses and shortening on the other, and no
tensile or compressive stresses on the neutral axis of the cross-section (Piana, Petrogalli,
Paderno, & Carlsson, 2018; Turner & Burr, 1993). A similar stress distribution may
occur in the midsole during the forefoot bending in running. Thus, a stiff plate located
high, in the middle, or low into the shoe may interact differently with the compression
and/or traction behaviour of the midsole materials. The stiff plate location is thus
expected to influence the bending mechanical properties of the shoe during the forefoot
bending, and this may alter running biomechanics.

The bending mechanical properties of the shoe forefoot may also be influenced
by the magnitude and the rate of the applied load (Oleson, Adler, & Goldsmith,
2005; Stefanyshyn & Wannop, 2016). The running speed may act as a factor
inducing more GRF (Hamill, Bates, Knutzen, & Sawhill, 1983; Novacheck, 1998)
and potentially more MTP joint angle and angular velocity during the forefoot
bending (Stefanyshyn & Wannop, 2016). The running speed may thus interact
with the stiff plate location into the shoe and potentiate its effects on the running
biomechanics.

The purpose of this study was to investigate the effects of the stiff plate location into
the shoes, first mechanically on the longitudinal bending stiffness, and then on the
biomechanical features previously reported to be influenced by the shoe longitudinal
bending stiffness while running at two different speeds. It was hypothesised that a high
location would decrease the shoe LBS assuming that the stiff plate would hinder less the
compressive stresses than the tensile stresses in the midsole. This mechanical change
expected with the high location would induce different effects on the biomechanical
features previously reported to be influenced by the shoe LBS such as: greater MTP
dorsiflexion and lower MTP joint net torque that would consequently modify the
ground reaction forces and/or the lower limb joint biomechanics resulting in an altered
alignment between the resultant GRF and the runners’ leg compared to the low
location. These biomechanical responses were mainly expected at the slower running
speed because the greater loadings induced by faster running speed would induce
a relatively lower influence of the stiff plate location. The study’s purposes may be
relevant for industrial applications of footwear manufacturers in view of the improve-
ment of running performance.

Methods
Participants

Fourteen male regular runners (23 + 4 years, 174.3 * 5.0 cm, 68.1 + 6.3 kg, 42 EU
size), stating running at least one training session per week, volunteered to partici-
pate in the experiment. All participants gave their written informed consent to all
the procedures performed during the experiment that were approved by the Aix-
Marseille university ethics committee. To be included in this study, the participants
should state being free from cardiopulmonary disorders and free from major injury
sustained in the lower limbs requiring at least three weeks of recovery during the
last year.
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Shoe conditions

Two shoe prototype conditions were used in this study. Five pairs per shoe condition were
used to avoid any effect of material fatigue. The shoe conditions were identical in terms of
appearance, geometry (12 mm and 20 mm thickness in the midsole forefoot and rearfoot,
respectively), and midsole material (polyurethane foam in hardness 60 asker C; energy loss:
31.7 + 1.0%; stiffness in compression: 73.2 + 3.3 N/mm; measured with an impact drop test
at the shoe rearfoot (American Society for Testing and Materials, 2013)).

Stiff carbon plates (thickness: 0.9 mm; mass: 19 g; bending stiftness: 0.12 Nm/deg)
were cut according to the insole shape and inserted in the shoes at two different
locations (Figure 1). In the ‘high location® condition, the carbon plate was added
under the insoles to be near the foot. In the ‘low location® condition, the carbon plates
were inserted between the midsole and the outsole of the shoes to be far from the foot.
The average mass of shoe prototypes was 403.2 + 3.1 g (shoe + stiff plate).

A mechanical bending test (Flexer 2.0, Exeter Research, Inc., Brentwood, NH, USA)
was used to measure the shoe LBS. The design and the principle of use of this device, as
well as the shoe preparation and setup on the device, were well described in the study of
Crandall, Frederick, Kent, Lessley, and Sherwood (2015). The dynamic test consisted of
30 continuous cycles of flexion from 0° (flat) to 30° and back to 0° at 3.3 Hz. The last 5
cycles were kept for analysis. The torque required to flex the shoe forefoot (the upper
was not removed) from 10° to 30° enabled to compute the shoe LBS.

Experimental protocol

The experiment was divided in two sessions performed in two separate days with at
least 48 hours rest between each one. The first session was an incremental running test
and the second session was dedicated to test the experimental conditions through
a repeated-measures design.

In the first session, the participants performed an incremental test. The test started by
5 min warm-up of running at 1.94 m/s with participants’ own running shoes on a treadmill
(Saturn 300/100 r, h/p/cosmos, Germany) with 1% gradient. The speed was then increased
by 0.28 m/s every minute. An open-circuit expired-gas analysis system (K5, Cosmed, Italy)
recorded breath-by-breath data. The device was calibrated before each participant with
a reference gas containing known concentrations of oxygen and carbon dioxide, and with
a 3.0 L syringe to ensure an accurate volume air measurement. The incremental running
test aimed to identify the ventilatory anaerobic threshold (VAT) and the respiratory
compensation point (RCP) for each participant (Mezzani et al., 2009). From this test, two
speeds were kept for the next steps: the speed equal to 90% of the speed that elicited VAT
will be referred to ‘slower speed’ (3.28 + 0.28 m/s); the speed equal to the average between
the speeds that elicited VAT and RCP will be referred to ‘faster speed* (4.01 + 0.27 m/s).

The second session took place in a 50 m laboratory including a concrete runway
track with the data capture systems located at 15 m from one side of the laboratory thus
allowing participants to run 35 m before being into data capture space. Participants first
performed a 4 min warm-up at the slower speed and 4 min warm-up at the faster speed
with their own running shoes on the runway. Then participants ran under four different
experimental conditions (low location/slower speed, low location/faster speed, high
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location/slower speed, and high location/faster speed) in a random order. A force plate
(9287CA, Kistler, Switzerland) recorded GRF at 2000 Hz. A twelve camera optical
motion capture system (Oqus 7 Camera series, Qualisys, Sweden) recorded at 200 Hz
the three dimensional coordinates of twenty-five retro-reflective markers placed directly
on the skin of the trunk and the right lower limb as follows: sternal notch, xiphoid
process, seventh cervical vertebrae, ninth thoracic vertebrae, right and left anterior
superior iliac spines, right and left posterior superior iliac spines, four markers in the
thigh lateral part, medial and lateral condyles, three markers in the leg lateral part,
medial and lateral malleolus, second toe, first and fifth metatarsal heads, calcaneus
tuberosity, medial and lateral calcaneus aspects. Due to potential difference in forefoot
bone length, width, and shape between participants, the second toe, and the first and
fifth metatarsal head markers were on the participants’ feet skin through 2 cm x2 cm
cut-out holes in the shoe upper (Shultz & Jenkyn, 2012). The calcaneus markers were
placed on the heel counter of the shoe upper. For the slower speed, participants ran
continuously in the laboratory at the targeted speed (imposed speed visually controlled
with ground marks and a metronome) while five valid trials were recorded from the
fifth minute of running. For the faster speed, five valid trials were recorded from
the second minute to avoid unwanted fatigue. A trial was valid when the participants
ran at the right speed (visual inspection that the participant crossed the ground marks
at each metronome beep during the whole experiment duration) and kept their running
pattern before landing with the right foot fully on the force plate. For each experimental
condition, the participants ran continuously from the first to the last minute without
any rest or latency periods between trials. Ten minutes rest was observed between each
experimental condition.

Data analysis

The GRF data were low-pass filtered at 40 Hz with a critically damped filter. A 10 N
threshold on the vertical GRF was used to detect the initial contact and toe-off. The
braking and propulsion phases were considered by negative and positive values on the
anteroposterior GRF, respectively. The amplitude of the centre of pressure (COP)
trajectory was determined in the coordinate system of the motion capture system as
the distance between the calcaneal tuberosity marker when the foot was flat on the
ground (used as a standardised initial position) and the final position of the COP in the
anteroposterior direction.

The retro-reflective markers coordinates were low-pass filtered at 20 Hz with
a Butterworth filter. As previously recommended (Kristianslund, Krosshaug, & van
den Bogert, 2012), when used as inverse dynamics input data, the raw GRF data were
low-pass filtered at an identical cut-off frequency than the filter of the marker coordi-
nates with a critically damped filter. The angle, the angular velocity, and the net joint
torque of the hip, the knee, the ankle and the MTP joints of the right lower limb were
computed in the sagittal plane during the stance phase using Visual3D (v6 Professional,
C-Motion, USA). The segment inertia parameters were obtained from de Leva (1996).
The net MTP joint torque was computed when the centre of pressure location was
anterior to the axis between the heads of the first and fifth metatarsals (Roy &
Stefanyshyn, 2006). The net joint power for each lower limb joint was then computed
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by multiplying at each time instant the joint angular velocity by the net joint torque.
Positive and negative joint works were determined by trapezoidal integration of the net
joint power curve (Stefanyshyn & Nigg, 1997). As described previously (Moore et al.,
2016), the alignment of the leg axis with the resultant GRF was finally computed in the
sagittal plane during the stance phase.

Statistical analysis

Scalar parameters

Scalar parameters were the anteroposterior amplitude of the COP (COP4p) and the
positive and negative work for each lower limb joint. First, ANOVA assumptions
(normality and homogeneity of residuals) were checked. When ANOVA assumptions
were met, a two-way repeated measures ANOVA was used to evaluate the main effects
of ‘stiff plate location‘ and ‘running speed‘ factors, and the interaction of these factors,
on the scalar parameters. When ANOVA assumptions were not met, a permutation
procedure was performed. Alpha level was set to a = 0.05. Post-hoc pairwise compar-
isons with a Bonferroni correction (a = p/6 = 0.008) were performed when the
interaction effect was significant. The partial omega squared was computed to deter-
mine effect sizes of significant results (Lakens, 2013).

Waveforms

A Statistical Parametric Mapping procedure (Pataky, Robinson, & Vanrenterghem,
2013; Pataky, Vanrenterghem, & Robinson, 2015) evaluated the main effects of ‘stiff
plate location® and ‘running speed‘ factors, and their interaction, on the GRF, the
alignment between the resultant GRF and the leg, the lower limb joint angles and net
joint torques waveforms during the ground stance phase (a = 0.05).

Results

The shoe LBS was significantly lower (t; 13 = 3.64; p = 0.003; Cohen’s d = 1.63) for the
high stiff plate location compared to the low stiff plate location (Table 1).

Table 1. Longitudinal bending stiffness (LBS) values of each pair of shoes
(averaged for left and right feet) and on average (SD) for the low and high
location conditions.

Pair of shoes LBS (Nm/deg)
Low location N°1 0.29

N°2 0.27

N°3 0.28

N°4 0.29

N°5 0.30

Mean 0.28 (0.01)
High location N°1 0.24

N°2 0.26

N°3 0.25

N°4 0.28

N°5 0.27

Mean 0.26 (0.02)
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Interaction effect

The interaction between the stiff plate location and the running speed induced
a significant effect (p = 0.008; wp2 = 0.37, large effect) only on the COP4p (Table 2),
but post-hoc pairwise comparisons with Bonferroni correction failed to reach signifi-
cance (p > 0.008). No effect of the interaction on the COP,p was thus considered.

Effect of the running speed

In both shoe conditions, the faster speed (4.01 + 0.27 m/s) induced significant changes
(p < 0.05) compared to the slower speed (3.28 + 0.28 m/s) such as: more vertical and
anteroposterior GRF (Figure 2), more hip range of motion, less ankle and knee range of
motion (Figure 3), more torque at each lower limb joint (Figure 4), more positive and negative
work at each lower limb joint (Table 2), an increased alignment between the resultant GRF
and the runners’ leg around midstance, and a decreased alignment before toe-off (Figure 5).

+
+

Effect of the stiff plate location

The high location decreased vertical GRF from 60% to 99% of the stance phase (F; 15 > 16.04;
p < 0.001) and decreased propulsive anteroposterior GRF from 91% to 97% of the stance
phase (F; 15 > 16.08; p = 0.002) compared to the low location (Figure 2).

The high location induced more MTP dorsiflexion from 70% to 86% (F; 15 > 13.31;
p <0.001), and more ankle plantarflexion from 73% to 93% of the stance phase (F, ;3 > 9.67;
p =0.020) than the low location (Figure 3). Compared to the low location, the high location
induced less MTP dorsiflexion torque from 63% to 83% (F; 15 > 10.44; p = 0.009), less ankle
plantarflexion torque from 70% to 96% (F; 15 > 14.06; p < 0.001), less knee extension torque
from 57% to 64% (F, 15 > 13.56; p = 0.010), and less hip flexion torque from 86% to 89% of
the stance phase (F;;; > 14.80; p = 0.026) compared to the low location (Figure 4). The
positive joint work was lower at the knee joint (p = 0.014; w,” = 0.33, large effect) for the
high location compared to the low location (Table 2).

The high location induced more alignment between the leg and the resultant GRF
than the low location from 82% to 90% of the stance phase (F, ;5 > 14.37; p = 0.003)
compared to the low location (Figure 5).

Discussion and implications

The purpose of this study was to investigate the effects of the stiff plate location into the
shoes, first mechanically on the longitudinal bending stiffness, and then on the biome-
chanical features previously reported to be influenced by the shoe longitudinal bending
stiffness while running at two different speeds. The main result was that a change in stiff
plate location into the shoe (12 mm difference in vertical position at the shoe forefoot in
the present study) induced significant modifications on the running biomechanics
during the propulsion phase, that is: the high stiff plate location decreased GREF,
increased MTP dorsiflexion and ankle plantarflexion, decreased torques at each lower
limb joint, decreased the positive work at the knee, and induced an increased alignment
between the resultant GRF and the runner’s leg compared to the low stiff plate location.
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Figure 2. Mean vertical and anteroposterior ground reaction force time- and weight-normalised.
Negative and positive values are braking and propulsive forces, respectively. Standard deviations are
not presented for more clarity. Significant main effects of the interaction, the location and the speed
are highlighted (black horizontal bars at the bottom of the figure) during corresponding time
periods.
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Figure 3. Mean lower limb joint angles time-normalised. Standard deviations are not presented for
more clarity. Significant main effects of the interaction, the location and the speed are highlighted
(black horizontal bars at the bottom of the figure) during corresponding time periods.

It was expected that the stiff plate location would influence the shoe LBS by altering
the mechanical behaviour of the layers composing the shoe midsole during bending. In
line with this assumption, the mechanical testing showed slightly lower LBS in the high
location (0.26 + 0.02 Nm/deg) compared to low location (0.28 + 0.01 Nm/deg). Due to
potential uncertainties reported (Crandall et al., 2015), it could not be definitively
concluded if this subtle difference in LBS was due to the stiff plate location or to the
error of measurement of the mechanical testing device. Nevertheless, the stiftf plate
location induced several biomechanical changes during running. This suggests that it is
of importance to take the stiff plate location into account when designing a shoe to not
produce different effects on running biomechanics than those initially accounted for.

The running biomechanics is indeed altered by the stiff plate location in particular
during the propulsion phase. The high location allowed more MTP dorsiflexion and
induced less MTP joint torque than the low location. These results were in line with
those of previous studies that observed similar but greater biomechanical changes at the
MTP joint when the shoe LBS is highly altered (Madden et al., 2016; Oh & Park, 2017;
Stefanyshyn & Nigg, 2000b; Willwacher et al., 2013). The greater MTP dorsiflexion was
associated with more ankle plantarflexion, likely due to the coupling occurring between
the MTP joint motion and the ankle joint motion during the propulsion phase
(Zatsiorsky, 1998). In addition, reduced torques in each lower limb joint were observed
when the stiff plate was located high in the shoe. The kinematics adjustments at distal
joints combined with reduced torques in each lower limb joint contributed to a change
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in the orientation of the lower limb kinematic chain and/or the resultant GRF in the
sagittal plane (van Ingen Schenau et al., 1992). This resulted in an increased alignment
between the resultant GRF and the runner’s leg and less positive work performed by the
knee joint without being compensated by the joint work in other lower limb joints with
the high location. A little change of stiff plate location into the shoe had thus important
biomechanical consequences that could influence the metabolic cost of running because
occurring during the propulsion phase of running. Indeed, during the propulsion
phase, the energy from the shoe should be returned in the right direction
(Stefanyshyn & Nigg, 2000a), as it was the case in the present study with the resultant
GRF more aligned with the runners’ leg with the high location. This can enable runners
to perform less active muscular work to propel the body upward and forward (Fletcher
& MaclIntosh, 2017), as it was the case in the present study with less hip, knee, ankle,
and MTP joint torques and less positive work at the knee joint with the high location.

It was expected that the effects of the stift plate location on running biomechanics
would depend on the running speed, due to the differences in terms of loadings and lower
limb biomechanics between the slower and the faster speed. The running speed difference
(slower: 3.28 + 0.28 m/s; faster: 4.01 + 0.27 m/s) was indeed enough to induce significant
changes as previously observed (Arampatzis, Briiggemann, & Metzler, 1999; Fukuchi,
Fukuchi, & Duarte, 2017), that is: the faster speed increased vertical and propulsive GRF,
increased hip joint range of motion, and increased net torques and work in all lower limb
joints compared to the slower speed. The lack of significant interaction effect on running
biomechanics suggested that adding a stiff plate into the shoe did not require specific
location among speeds performed in the present study, which mainly corresponded to
speeds performed by recreational runners (Gordon et al., 2017).

From endurance running performance perspectives, the high stiff plate location
might be more beneficial than the low location. Indeed, the effects induced by the
high location supported previous results stating that the stiff plate improved running
economy if the MTP dorsiflexion is not restricted, thus allowing a greater transmission
of the ankle joint torque on the ground push-off (Oh & Park, 2017). Furthermore, it has
been shown that an increased alignment between the resultant GRF and the runner’s leg
during propulsion, as induced by the high location in the present study, was associated
with better running economy (Moore et al., 2016). Finally, less positive work generated
at the knee joint together with less net knee and hip torques may avoid an early onset
on fatigue during prolonged running duration (Alexander, 1991; Sanno, Willwacher,
Epro, & Briiggemann, 2018). When introducing a stiff plate into the shoe, it should be
done in a high location to induce biomechanical responses associated with lower
metabolic cost of running.

It should be pointed out that locating the stiff plate high in the shoe may increase
the plantar pressure under the (fore-)foot as shown for shoes with different cushion-
ing materials (Shorten, 2000). This might expose runners to lower perceived comfort
(Luo, Stergiou, Worobets, Nigg, & Stefanyshyn, 2009; Miindermann, Nigg, Humble,
& Stefanyshyn, 2003) and/or higher risk of injury of metatarsal bones (Firminger,
Fung, Loundagin, & Edwards, 2017), especially after prolonged running duration
(Nagel, Fernholz, Kibele, & Rosenbaum, 2008). A compromise between the running
performance optimisation and the runner protection must be found in the shoe
design.
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The results presented in this study should be read in view of some limiting considera-
tions. The running speeds have been imposed relative to the participants’ physiological
ability rather than absolute speeds for three main reasons. First, to allow for comparisons
with previous studies analysing the effects of shoe LBS on running biomechanics at similar
relative speeds (Flores et al., 2017; Madden et al., 2016; Oh & Park, 2017), second to ensure
similar running intensities between participants of different physiological profiles or habits
of training (Green, Crews, Bosak, & Peveler, 2003; Matthew Green, Hornsby, Pritchett, &
Pritchett, 2014; Svedenhag & Sjodin, 1984), and third to avoid potential changes of the
running biomechanics throughout the experiment due to accumulation of fatigue.
Moreover, forefoot markers were placed on the foot skin while rearfoot markers were on
the heel counter of the shoe upper. The forefoot markers placed on the foot skin enabled to
record the forefoot movements more accurately, especially those of the second toe in the
sagittal plane, which could not have been possible from forefoot markers located on the
shoe upper. On the contrary, it was considered that the location of the calcaneus markers
on the heel counter of the shoe upper was acceptable to record the rearfoot trajectory
during the stance phase, even if the range of motion can be underestimated in the sagittal
plane (Alcantara, Trudeau, & Rohr, 2018; Trudeau et al.,, 2017).

Conclusion

This study showed that the stiff plate location into the shoe midsoles altered ground
reaction forces and biomechanics in the lower extremity during the propulsion phase of
running. The results provided practical evidence for footwear manufacturers suggesting
that stiff plates located high into the shoes could be beneficial from a performance
perspective by inducing less lower extremity joint torques, less positive work at the knee
joint and an increased alignment between the resultant GRF and the runners’ leg, but
care should be taken not to generate discomfort and/or higher risk of injury of the foot
bones. Future studies should include metabolic measures together with comfort and
plantar pressure measurements to provide further assessments of the influence of the
stiff plate location in order to meet the best compromise between the running perfor-
mance and the runner protection during a prolonged running duration.
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