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Abstract

:

Footwear properties can influence physiological and biomechanical variables, which may lead to positive changes in distance running performance. One innovative development in running shoe technology is adding carbon fiber plates to increase midsole bending stiffness. However, there are only a few studies investigating the influence of shoe conditions on both physiological and biomechanical variables, simultaneously, when running for longer than 5 min or for distances > 1 km. Hence, the purpose of the current study was to investigate the influence of different running shoe concepts with carbon fiber plates on physiological and biomechanical parameters during a 10 km treadmill run. Twenty-three athletes participated in the study, which comprised four measurement days for each subject. On the first day, subjects performed a treadmill exhaustion test to determine maximum oxygen uptake. On the second, third, and fourth days, each subject ran 10 km at 70% of their maximum oxygen uptake in one of three shoe models. Significant differences were found between the shoe conditions for the biomechanical parameters, but not for the physiological parameters. It seems that runners adjusted their running styles to the shoe conditions during the 10 km run to reduce the load on the lower extremities without compromising their endurance performance. These results may have practical implications for runners, coaches, and shoe manufacturers.
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1. Introduction


Distance running performance can be influenced by a variety of shoe factors. Multiple studies have reported that certain footwear characteristics, such as shoe mass, midsole bending stiffness (MBS), and foam midsole material, can influence both physiological [1,2,3,4,5] and biomechanical variables [6,7,8]. This, in turn, may result in positive changes in distance running performance.



Running economy (RE) is a determinant of distance running performance and is defined as the rate of oxygen consumption at a given velocity of submaximal running [9,10].



Shoe mass is a frequently examined footwear property that is related to RE and performance. Greater shoe mass can lead to increased energy consumption and thus to a reduction in RE [1,11]. In 3000 m time trials, Hoogkamer et al. [1] showed that RE degrades and running time increases 0.78% for each additional 100 g per shoe. Furthermore, previous research found that heavier footwear has significant effects on biomechanical parameters such as ankle joint angles, ankle moments, and plantar pressure during running [12].



The effect of increased MBS is considered a key factor for optimizing running shoes. It is closely linked to individual runner characteristics (e.g., anthropometrics, strength capacities, running style), but also related to running speed [13,14] and the rollover feeling [15]. It has become increasingly common to use carbon fiber plates in running shoes to increase MBS to improve distance running performance [6,7]. Recent analyses have shown that these technological advances in running shoes have resulted in significant improvements in international half marathon and marathon best times among world-class athletes [16,17]. However, research shows inhomogeneous results of the effects of MBS on RE. According to the findings of Roy and Stefanyshyn [18], carbon fiber plates in running shoes can reduce the energy cost of running by approximately 1%. This varies depending on the plates’ design (e.g., curved, flat, length) [19]. Recent studies have found that running with the “Nike Vaporfly 4%” can lead to an increased running economy of approximately 4% on average [6,20]. In addition to varying MBS to improve running performance, several studies have investigated the effects of midsole stiffness [5,21], midsole thickness [22] and midsole structure [23]. However, Healey and Hoogkamer [24] found that the curved carbon fiber plates only play a small role in the 4% metabolic savings generated by the “Nike Vaporfly 4%”. The authors suggest that the savings likely result from a combination of and interaction between the midsole foam, shoe geometry, and plate.



From a biomechanical perspective, research shows that increased MBS reduces negative work at the metatarsophalangeal (MTP) joint and influences joint mechanics in the ankle and knee [7,25]. Furthermore, Hoogkamer et al. [7] concluded that the energy savings from the curved carbon fiber plates provided a clever lever effect on the joint ankle mechanics, a stiffening effect of the plate on the MTP joint, and superior energy storage in the midsole foam. However, current studies have reported conflicting results in terms of biomechanical variables [26]. Results of spatiotemporal parameters (e.g., ground contact time or step frequency) were inhomogeneous [6,7,8,20]. It can be concluded that there is currently no plausible explanation for improved running performance based on biomechanical parameters.



To the best of the authors’ knowledge, there are only few studies that have investigated the influence of different footwear conditions on both physiological and biomechanical variables simultaneously during endurance runs longer than 1 km. However, it seems necessary to examine the long-term effects of the different shoe components on running performance in order to be able to explain (half-) marathon personal best times using physiological and biomechanical variables.



Therefore, the purpose of this study was to investigate the influence of different running shoe concepts with carbon fiber plates on physiological (e.g., oxygen consumption (  V ˙  O2)) and biomechanical (e.g., peak tibial acceleration (PTA)) parameters in runners during a 10 km run. We hypothesized that different shoe properties (midsole bending stiffness, midsole stiffness) but similar shoe mass have an influence on a) biomechanical variables and b) physiological variables when running at 70% of subjects’ maximum oxygen uptake (  V ˙  O2max).




2. Materials and Methods


2.1. Participants


Twenty-three athletes without any injuries in the last six months participated in this study (mean ± SD; age: 35.2 ± 10.4 years, body height: 176.7 ± 5.1 cm, body mass: 70.3 ± 8.4 kg, weekly running distance: 45.3 ± 23.6 km). The subjects were informed about the purpose and design of the study, signed an informed consent document, and completed a form with their personalized data. All procedures were performed in accordance with the recommendations of the Declaration of Helsinki. This study was approved by the Ethics Committee of the Faculty of Behavioural and Social Sciences of the Chemnitz University of Technology (#101501815).




2.2. Footwear Conditions


Three shoes with different construction concepts were used in this study (Figure 1). The shoes, the “Puma Fast-FWD” (S1), the “Puma Fast-R” (S2) and the “Nike Vaporfly Next%” (S3) (UK sizes 8 and 10), differed in sole geometry and in the type of carbon fiber plates incorporated in the midsole material. The shoes were similar with regard to weight.



To quantify both midsole stiffness and midsole bending stiffness, the shoes were tested in a servo-hydraulic device (HC10, Zwick GmbH & Co. KG, Ulm, Germany) as described in Schwanitz and Odenwald [27], and Bräuer et al. [15] (Table 1).




2.3. Experimental Setup and Procedures


The study comprised four measurement days for each subject. On the first day, the subjects performed a treadmill exhaustion test to determine   V ˙  O2max. During the second, third, and fourth measurement days, each subject ran 10 km in different shoe models (S1, S2, and S3) in randomized order at an individual speed based on the results of the exhaustion test. The time of the measurements could be chosen freely by the subjects. However, measurements should always take place at the same time with a minimum of one week between measurement days in order to minimize the influence of the time of day and to avoid training effects. Previous studies reported good reliability using this procedure [28,29]. In addition, inertial sensors (Opal-Sensor, APDM, Portland, OR, USA, mass 25 g) were used to record biomechanical parameters. A stationary metabolic analysis system (Metalyzer 3B, CORTEX Biophysik GmbH, Leipzig, Germany) was used to measure oxygen consumption (  V ˙  O2) during running on a treadmill (h/p/cosmos® quasar 5.0, h/p/cosmos sports & medical GmbH, Nussdorf-Traunstein, Germany). Prior to data collection, the system was calibrated according to manufacturer’s recommendations using ambient air and known gas concentrations. The volume was calibrated using a 3-liter syringe. Heart rate (HR) was recorded using a Polar chest strap (Polar®, H7, Kempele, Finland). The incline of the treadmill was set at 1% to compensate for air resistance for all running sessions [30,31]. To prevent falls runners wore a security belt during all treadmill tests.



2.3.1. Exhaustion Test


Subjects wore their own shoes for the exhaustion test. After a warm-up of at least 5 min at their individual pace to familiarize themselves with the treadmill, participants completed a modified ramp protocol according to [32]. The ramp test to exhaustion was performed to determine   V ˙  O2max as a baseline for the subsequent 10 km runs. After resting for 2 min, the treadmill speed was set to 8 km/h for 3 min, and velocity was then increased by 1.2 km/h every minute until volitional exhaustion or abort criteria occurred, such as cardiovascular problems or pain [33]. The highest   V ˙  O2 over 30 s was considered   V ˙  O2max [34].




2.3.2. 10 km Tests


Subjects began with a 5-min warm-up trial at a self-selected speed in their own shoes. Following the warm-up, subjects completed a 10 km run with the first pair of running shoes to be tested. Following the methods of previous studies, running speed was set individually at 70% of   V ˙  O2max for each subject [35,36]. Two lightweight inertial measurement units (IMU) combining a tri-axial accelerometer (measurement range 1982 m/s²) and a tri-axial gyroscope (measurement range ±2000°/s) were used to measure biomechanical data during the 10 km tests. One IMU was attached to the shaved skin at the medial aspect and midway between the malleolus and the plateau of the right tibia using double-sided adhesive tape. Furthermore, an elastic strap and a compression sleeve for calves were used to stabilize the accelerometer and prevent excessive movements due its own weight. The sensate axis of the IMU was aligned with the longitudinal axis of the tibia according to Hennig et al. [37]. The second sensor was attached to the heel cap of the right running shoe using a sturdy lightweight sensor mount printed with a 3D printer.





2.4. Data Analysis


Raw data from the IMUs were analyzed in post-processing using MATLAB 2021a (MathWorksTM, Natick, MA, USA). Prior to all processing steps, data were filtered using a zero-lag Butterworth low-pass filter (accelerometers: 4th order at 80 Hz; gyroscopes: 4th order at 50 Hz) to remove noise. To separate the strides in continuous data, the vertical acceleration signal of the IMU mounted to the heel cap was zero-lag Butterworth high-pass filtered (80 Hz). The first peak in the filtered signal was defined as the initial ground contact of the foot [38,39].



Biomechanical variables



To examine shoe rollover, the maximum angular velocity in the sagittal plane of the shoe was analyzed according to [15], and the peak angular velocity (PAV) was extracted within 200 ms after initial ground contact. The angular velocity in the frontal plane of the shoe was used to determine the peak eversion velocity (evVel) [40]. To determine the heel strike angle at initial ground contact time (HSA), the shoe orientation angle in the sagittal plane was calculated using data from the IMU mounted to the heel cap as described in Mitschke et al. [41]. The maximum IMU acceleration (within 200 ms after initial ground contact) at the tibia was used to identify peak tibial acceleration (PTA).



Physiological variables



HR and   V ˙  O2 were provided by Metasoft Studio (CORTEX Biophysik GmbH, Leipzig, Germany). Relative oxygen uptake (rel.   V ˙  O2) was calculated by dividing subjects’ VO2 by their individual body mass (kg). A standard method of assessing RE is to look at the amount of   V ˙  O2 required to run a kilometer at a predefined running speed [42]. The following Equation (1) was used to determine RE:


  R E =   r e l .    V ˙   O 2     v    70 %   o f   r e l .    V ˙   O 2  m a x      



(1)







For the exhaustion test,   V ˙  O2max was calculated as the mean of the highest 30 s to volitional exhaustion. For the 10 km tests, both biomechanical and physiological variables were calculated from the mean of all strides over the last 5 min of the run.




2.5. Statistical Analysis


Mean and standard deviations (mean ± SD) were calculated for the biomechanical and physiological variables. Given that the variables were normally distributed according to the Shapiro–Wilk test, a one-way analysis of variance (ANOVA) for repeated measurements followed by the Bonferroni post-hoc test was used to determine whether differences existed between the footwear conditions regarding biomechanical and physiological variables. Statistical significance was set at α = 0.05 for all analyses. In addition, effect size (Cohen’s d) was calculated to quantify the magnitude of differences when statistical significance was found. The coefficients were interpreted as trivial (d < 0.2), small (d < 0.5), medium (d < 0.8), or large effects (d ≥ 0.8) [43].





3. Results


3.1. Exhaustion Test


Table 2 represents the results from the exhaustion test.




3.2. 10 km Tests


3.2.1. Physiological variables


The physiological data showed no significant differences between shoe conditions. (Figure 2a–c). For rel.   V ˙  O2, the range was between 42.0 ± 5.4 mL/min/kg for S2 and 42.3 ± 5.3 mL/min/kg for S1. Similar trends were seen in RE and HR. S2 showed the best values for RE (207.8 ± 13.1 mL/kg/km) and for HR (162.1 ± 14.4 bpm), and S1 the worst values (209.5 ± 12.8 mL/kg/km), respectively (164.6 ± 16.6 bpm).




3.2.2. Biomechanical Variables


Figure 3 shows the results for biomechanical parameters of the 10 km tests. For PAV, the ANOVA revealed significant differences (p = 0.004) and a small effect (d = 0.45) between S1 (757.8 ± 105.2 deg/s) and S3 (814.1 ± 142.7 deg/s) (Figure 3a).



When comparing evVel, highly significant differences (p < 0.001) and large effects (d ≥ 0.8) were found between S1 (552.1 ± 162.2 deg/s) and S2 (407.3 ± 124.9 deg/s) and between S1 and S3 (431.5 ± 111.4 deg/s); (p < 0.001; d ≥ 0.8) (Figure 3b).



The analysis of HSA revealed the lowest value for S1 (25.2 ± 4.0 deg) and the highest value for S3 (31.1 ± 5.1 deg) (Figure 3c). The ANOVA showed highly significant differences between S1 and S2 (p < 0.001) and between S1 and S3 (p < 0.001). Cohen´s d showed large effects (d ≥ 0.8) for both significant pairwise comparisons. No significant differences were found for PTA when comparing shoe conditions (Figure 3d). The values were 7.5 ± 2.3 g for S1, 7.2 ± 2.3 g for S2 and 7.3 ± 2.2 g for S3.






4. Discussion


The aim of the present study was to investigate the influence of different running shoe concepts with carbon fiber plates and different material properties on both physiological and biomechanical variables during a 10 km treadmill run. To provoke great influence on the examined parameters, shoes with different materials and geometries, but similar weights were used. We hypothesized that these distinctly different footwear conditions influence (a) biomechanical and (b) physiological variables.



The biomechanical results show that the subjects adjusted their running style in response to the different shoe properties. Therefore, hypothesis (a) was confirmed.



PAV (757.8 ± 105.2 deg/s) and HSA (25.2 ± 4.0 deg) were significantly lower in S1, compared to S2 and S3. In addition, evVel (552.1 ± 162.2 deg/s) was significantly higher in S1 in contrast to the other shoes. Contrary to the mentioned parameters, PTA was not influenced by shoe conditions. In general, no significant differences were found for the biomechanical variables when comparing S2 and S3. It appears that running in the shoe with the highest midsole stiffness in the rearfoot and the lowest rearfoot height (Table 1) led to a distinct adjustment of the running style as a mechanism of shock absorption during the landing phase. The results HSA and PAV were consistent with the findings of Heidenfelder et al. [44]. The authors found significantly lower values for the shoe with the flattest construction and the lowest cushioning. Additionally, Law et al. [45] also demonstrated that a shoe with thinner midsoles can lead to lower HSA due to reduced cushioning and subsequently to greater discomfort [46]. For evVel, a similar trend as in our study was found by other authors. For example, the lowest evVel for the shoe with the highest rearfoot cushioning and the highest evVel for the shoe with the hardest midsole was observed by Sterzing et al. [47] when comparing six shoes differing in midsole hardness, and by Mitschke et al. [40] when comparing three shoes with different midsole properties when running at different velocities. It seems that runners reduced HSA and PAV and increased evVel to protect the lower extremities from impact forces during the landing phase when running in flatter shoes with less cushioning. In the current study, this led to PTA values that were similar for all three shoe conditions. This is in contrast to most studies that found higher values for PTA or force rising rates (measured with force plates) when running in harder shoes [47,48,49]. However, most of these data were examined on short-term measurements on treadmills (<5 min), short outdoor tracks (<400 m), or based on only a few steps in the laboratory. In our study, subjects ran 10 km at 70% of their   V ˙  O2max, and they had approximately 9 km to adapt their running style to each shoe condition to optimize the load on lower extremities. Therefore, longer runs may generate more realistic results.



In contrast to the biomechanical parameters, no significant differences were found between shoe conditions for any physiological parameters. Therefore, hypothesis (b) had to be rejected.



In this study, shoe conditions varied distinctly (Table 1) in terms of MBS, rearfoot and forefoot cushioning, as well as rearfoot and forefoot height. However, shoe mass was similar. Numerous studies have shown that different shoe characteristics, such as foam midsole material, MBS, and shoe mass, can influence running performance as well as biomechanical variables. Studies investigating the influence of shoe mass on physiological variables report lower energy consumption and better RE when running in shoes with lower mass [1,50]. It has been reported that weight differences between shoes of more than 100 g per shoe lead to longer running times [1] and increased oxygen uptake of approximately 1% [50]. To avoid effects of shoe mass on physiological parameters, shoes with similar mass were used in the present study—the difference between the lightest shoe (S1: 172.4 g) and heaviest shoe (S2: 203.0 g) was approximately 30 g. Thus, the focus in this study was on the influence of footwear characteristics on the physiological parameters of MBS and cushioning.



The influence of MBS on physiological parameters has been examined in several studies. However, the findings are not consistent. On the one hand, an increase in MBS leads to a decrease in energetic cost of running or improved RE [6,13,18]. In contrast, Sakaguchi et al. [51] reported no positive effects on RE when increasing MBS. Furthermore, Healey and Hoogkamer [24] proposed decreasing MBS by cutting the carbon fiber plate of the “Nike Vaporfly 4%” (six medio-lateral cuts) did not significantly affect RE. In a study by Roy and Stefanyshyn [18], three identical shoes were used to investigate the influence of RE when adjusting MBS by inserting carbon plates with differing stiffness. The authors found a “U-shaped” curve relationship between MBS and RE and concluded that a running shoe with medium MBS improves RE compared to more flexible or stiffer MBS. In the present study, MBS ranged from 104 to 130 N/mm. Comparing the reported MBS values with the aforementioned studies is difficult because of the different test procedures used to determine MBS. We found no significant differences in physiological variables between shoe conditions. However, our data shows the same tendency as found by [6,13,18]. Shoes S2 and S3 (lower MBS) showed lower HR, rel.   V ˙  O2, and RE than S1 (highest MBS). One reason for similar performance results may be the additional influence of midsole stiffness.



Adjusting the midsole stiffness to enhance running performance has been investigated in several studies [5,21,52]. However, adjusting midsole stiffness is also controversial. For example, Frederick et al. [53] reported lower oxygen consumption while running in shoes with softer midsoles. In contrast, Bosco and Rusko [54] provided data showing greater values for oxygen consumption when running in shoes with softer midsoles compared to harder shoes. Additionally, Mitschke et al. [21] found no significant differences in rel.   V ˙  O2 or HR when running below and slightly above the individual ventilatory threshold in distinctly different shoe conditions (cushioning and energy loss). Our results show that neither MBS nor midsole properties influenced physiological variables in our study.



It seems that runners adjusted their running styles, especially the foot strike pattern, during the 10 km run at 70% of rel.   V ˙  O2max to reduce the load on lower extremities. However, RE, HR, or rel.   V ˙  O2 were not affected by the adapted running styles. Running at higher velocities (e.g., at 75 or 80%   V ˙  O2max) could lead to greater differences in biomechanical and physiological parameters.



This study has a few limitations that should be mentioned. First, our test group consisted mainly of recreational runners with a wide range of running speeds for the 10 km tests (8.0 to 14.2 km/h), since RE improvement be speed dependent [14]. The runners in this study preferred stiffer shoes when running velocities over 17 km/h. Future studies should focus on high-level runners who can achieve the required running speed. Second, in our study we did not collect data about the perception of footwear. Since there is evidence relating to improved running economy when wearing more comfortable compared to less comfortable footwear [55], follow-up studies should include subjective measurements. Third, compared to outdoor running, running on the treadmill shows some differences in terms of biomechanical parameters, such as sagittal foot strike angle or knee flexion at foot strike [56]. These small differences could be due to insufficient experience running on a treadmill, surface stiffness, and differences in air resistance, and result in limited transferability to outdoor measurements, since there is evidence that RE differs between treadmill and track running [57]. Future studies should be conducted under field conditions to achieve more realistic results.




5. Conclusions


Our study found that running at 70% of rel.   V ˙  O2max in shoes with different characteristics impacts biomechanical parameters, but does not influence physiological parameters. It seems that runners adapt their running style to different shoe conditions to reduce impact forces during landing without compromising their endurance performance. Our test conditions were limited to a laboratory setting when using a stationary metabolic analysis system. Therefore, subsequent studies based on this methodology and using mobile spirometry in combination with the IMUs should be performed under field conditions to obtain more realistic information, since running kinematics differ under laboratory conditions.
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Figure 1. The test shoes used in this study. Left: “Puma Fast-FWD” (S1), Middle: “Puma Fast-R” (S2) and Right: “Nike Vaporfly Next%” (S3). 
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Figure 2. Comparison of shoe conditions. Panel (a): relative oxygen consumption (rel.   V ˙  O2); Panel (b): running economy (RE), and Panel (c): heart rate (HR). No statistical differences were found for any variables between shoe conditions. 
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Figure 3. Comparison of shoe conditions for: (a) peak angular velocity (PAV); (b) maximum eversion velocity; (c) heal strike angle and (HSA); and (d) peak tibial acceleration (PTA). Significant differences between shoe conditions are marked with * (p < 0.05) and ** (p < 0.001). 
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Table 1. Characteristics of shoe conditions for men’s size UK8.
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	Weight [g]
	Bending Stiffness [N]
	Rearfoot Stiffness [N/mm]
	Forefoot Stiffness [N/mm]
	Rearfoot Height [mm]
	Forefoot Height [mm]
	Rearfoot Energy Lost [%]
	Forefoot Energy Lost [%]





	S1
	172.4
	130
	284
	215
	25.7
	26.3
	21
	21



	S2
	203.0
	104
	209
	226
	31.0
	28.2
	19
	12



	S3
	183.1
	107
	194
	180
	29.2
	29.4
	14
	15
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Table 2. Group mean ± standard deviation of the exhaustion test for physiological variables (all subjects).
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	Rel.   V ˙  O2max [mL/kg/min]
	vmax [km/h]
	HRmax [bpm]
	70% of rel.   V ˙  O2max [mL/kg/min]
	v70% of rel.   V ˙  O2max [km/h]
	HR70% of rel.   V ˙  O2max [bpm]





	Mean
	59.3
	18.5
	185.5
	41.5
	12.2
	155.2



	±
	±
	±
	±
	±
	±
	±



	SD
	7.8
	2.1
	10.6
	5.4
	1.6
	12.6
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