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Does an increase in energy return and/or longitudinal bending stiffness shoe features reduce the energetic cost of running?
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Purpose This study focused on the effects of shoe energy return and shoe longitudinal bending stiffness on the energetic cost and biomechanics of running. Methods The energetic cost of running and biomechanical variables altering running economy (ground contact times, stride frequency, vertical and leg stiffness, ground reaction force impulses, alignment between the resultant ground reaction force and the leg) were measured for nineteen male recreational runners. Participants ran overground under their ventilatory anaerobic threshold (10.8 ± 1.1 km h -1 on average) using four shoe prototypes with features combining low or high magnitudes of energy return and longitudinal bending stiffness. Results Neither the energy return, nor the longitudinal bending stiffness, or the interaction of these shoe features altered the energetic cost of running. High energy return shoes induced significant increased ground contact time from 274.5 ± 18.3 to 277.1 ± 18.7 ms, and significant decreased stride frequency from 1.34 ± 0.05 to 1.33 ± 0.05 Hz. High bending stiffness shoes induced significant increased ground contact time from 273.8 ± 18.2 to 277.9 ± 18.7 ms, significant increased vertical stiffness from 23.2 ± 3.4 to 23.8 ± 3.0 kN m -1 , and significant decreased net vertical impulse from 245.4 ± 17.2 to 241.7 ± 17.5 BW ms. Conclusions Increased energy return and longitudinal bending stiffness induced subtle changes in the running biomechanics, but did not induce any decrease in the energetic cost of running.

Introduction

Running is a performance activity, where running as long and/or as fast as possible is required to cover a given distance in a minimum of time. From a broad point of view, running performance is not limited to the small class of elite runners that are close to break the 120 min marathon barrier (Hoogkamer et al. 2017b;[START_REF] Sousa | How much further for the sub-2-hour marathon? Open Access[END_REF]), but also includes non-elite and recreational runners that represent the greatest proportion of runners taking part in marathon races with finish times greater than 180 min [START_REF] Deaner | Men are more likely than women to slow in the marathon[END_REF]. A common physiological variable used to study the running performance is the running economy (RE). Many studies have investigated how some running shoe features improve RE, to decrease the metabolic energetic cost to run at a specific velocity or to run faster with the same metabolic energetic cost.

The decrease of shoe weight [START_REF] Franz | Metabolic cost of running barefoot versus shod[END_REF][START_REF] Fuller | The effect of footwear on running performance and running economy in distance runners[END_REF][START_REF] Hoogkamer | Altered running economy directly translates to altered distance-running performance[END_REF], the increase of midsole material energy return [START_REF] Frederick | Lower oxygen demands of running in soft-soled shoes[END_REF][START_REF] Worobets | Softer and more resilient running shoe cushioning properties enhance running economy[END_REF][START_REF] Sinclair | Influence of footwear designed to boost energy return on running economy in comparison to a conventional running shoe[END_REF], and the increase of shoe longitudinal bending stiffness [START_REF] Roy | Shoe midsole longitudinal bending stiffness and running economy, joint energy, and EMG[END_REF] have been shown to improve the RE. These previous studies in the field of footwear have led Hoogkamer et al. (2017b) to propose that the combination of weight saving, high midsole material energy return, and high longitudinal bending stiffness in a same pair of shoes was potentially beneficial to improve the RE. A recent study has been the first to test this assumption by combining high energy return midsole material with high longitudinal bending stiffness in a same pair of shoes and has reported an improved RE over the average group of participants compared to baseline marathon racing shoes (Hoogkamer et al. 2017a). However, because the compared shoes conditions came from different brands, they varied in other features such as the midsole stiffness in compression, the midsole geometry, and upper shoe characteristics that may also influence the previously reported RE improvements. Therefore, it is not clear whether the improved RE was due to the combination of high energy return and high longitudinal bending stiffness features because other shoe features were not taken into account.

Understanding biomechanical responses induced by the interaction between the shoe and the body are crucial to better know how shoe features may influence the RE. It has been shown that shoes reported to improved RE, which combined high energy return midsoles and increased longitudinal bending stiffness, induced greater peak vertical ground reaction forces (GRF), longer ground contact times, and lower step frequencies (Hoogkamer et al. 2017a). Besides, decreased vertical GRF impulses [START_REF] Heise | Are variations in running economy in humans associated with ground reaction force characteristics?[END_REF], increased vertical and leg stiffness [START_REF] Butler | Lower extremity stiffness: implications for performance and injury[END_REF], and a more aligned resultant GRF with the leg [START_REF] Moore | Reduced oxygen cost of running is related to alignment of the resultant GRF and leg axis vector: a pilot study[END_REF] have been shown to be beneficial for the RE. Analyzing the biomechanical responses induced by the midsole material energy return and/or the longitudinal bending stiffness in shoes with identical geometry and upper characteristics may help to understand how these shoe features can alter the metabolic energetic cost during running.

This study aimed to assess the effects of the midsole material energy return and the shoe longitudinal bending stiffness on the metabolic energetic cost of running and biomechanical parameters previously correlated to running economy improvements during overground running. A high energy return midsole material and/or high longitudinal bending stiffness was expected to decrease the energetic cost of running compared to shoes with lower energy return midsole material and/or lower longitudinal bending stiffness. These shoe features and their interaction would induce biomechanical results previously associated with RE improvements [START_REF] Moore | Is there an economical running technique? A review of modifiable biomechanical factors affecting running economy[END_REF]Hoogkamer et al. 2017a), that is: high energy return midsole material and high longitudinal bending stiffness would decrease GRF impulses, increase vertical and leg stiffness, increase ground contact time, decrease stride frequencies, and increase alignment between the resultant GRF and the leg during the stance phase.

Methods

Participants

Nineteen male recreational runners (24 ± 6 years, 179.1 ± 4.1 cm, 70.9 ± 4.1 kg, #43 EU size), free from injury in the last year, took part in the experiment. All participants provided their written informed consent before participating in the study. The study protocol complied with the standards established in the Helsinki declarations and all the procedures have been approved by the Aix-Marseille university ethics committee.

Design of shoe prototypes

From the combination of low or high energy return and low or high longitudinal bending stiffness factors, four shoe prototype conditions were used in the study, and were as follows: low energy return midsole material and low longitudinal bending stiffness, high energy return midsole material and low longitudinal bending stiffness, low energy return midsole material and high longitudinal bending stiffness, high energy return midsole material and high longitudinal bending stiffness. The shoes had strictly identical appearance, upper material and geometry. The shoe mass was controlled by adding small masses on laces. Ten pairs per shoe condition (4 conditions × 10 pairs) were used to limit the effects of material fatigue during the experiment. Thus, each shoe pair was worn by two participants maximum.

A conventional full ethylene-vinyl acetate foam (hardness 63 askerC) was used in the low energy return midsoles, and a higher level of energy return was obtained using full polyurethane foam (hardness 60 askerC) in the high energy return midsoles. The energy return refers to the midsole mechanical feature obtained from the area under the unloading curve of the force-displacement hysteresis during an impact drop test (American Society for Testing and Materials 2013). The impact drop test mechanical characterization performed on the rearfoot revealed that the high energy return condition was on average 29% greater than the low energy return condition (Table 1). To focus only on the effects of midsole energy return, the present study aimed to reduce as much as possible the difference in midsole material stiffness in compression between the low energy return condition and the high energy return conditions (difference of 16% on average). Compared to the maximum difference in stiffness in compression (176%) swept by the running shoes of the footwear market [START_REF] Shorten | The 'heel impact' force peak during running is neither 'heel' nor 'impact' and does not quantify shoe cushioning effects[END_REF], the difference in stiffness in compression swept by the shoe conditions was low in the present study.

The longitudinal bending stiffness was measured from a forefoot three-point bending test [START_REF] Willwacher | Does specific footwear facilitate energy storage and return at the metatarsophalangeal joint in running?[END_REF]. The shoes were placed on two supporting points 80 mm apart from each other. A testing machine (E3000 Electro-Puls, Instron, Massachusetts, USA) applied 7.5 mm displacement in the shoe forefoot at 15 mm s -1 . The required force to displace the stamp from 5 to 6 mm was considered as representative of the longitudinal bending stiffness. The higher level of longitudinal bending stiffness was obtained by adding flat carbon fiber composite plates of 0.9 mm thickness under the shoe insoles. The carbon plates were cut according to the insole shape and extended over the 2/3 forepart of the shoe to avoid any combination with the midsole energy return factor at the rearfoot, assuming that participants landed on the ground with the heel first. The threepoint bending test showed that the high longitudinal bending stiffness condition was on average 135% greater than the low longitudinal bending stiffness condition (Table 1).

Experimental protocol

The participants performed three distinct running sessions with at least 48 h rest between each one. The sessions were: an outdoor incremental running test, an outdoor submaximal running test with physiological measurements, and an indoor submaximal running test with biomechanical measurements. The incremental test was always performed first, and both submaximal running tests were performed in a random order. All sessions were performed at the same day period to avoid any circadian rhythm effects [START_REF] Atkinson | Circadian variation in sports performance[END_REF], and overground to be as close as possible to an ecological and a realistic running session [START_REF] Saunders | Factors affecting running economy in trained distance runners[END_REF][START_REF] Chambon | Shoe drop has opposite influence on running pattern when running overground or on a treadmill[END_REF][START_REF] Barnes | Running economy: measurement, norms, and determining factors[END_REF].

The outdoor incremental running test was performed on a 250 m asphalt track. A 5 min warm-up at 7 km h -1 was done before increasing the speed by 1 km h -1 every 2 min while participants wore their own running shoes. The speed was imposed with ground marks and a metronome. A wearable expired gas analysis by indirect calorimetry (K5, Cosmed, Italy) recorded breath-by-breath data. The standard error of measurement of this device was reported to be 1.6% for the rate of oxygen uptake and 2.2% for the rate of carbon dioxide production [START_REF] Baldari | Accuracy and reliability of COSMED K5 portable metabolic device versus simulating system[END_REF]. 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 measurement. The test was performed until participants reached their ventilatory anaerobic threshold (VAT), determined as described elsewhere [START_REF] Mezzani | Standards for the use of cardiopulmonary exercise testing for the functional evaluation of cardiac patients: a report from the Exercise Physiology Section of the European Association for Cardiovascular Prevention and Rehabilitation[END_REF]. The speed corresponding to the VAT was kept for each participant. The speed achieved during the experiment (10.8 ± 1.1 km h -1 on average) was equal to 90% of the speed that elicited VAT, and corresponded to marathon finish time between 180 and 210 min in recreational runners [START_REF] Gordon | Physiological and training characteristics of recreational marathon runners[END_REF].

The outdoor submaximal running test was performed on a 250 m asphalt track. The four shoe conditions were presented to the participants in a random order. After a 5 min warm-up at 90% of their VAT with their own shoes, the participants ran with each shoe condition during 8 min at 90% of their VAT (imposed speed with ground marks and a metronome) to ensure being below the anaerobic threshold during the whole experiment. A 5 min rest was kept between each shoe condition. Breath-by-breath data were recorded during the entire test. As described above, the wearable expired gas analyzer was calibrated before each participant. An accelerometer (wGT3X-BT, Actigraph, Florida, sampling rate 100 Hz) firmly strapped on the posterior aspect Table 1 Mean (SD) of shoe mechanical properties and shoe mass for the four shoe conditions combining low and high levels of energy return and longitudinal bending stiffness

The energy return (area under the unloading curve), the local stiffness (linear slope of the loading curve between 95% of the maximum force and this force minus 150 N), and the global stiffness (linear slope of the loading curve between 10 N and the maximum force) were computed from the force-displacement curve of the impact drop test at the rearpart of shoes. The longitudinal bending stiffness (linear slope of the loading curve between 5 and 6 mm) was computed from the force-displacement curve of the three-point bending test at the forepart of shoes of the sacrum was used to compute the number of strides performed during a given time (i.e., stride frequency). The indoor submaximal running test was performed in a 50 m laboratory. The participants ran continuously on the indoor concrete track to be in accordance with the outdoor submaximal running test as much as possible. After a 5 min warm-up at 90% of their VAT with their own shoes, the participants ran with each shoe condition at 90% of their VAT (imposed speed with ground marks and a metronome), while five valid trials were kept from the 6th min of running. Six minutes adaptation enabled to reach a physiological steady state [START_REF] Barnes | Running economy: measurement, norms, and determining factors[END_REF], a stable running pattern [START_REF] Delattre | Effect of time during a running session with minimal footwear[END_REF], and stable shoe mechanical properties [START_REF] Divert | Stiffness adaptations in shod running[END_REF]. A trial was valid when the participants kept their natural running pattern before landing with the right foot fully on the force plate (9287CA, Kistler, Switzerland). The GRF data was acquired at 2000 Hz. The tridimensional coordinates of fifty-eight retro-reflective markers placed on the full body were recorded with a ten-camera optical motion capture system at 200 Hz (Oqus 7 Camera series, Qualisys, Sweden).

Data analysis

Gas exchange data were not filtered and the RE was expressed as energetic cost in kJ kg -1 km -1 [START_REF] Fletcher | Economy of running: beyond the measurement of oxygen uptake[END_REF]. The caloric equivalent conversions based on the Weir's equation (1949) were obtained from the expired gas analysis by indirect calorimetry device. The RE, the oxygen uptake, the carbon dioxide production, and the respiratory exchange ratio were averaged from 6 to 7 min 30 s. This time period corresponded to steady-state conditions checked by a respiratory exchange ratio lower than 1 and an increase of < 100 ml O 2 [START_REF] Saunders | Factors affecting running economy in trained distance runners[END_REF][START_REF] Barnes | Running economy: measurement, norms, and determining factors[END_REF].

Adapted from a previous method [START_REF] Neville | Accelerometers: an underutilized resource in sports monitoring[END_REF]), the accelerometer data were low-pass filtered with a secondorder critically damped filter with a 2 Hz cutoff frequency to obtain a sine form signal. Each extremum of this signal represented a ground contact. The number of ground contacts (n) from 6 to 7 min 30 s and the corresponding elapsed time (t) were used to determine the stride frequency (f = n/t).

The GRF data were low-pass filtered with a second-order critically damped filter with a 40 Hz cutoff frequency. The ground stance phase was identified as vertical GRF greater than 10 N. The net vertical impulse, the braking impulse, and the propulsion impulse normalized to the body weight (BW) were computed as previously described [START_REF] Heise | Are variations in running economy in humans associated with ground reaction force characteristics?[END_REF]. The anteroposterior and vertical GRF waveforms were time normalized to the stance duration (101 points) and displayed in two separate matrices (380 rows [19 participants × 4 shoe conditions × 5 trials] and 101 columns [percentage of stance phase]) for the statistical analysis on the whole curve (Statistical Parametric Mapping, more details below in the "Statistical analysis" section).

The coordinates of retro-reflective markers were lowpass filtered with a second-order Butterworth filter with a 10 Hz cutoff frequency. The body center of mass position was computed as the barycenter of all segmental center of mass during the stance phase from Visual3D (v6 Professional, C-Motion, USA). The segment inertia parameters used to compute the body center of mass were obtained from de [START_REF] De Leva | Adjustments to Zatsiorsky-Seluyanov's segment inertia parameters[END_REF]. The maximum vertical displacement of the center of mass and the corresponding vertical force were used to compute the vertical stiffness [START_REF] Butler | Lower extremity stiffness: implications for performance and injury[END_REF]. The leg stiffness was calculated from the horizontal velocity of the center of mass, the ground contact time, the standing leg length, the maximum vertical displacement of the center of mass, and the corresponding vertical force [START_REF] Butler | Lower extremity stiffness: implications for performance and injury[END_REF]. Then, adapted from [START_REF] Moore | Reduced oxygen cost of running is related to alignment of the resultant GRF and leg axis vector: a pilot study[END_REF], a leg axis was defined as the vector between the lateral malleolus marker and the center of mass. The angle between the leg axis and the vertical axis defined the leg angle. The resultant GRF angle was also determined according to the vertical axis. The alignment of the leg axis with the resultant GRF was finally computed in the sagittal plane as the difference between the leg angle and the resultant GRF angle during the whole stance phase and included for the statistical analysis on the whole curve.

Statistical analysis

The normality of residuals and the homogeneity of variance were checked before performing two-way repeated measures analysis of variance (ANOVA) to evaluate (α = 0.05) the main effects of the factors "energy return" and "longitudinal bending stiffness" and the interaction of these factors on parameters expressed as scalar values (i.e., running economy, ground contact time, etc.). When the normality of residuals or homogeneity of variances was not met, a permutation procedure was performed. To complete, the partial omega squared ( 2P ), appropriate to the present study design [START_REF] Lakens | Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t tests and ANOVAs[END_REF], was used to determine small (0.02), medium (0.13) and large (0.26) effect sizes.

The statistical parametric mapping (SPM) procedure [START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF][START_REF] Pataky | Zero-vs. onedimensional, parametric vs. non-parametric, and confidence interval vs. hypothesis testing procedures in one-dimensional biomechanical trajectory analysis[END_REF] was used to determine the potential statistical differences between shoe features on biomechanical variables over the whole stance phase duration. The use of SPM is appropriate if the hypothesis is "non-directed" [START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF], meaning that an effect of shoe features over the whole stance phase was expected, rather than at specific scalar time events (e.g., GRF peaks representing discrete events of only 1% or less of the ground contact). This was the case for the hypotheses on the GRF and the alignment of the resultant GRF with the leg waveforms in the present study. The SPM principle was identical to the classical 1 3 univariate statistical procedure on scalar values except that the test statistic field (i.e., the F value as a function of time noted SPM {F} in the present study) was computed for each of the scalar points of the waveforms. Due to the repeated test statistic over time, the critical test statistic threshold and the p value were computed and corrected through the entire temporal domain by considering the data smoothness, the data size, and the random field behavior theory to retain a family-wise Type I error rate α = 0.05 [START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF]. When the test statistic field exceeded the critical test statistic threshold, a significant effect was observed at the corresponding time period. The greater the test statistic field exceeds the critical test statistic threshold, the more the effect was significant. The SPM was performed from the Matlab open-source spm1d code (M.0.4.3, http://www. spm1d .org). Two-way repeated measures ANOVA evaluated (α = 0.05) the main effects of the factors "energy return" and "longitudinal bending stiffness" and the interaction between these factors on the GRF waveforms and the alignment of the resultant GRF with the leg waveform.

Results

Shoe midsole energy return

The energy return shoe feature did not alter (p > 0.05) the energetic cost of running (Table 2).

The high energy return shoes induced a significantly lower stride frequency (p = 0.024, 2 P = 0.20, medium), a longer contact time (p = 0.017, 2 P = 0.23, large), and a longer propulsion time (p = 0.005, 2 P = 0.31, large) compared to the low energy return shoes.

SPM analysis revealed that the high energy return shoes induced more braking anteroposterior GRF from 23 to 25% (F 1,18 > 13.60; p = 0.029), and more vertical GRF from 15 to 18% of the stance phase (F 1,18 > 13.88; p = 0.013) compared to the low energy return shoes (Figs. 1,2). From 1 to 4% of the stance phase, the high energy return shoes induced less vertical GRF (F 1,18 > 13.88; p = 0.019).

The high energy return shoes induced a lower alignment of the resultant GRF relative to the leg from 23 to 25% (F 1,18 > 13.91; p = 0.018) and a greater alignment from 69 to 72% of the stance phase (F 1,18 > 13.91; p = 0.010) compared to the low energy return shoes (Fig. 3).

Shoe longitudinal bending stiffness

The longitudinal bending stiffness shoe feature did not alter (p > 0.05) the energetic cost of running (Table 2).

The high longitudinal bending stiffness shoes induced a significantly longer contact time (p = 0.005, 2 P = 0.31, large), a longer propulsion time (p < 0.001, 2 P = 0.54, large), a greater vertical stiffness (p = 0.032, 2 P = 0.19, medium), and a lower net vertical impulse (p = 0.023, 2 P = 0.20, medium) compared to the low longitudinal bending stiffness shoes.

The high longitudinal bending stiffness shoes induced less propulsive anteroposterior GRF from 71 to 88% (F 1,18 > 13.60; p < 0.001), and less vertical GRF from 50 to 93% of the stance phase (F 1,18 > 13.88; p < 0.001) compared to the low longitudinal bending stiffness shoes (Figs. 1,2). The high longitudinal bending stiffness shoes induced more anteroposterior GRF and vertical GRF from 97 to 100% (F 1,18 > 13.60; p = 0.022) and from 99 to 100% of the stance phase (F 1,18 > 13.88; p = 0.046), respectively.

The high longitudinal bending stiffness shoes induced a lower alignment around 20% (F 1,18 > 13.91; p = 0.048), 49% (F 1,18 > 13.91; p = 0.045) and from 95 to 100% of the stance phase (F 1,18 > 13.91; p = 0.006) compared to the low longitudinal bending stiffness shoes (Fig. 3).

Interaction between shoe midsole energy return and shoe longitudinal bending stiffness

No interaction effect of the two shoe features was observed on all the parameters analyzed in the present study (p > 0.05).

Discussion

This study assessed the effects of shoe energy return and shoe longitudinal bending stiffness, while controlling for other shoe features, on the energetic cost of transport during 

Shoe midsole energy return

The 29% difference in terms of energy return between the shoe conditions in the present study did not induce any effect on the metabolic energetic cost of running. A greater energy return was expected to induce RE improvements as shoe conditions that induced RE improvements in previous studies had 7% more energy return [START_REF] Frederick | Lower oxygen demands of running in soft-soled shoes[END_REF]), 15% more energy return [START_REF] Worobets | Softer and more resilient running shoe cushioning properties enhance running economy[END_REF], and from 15 to 33% more energy return (Hoogkamer et al. 2017a) compared to their respective control conditions. It should be highlighted that the present study has reduced as much as possible the difference in midsole stiffness in compression (16%) between low and high energy return shoe conditions. This 16% difference was substantially lower than the 30% and 50% differences, respectively, measured between shoe conditions in the studies of [START_REF] Worobets | Softer and more resilient running shoe cushioning properties enhance running economy[END_REF] and Hoogkamer et al. (2017a, computed from available force and displacement data), while no data concerning the stiffness in compression are available from [START_REF] Frederick | Lower oxygen demands of running in soft-soled shoes[END_REF]. Consequently, one can suppose that combining low midsole stiffness in compression and high midsole energy return (as in previous studies), and not only the midsole energy return (as in the present study), is beneficial to improve RE. More widely, the potential beneficial shoe feature combination to reduce the energetic cost of running, that is weight saving, high midsole material energy return, and high longitudinal bending stiffness in a same pair of shoes (Hoogkamer et al. 2017b), should be completed with low midsole material stiffness in compression.

Although the energetic cost of running was not significantly altered, the high energy return shoes induced lower stride frequency, longer contact time, and higher vertical GRF after the first peak. This was well in line with a previous study showing that these biomechanical changes induced by high energy return shoes did not correlate with RE improvements (Hoogkamer et al. 2017a). Furthermore, although the high energy return shoes induced slightly more alignment between the resultant GRF and the leg around the propulsive peak time period, this alignment (6.6°) remained substantially far from the previously reported almost perfect alignment during the propulsive peak time period that can improve RE (1.6°, [START_REF] Moore | Reduced oxygen cost of running is related to alignment of the resultant GRF and leg axis vector: a pilot study[END_REF]. This may explain why the RE was not significantly altered in the present study.

Shoe longitudinal bending stiffness

The energetic cost of overground running was not influenced by the shoe longitudinal bending stiffness although the high longitudinal bending stiffness conditions (40.7 ± 3.3 N mm -1 ) were quite close to the intermediate longitudinal bending stiffness that induced RE improvements in the study of Roy and Stefanyshyn (38 N mm -1 , 2006). These different findings may be due to the slower speed achieved by the recreational runners in the present study (10.8 ± 1.1 km h -1 ) compared to the speed achieved in the study of Roy and Stefanyshyn (13.3 km h -1 , 2006), which may have altered the shoe mechanical loading in flexion and potentiated the effects of longitudinal bending stiffness on RE. Furthermore, [START_REF] Oh | The bending stiffness of shoes is beneficial to running energetics if it does not disturb the natural MTP joint flexion[END_REF] have shown that the increase in longitudinal bending stiffness should be dependent on the stiffness of the runner's metatarsophalangeal joint to improve the RE. Although the metatarsophalangeal joint stiffness was not measured in the present study and based on the absence of RE alteration, one can suppose that the longitudinal bending stiffness used in the present study (40.7 ± 3.3 N mm -1 ) was not suitable for all participants' forefoot characteristics. Thus, care should be taken in recruiting participants when the longitudinal bending stiffness shoe feature is investigated.

The high longitudinal bending stiffness shoes induced lower net vertical impulse and greater vertical stiffness that are habitually not associated with longer contact time to be potentially beneficial for RE [START_REF] Moore | Is there an economical running technique? A review of modifiable biomechanical factors affecting running economy[END_REF]. Furthermore, the greater forward GRF observed just before toe-off supports previous thoughts stating that the pushing force is induced by the action of the stiff carbon plate recovering its initial shape in the shoe forefoot [START_REF] Willwacher | The gearing function of running shoe longitudinal bending stiffness[END_REF]. However, the use of stiff plates induced a decreased alignment between the resultant GRF and the leg in the present study, which came along with no improvement of the energetic cost of running. Thus, it is likely that a higher pushing force induced by the carbon plate may improve the RE if this force is optimally oriented relative to the runner's center of mass.

Interaction between shoe midsole energy return and shoe longitudinal bending stiffness

The present study did not observe any specific effect of combined low or high midsole material energy return with low or high longitudinal bending stiffness that improved the energetic cost of overground running. This result is different from those of Hoogkamer et al. (2017a) although the comparisons are difficult due to some methodological differences. First, both studies did not exactly answer to the same purpose. Hoogkamer et al. (2017a) assessed the effect of three different shoes on RE, while the present study assessed the main effects and the interaction of shoe features of identical prototypes on RE. Second, the stiff plates used in the study of Hoogkamer et al. (2017a) were located at the bottom of the midsole under the forefoot area, while the stiff plates located under the insoles in the present study may have decreased the forefoot penetration into the midsole. Thus, the stiff plate located under insoles may have decreased the perceived comfort, which can in turn decreased RE [START_REF] Luo | Improved footwear comfort reduces oxygen consumption during running[END_REF]. Finally, the sub-elite runners from Hoogkamer et al. (2017a) ran at substantially faster running speeds (14, 16, and 18 km h -1 ) than the recreational runners of the present study (10.8 ± 1.1 km h -1 ). It is likely that running speed may have altered the mechanical loading (compression and/ or flexion) of the shoes, and thus may have potentiated the effects of midsole energy return and/or longitudinal bending stiffness on RE. It may be a threshold speed above which the interactions of runner and shoe characteristics are optimized to induce positive effects on the energetic cost and biomechanics of running. Therefore, the present results might not be transportable to sub-elite and elite runners.

Conclusion

This study analyzed the effects of the energy return and the longitudinal bending stiffness shoe features on the energetic cost and biomechanical responses during running. Special attention was paid to control methodological points due to the shoe features (identical mass, geometry and upper characteristics, difference in midsole stiffness in compression was reduced as much as possible), the running surface (overground on hard surfaces), and the running speed (relative to the participants' physical capacity). In these conditions, neither the high energy return, nor the high longitudinal bending stiffness, nor the combinations between these shoe features altered the energetic cost of overground running in recreational runners. The high energy return and the high longitudinal bending stiffness shoe features induced subtle biomechanical adaptations previously associated with an improved RE, but probably not large enough to induce any acute effect on the energetic cost of running. However, it is still likely that these shoe features may positively affect the RE after a familiarization period or during prolonged running by preventing the increase of the energetic cost due to runners' fatigue. To potentially induce benefits on RE, footwear manufacturers should consider low stiffness in compression in addition to high energy return, rather than only high energy return in the midsoles of running shoes, while the longitudinal bending stiffness should be adapted to the runner's characteristics.
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 1 Fig. 1 (Top) Mean anteroposterior ground reaction force time-and weight-normalized. Negative and positive values were braking and propulsion forces, respectively. Standard deviations were not pre-
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 2 Fig. 2 (Top) Mean vertical ground reaction force time-and weight-normalized. Standard deviations were not presented for more clarity. (Down) SPM {F} curves of the main effects energy return, longitudinal bending stiffness, and their interaction
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 3 Fig. 3 (Top) Mean alignment between the resultant ground reaction force and the leg time-normalized. Negative and positive values indicated a more forward and a more backward orientation of the resultant ground reaction force compared to the leg, respectively. The
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 2 Mean (SD) of physiological and biomechanical parameters for the four shoe conditions combining low and high levels of energy return and longitudinal bending stiffness EnR and BS indicated significant differences (p < 0.05) between low and high levels of energy return or longitudinal bending stiffness, respectively. F and Fn were the test statistic values from the parametric and non-parametric procedures, respectively

		Low energy	High energy	Low energy	High energy	Main effect	Main effect	Interaction effect
		return/low lon-	return/low lon-	return/high lon-	return/high lon-	energy return	longitudinal	
		gitudinal bend-	gitudinal bend-	gitudinal bend-	gitudinal bend-		bending stiff-	
		ing stiffness	ing stiffness	ing stiffness	ing stiffness		ness	
	RE (kJ kg -1 km -1 )	4.75 (0.50)	4.73 (0.51)	4.72 (0.49)	4.76 (0.51)	F = 0.22; p = 0.630	F = 0.05; p = 0.860	F = 1.06; p = 0.350
	VO 2 (l min -1 )	2.98 (0.32)	2.97 (0.36)	2.95 (0.34)	2.98 (0.34)	Fn = 0.76 ; p = 0.388	Fn = 0.32; p = 0.588	Fn = 0.92; p = 0.338
	VCO 2 (l min -1 )	2.62 (0.28)	2.65 (0.28)	2.61 (0.29)	2.64 (0.29)	F = 3.16; p = 0.090	F = 0.22; p = 0.621	F = 0.01; p = 0.925
	Respiratory	0.88 (0.07)	0.89 (0.07)	0.89 (0.07)	0.89 (0.07)	Fn = 4.12 ;	Fn = 0.01;	Fn = 0.71;
	exchange ratio					p = 0.057	p = 0.931	p = 0.404
	Stride frequency (Hz) EnR	1.34 (0.05)	1.33 (0.05)	1.34 (0.04)	1.33 (0.05)	F = 5.95; p = 0.024	F = 0.37; p = 0.550	F = 1.12; p = 0.303
	Contact time (ms) EnR, BS	271.9 (17.7)	275.6 (18.6)	277.0 (18.7)	278.7 (18.8)	F = 6.96; p = 0.017	F = 10.02; p = 0.005	F = 0.68; p = 0.421
	Braking time	133.0 (13.0)	133.4 (13.4)	133.4 (14.4)	132.9 (14.0)	Fn < 0.01;	Fn < 0.01;	Fn = 0.19;
	(ms)					p = 0.994	p = 0.983	p = 0.983
	Propulsion time (ms) EnR, BS	139.0 (10.7)	142.2 (11.7)	143.7 (12.0)	145.7 (11.1)	Fn = 10.17; p = 0.005	Fn = 24.42; p < 0.001	Fn = 0.20; p = 0.661
	Net verti-	244.9 (16.5)	245.8 (17.9)	241.2 (17.2)	242.1 (17.8)	Fn = 0.44;	Fn = 5.91;	Fn < 0.01;
	cal impulse (BW ms) BS					p = 0.523	p = 0.023	p = 0.985
	Braking impulse	-22.5 (4.4)	-22.6 (4.3)	-22.6 (5.8)	-22.4 (4.4)	Fn = 0.03;	Fn = 0.01;	Fn = 0.05;
	(BW ms)					p = 0.862	p = 0.912	p = 0.822
	Propulsion	22.3 (3.8)	22.4 (3.6)	21.8 (4.3)	22.1 (3.7)	Fn = 0.64;	Fn = 3.21;	Fn = 0.06;
	impulse					p = 0.438	p = 0.083	p = 0.814
	(BW ms)							
	Vertical stiffness (kN m -1 ) BS	23.2 (3.9)	23.2 (2.9)	24.0 (2.9)	23.7 (3.0)	Fn = 0.67; p = 0.420	Fn = 5.59; p 0.032	Fn = 0.17; p = 0.686
	Leg stiffness (kN m -1 )	10.9 (2.0)	10.9 (1.6)	10.9 (1.5)	10.8 (1.6)	Fn = 0.07; p = 0.789	Fn = 0.07; p = 0.800	Fn = 0.07; p = 0.786
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