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Abstract 

Background: Carbon-plated shoes may improve running performance by altering lower-limb 

biomechanics through increased longitudinal bending stiffness, compliant midsole foam, and 

rocker geometry. However, their neuromuscular effects remain inconsistent, and little is known 

about how runners with pronated feet, who exhibit distinct biomechanical and muscle activation 

patterns, respond to this footwear. 

Objective: To compare lower-limb electromyographic activity during running between runners 

with pronated feet who habitually used carbon-plated or conventional running shoes. 

Methods: In this pilot laboratory-based comparative study, 30 recreational runners with pronated 

feet were evaluated while running in their habitual footwear: carbon-plated shoes (n = 15) and 

conventional running shoes (n = 15). Surface electromyography (1000 Hz) was used to record the 

activity of the tibialis anterior, medial gastrocnemius, gluteus medius, biceps femoris, 

semitendinosus, rectus femoris, vastus medialis, and vastus lateralis during overground running. 

EMG signals were band-pass filtered (10–500 Hz), notch filtered at 60 Hz, normalized to 

maximum voluntary isometric contraction (%MVIC), and quantified using root mean square 

(RMS).  Muscle activation during the push-off phase was compared between groups using 

independent-samples t-tests. All muscle-specific analyses were considered exploratory, and a 

Bonferroni-adjusted significance threshold of p < 0.00625 was applied for the eight muscle-

specific comparisons. 

Results: No significant between-group differences were observed in age, height, body mass, or 

body mass index (all p > 0.05). Unadjusted analyses showed higher EMG amplitudes in the medial 

gastrocnemius (p = 0.035, d = 0.81), vastus medialis (p = 0.021, d = 0.931), and rectus femoris (p 

= 0.039, d = 0.795) during push-off in the carbon-plated footwear group compared with the 

conventional footwear group. However, none of these between-group differences remained 

statistically significant after Bonferroni correction for the eight muscle-specific comparisons 

(adjusted significance threshold: p < 0.00625).  No significant between-group differences were 

observed for the tibialis anterior, vastus lateralis, semitendinosus, biceps femoris, or gluteus 

medius (all p > 0.05). 

Conclusion: Runners with pronated feet who habitually used carbon-plated shoes showed higher 

unadjusted EMG amplitudes in the medial gastrocnemius, vastus medialis, and rectus femoris 

during push-off than those who habitually used conventional footwear. However, none of these 

between-group differences remained statistically significant after Bonferroni correction. These 

findings should therefore be considered exploratory and interpreted cautiously because the study 

was observational and the footwear models differed in multiple design characteristics beyond the 

presence of a carbon-fiber plate. 

Keywords: Footwear; Electromyography; Pronated feet; Lower-limb biomechanics; Gait 

analysis. 
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Highlights 

- Evaluated lower-limb EMG activity during running in runners with pronated feet. 

-Compared muscle activation during the push-off phase across distal and proximal lower-limb 

muscle groups. 

-Nominal between-group differences were observed in selected EMG amplitudes, but these 

differences did not remain statistically significant after correction for multiple comparisons. 

-Provides preliminary biomechanical observations in a population underrepresented in carbon-

plated footwear research. 

-Emphasizes the need for cautious interpretation due to the observational design and habitual 

footwear-related variables. 

Plain Language Summary 

 Carbon-plated running shoes are widely used by runners, but muscle activity patterns in runners 

with pronated feet who habitually use these shoes remain understudied. This laboratory study 

compared lower-limb muscle activity between recreational runners with pronated feet who 

habitually used carbon-plated running shoes and those who habitually used conventional running 

shoes. Surface electromyography (EMG) was used to assess activity in the calf, thigh, and hip 

muscles during the push-off phase of running. 

In the unadjusted analyses, runners in the carbon-plated footwear group showed higher EMG 

amplitudes in the medial gastrocnemius, vastus medialis, and rectus femoris than those in the 

conventional-footwear group. However, none of these between-group differences remained 

statistically significant after Bonferroni correction for the eight muscle-specific comparisons. 

These findings provide preliminary information on between-group EMG patterns in runners with 

pronated feet who habitually use different footwear configurations. Because the study was 

observational and participants were not randomly assigned to footwear conditions, the findings 

should not be interpreted as evidence that carbon-plated shoes caused changes in muscle activity. 

Differences in other footwear characteristics, such as midsole material, geometry, cushioning, and 

shoe mass, as well as participant-related factors, may also have contributed to the observed 

differences. Further randomized within-subject studies are needed to determine the specific 

contribution of different footwear characteristics to muscle activity during running.
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1. Introduction: 

Running is one of the most popular forms of physical activity because of its accessibility and well-

established health benefits. However, repetitive mechanical loading during running contributes to 

a high incidence of running-related musculoskeletal injuries, making the optimization of running 

biomechanics a major focus of sports medicine research (1, 2). Among the external factors 

influencing lower-limb biomechanics, footwear has attracted considerable attention because it 

directly alters the mechanical interaction between the foot and the ground (3, 4). Recent advances 

in footwear technology have led to the widespread use of  carbon-plated shoes, which combine a 

compliant and resilient midsole foam with a curved carbon-fiber plate to enhance running 

performance (5-8). The biomechanical effects of carbon-plated shoes are primarily attributed to 

the interaction between three key structural characteristics: increased longitudinal bending 

stiffness, compliant energy-returning midsole foam, and rocker geometry, rather than to the carbon 

plate alone (6, 8-10). Together, these features modify metatarsophalangeal and ankle joint 

mechanics, reduce energy dissipation at the foot, redistribute mechanical work across the lower 

extremity, and improve running economy in many runners (6, 8-10). Accordingly, the term carbon-

plated shoes in the present study refers to the complete shoe configuration incorporating a carbon-

fiber plate, rather than to the isolated effect of the plate itself. Because the present study compared 

commercially available footwear models with multiple differing design characteristics, any 

observed between-group differences should be interpreted as responses to the overall footwear 

configurations rather than as effects attributable specifically to the carbon-fiber plate. 

Foot posture is an important intrinsic determinant of lower-limb biomechanics because it 

influences how loads are transferred between the foot and the supporting surface during 

locomotion (3, 4, 11). Among different foot postures, excessive foot pronation has received 
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considerable attention owing to its effects on lower-limb alignment, mechanical loading, and 

neuromuscular control (11, 12). Pronated foot posture is relatively common among recreational 

runners, with more than one-third of this population reported to exhibit pronated feet (13). 

Pronated foot posture has also been reported in association with lower-limb musculoskeletal 

complaints, particularly involving the knee and ankle; however, these associations do not establish 

a causal relationship. Furthermore, pronation distortion syndrome has been reported in 

approximately 35.9% of amateur athletes, further emphasizing the clinical relevance of abnormal 

foot posture in athletic populations (14). 

Biomechanically, excessive pronation is characterized by prolonged rearfoot eversion, altered 

medial longitudinal arch mechanics, and increased tibial internal rotation during stance, resulting 

in changes in lower-limb alignment and load distribution throughout the kinetic chain rather than 

at the foot alone (12, 15-17). These mechanical alterations are accompanied by distinct 

neuromuscular activation strategies involving both distal and proximal muscles responsible for 

dynamic stability and propulsion, including the tibialis anterior, peroneus longus, gastrocnemius, 

quadriceps, and gluteus medius (4, 16, 18). Given that carbon-plated footwear incorporates distinct 

characteristics related to longitudinal bending stiffness, rollover mechanics, and distal joint 

function (6, 19), these characteristics may interact with the altered biomechanics associated with 

pronated feet and potentially influence neuromuscular responses. However, whether foot posture 

modifies the neuromuscular response to different footwear configurations remains a hypothesis 

requiring direct investigation in runners with different foot postures. Despite the rapid expansion 

of research on carbon-plated shoes, several important knowledge gaps remain. Most previous 

studies have focused on healthy runners with neutral or unspecified foot posture and have primarily 

evaluated global outcomes such as running economy, metabolic cost, and lower-limb 
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biomechanics rather than neuromuscular adaptations (6, 8, 20, 21). Although electromyography 

has occasionally been incorporated, the available evidence remains inconsistent, with studies 

reporting reduced, unchanged, or muscle-specific alterations in activation depending on footwear 

configuration and experimental conditions (2, 10, 19, 20, 22). Consequently, the neuromuscular 

mechanisms through which carbon-plated shoes modifies running biomechanics remain 

incompletely understood. 

These limitations are particularly relevant for runners with pronated feet, who exhibit distinct 

biomechanical and neuromuscular characteristics that may influence their response to footwear 

interventions (4, 16, 18, 23). To our knowledge, literature regarding the neuromuscular effects of 

carbon-plated shoes in runners with pronated feet is extremely limited, with prior work primarily 

focusing on running economy (24). Therefore, it remains unknown whether runners with pronated 

feet exhibit neuromuscular responses to carbon-plated shoes similar to those reported in healthy 

runners, or whether their altered foot biomechanics modifies these responses (4, 16, 18). 

Addressing this question is important from both mechanistic and clinical perspectives. 

Characterizing muscle activation patterns in this mechanically distinct population may improve 

understanding of how advanced footwear technology influences neuromuscular control during 

running and provide evidence to guide footwear selection, injury prevention, and rehabilitation 

strategies for runners with pronated feet (1, 4, 18). Therefore, it remains unclear how runners with 

pronated feet respond to different footwear designs, and whether foot posture contributes to 

variability in neuromuscular responses remains an important question for future research.
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2. Materials 

 

2.1. Participants 

 

This pilot, observational, cross-sectional laboratory study included 30 recreational runners with 

pronated feet. Participants were classified into one of two groups according to their habitual 

footwear: a carbon-plated running shoe group (n=15; mean age: 24.47±5.30 years) and a 

conventional running shoe group (n=15; mean age: 23.87±3.88 years, Table 1). No footwear 

condition was experimentally assigned or manipulated; participants performed all running trials 

exclusively in their own habitual running shoes. A priori sample size was estimated using G*Power 

software (version 3.1.9.7, Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany). Based 

on an F-test (ANOVA: Repeated measures, within-between interaction), an effect size (f=0.82) 

reported in a recent study, a significance level (α) of 0.05, and a statistical power (1−β) of 0.95, 

the minimum required sample size was calculated to be 10 participants per group (Nt=20)(18). To 

account for potential electromyographic (EMG) signal artifacts, potential data loss, and the 

exploratory nature of this pilot investigation, a total of 30 participants (15 per group) were recruited 

and included in the final analysis. All participants had at least three years of recreational running 

experience and reported running at least three times per week. Following institutional approval, 

volunteers were recruited from local running clubs and attended the Health Center of the 

University of Mohaghegh Ardabili, where they underwent a medical examination performed by a 

sports medicine physician before participation. 

Inclusion criteria were: (1) age between 18 and 35 years; (2) recreational running experience of at least 

three years; (3) a minimum training frequency of three sessions per week; (4) To ensure consistency in 

footwear size and habitual exposure, only participants who routinely wore EU size 41 running shoes and 

had used their habitual footwear for at least one year were included in the study; and (5) a pronated foot 

posture confirmed using the Foot Posture Index (FPI-6). Pronated foot posture was assessed using the six-
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item Foot Posture Index (FPI-6). A score of ≥+6 was used to classify a foot as pronated, and participants 

were required to meet this criterion bilaterally. The FPI-6 assessment was performed by a sports 

biomechanics specialist at the University Health Center. The assessor was blinded to participants’ habitual 

footwear group and was responsible only for the foot-posture assessment. All participants met the pronated-

foot criterion in both feet, with mean FPI-6 scores of 8.3 ± 1.4 for the right foot and 8.1 ± 1.2 for the left 

foot. The right lower limb was selected for EMG analysis because it was identified as the dominant limb 

using the soccer-ball kicking test. Assessor reliability was not independently assessed in the present study. 

Exclusion criteria included a history of lower-extremity injury during the previous year, previous lower-

extremity surgery, severe trunk deformity, withdrawal from the study, or injury occurring during the testing 

session (25, 26). All study procedures were performed under the supervision of a medical specialist and in 

accordance with the principles of the Declaration of Helsinki. Participants’ privacy and confidentiality were 

maintained throughout the study, and written informed consent was obtained from all participants prior to 

data collection. Ethical approval for the study was granted by the Ethics Committee of the University of 

Mohaghegh Ardabili (IR.UMA.REC.1401.085). 

Table 1. Demographic and Anthropometric Characteristics of the Participants. 

Variable Carbon-Plated 

Shoes (Mean ± SD) 

Conventional Shoes 

(Mean ± SD) 

p-value 

Age (years) 24.47±5.30 23.87±3.88 0.12 

Height (cm) 174.60±9.17 177.27±7.68 0.39 

Body Mass (kg) 69.93±10.91 74.32±9.95 0.26 

Body Mass Index 

(kg/m²) 

22.71±2.82 

 

 

23.10±2.95 

 

 

0.61 

Between-group comparisons were performed using independent samples t-tests. Statistical significance was set at p 

< 0.05. 

2.2. Footwear 

Two commercially available running shoe models with distinct overall design characteristics were 

evaluated. The carbon-plated footwear was the Nike ZoomX Vaporfly Next% 2 (Nike Inc., 

Beaverton, OR, USA), a racing shoe featuring a full-length curved carbon-fiber plate embedded 
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within a ZoomX (Pebax-based) midsole foam. This configuration has a heel stack height of 38.6 

mm, a forefoot stack height of 30.9 mm, a heel-to-toe drop of 7.7 mm, and an approximate weight 

of 196 g for a European size 41 (Figure 1). The conventional footwear was the ASICS Novablast 

4 (ASICS Corporation, Kobe, Japan), a neutral daily running shoe without a carbon-fiber plate. 

This model features a full-length FF BLAST™ PLUS ECO midsole and has a heel stack height of 

41.5 mm, a forefoot stack height of 33.5 mm, a heel-to-toe drop of 8 mm, and an approximate 

weight of 260 g for a European size 41 (Figure 2). The two footwear models differed in several 

design characteristics, including shoe category, midsole material, stack height, mass, cushioning 

properties, and mechanical characteristics. Therefore, the present study compared complete 

footwear configurations rather than isolating the contribution of the carbon-fiber plate. The 

detailed technical specifications of both shoe models are presented in Table 2. The technical 

specifications of both footwear models were obtained from the manufacturers’ official product 

specifications and verified against the corresponding shoe models used in the study. Before testing, 

all shoes were inspected by the researcher to ensure they were free from visible wear or structural 

damage, verifying that the midsoles, outsoles, and insoles were completely intact. Although 

participants routinely used the shoes corresponding to their group, they completed a standardized 

5-min familiarization run on the laboratory track before data collection to adapt to the testing 

environment and the overground running protocol (27).  Because this was an observational 

comparison of two commercially available footwear models, the observed between-group 

differences reflect the combined characteristics of the footwear, including the presence or absence 

of a carbon-fiber plate, midsole material, shoe mass, stack dimensions, geometry, and rocker 

characteristics, rather than the isolated effect of the carbon-fiber plate. Longitudinal bending 

stiffness and midsole compliance were not experimentally measured in the present study. 
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Table 2. Technical specifications of the carbon-plated and conventional running shoes. 

Characteristic Nike ZoomX Vaporfly Next% 

2 

ASICS Novablast 4 

Shoe category Racing shoe Neutral daily running shoe 

Manufacturer Nike Inc, Beaverton, OR, USA ASICS Corporation, Kobe, 

Japan 

Carbon-fiber plate Full-length curved carbon-fiber 

plate 

None 

Midsole material ZoomX (Pebax-based foam) FF BLAST™ PLUS ECO 

Heel stack height 38.6 mm 41.5 mm 

Forefoot stack height 30.9 mm 33.5 mm 

Heel-to-toe drop 7.7 mm 8 mm 

Shoe weight Approximately 196 g Approximately 260 g 

Shoe size used in the 

study 

EU 41 EU 41 

 

Figure 1. Carbon-Plated shoe. 

Figure 2. Control shoe. 
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2.3. Experimental 

 

Prior to the experiment, the dominant lower limb of each participant was determined using the 

soccer ball kicking test (28). and all participants were right-leg dominant; therefore, EMG 

recordings and analyses were performed on the right lower limb. To control for fatigue-related 

alterations in running biomechanics, participants were instructed to avoid vigorous physical 

training for 48 h before the laboratory session. All participants underwent a standardized 

orientation to familiarize themselves with the laboratory environment, running walkway, and 

instrumentation before data collection commenced (29). Running speed was monitored using a 

handheld stopwatch operated by the same investigator. Participants were instructed to complete 

the 18-m walkway in approximately 4.0 s, corresponding to a target average running speed of 

approximately 4.5 m/s. A practical acceptance range of 3.8–4.2 s (approximately 4.29–4.74 m/s) 

was used to identify trials with substantial deviation from the target running speed. Trials outside 

this range were discarded and repeated. Participants initiated running before entering the 

measurement area and continued beyond it to minimize the effects of acceleration and deceleration 

on the analyzed running phase. Three successful trials were recorded per participant, and their 

mean values were used for analysis. A trial was deemed successful if the participant maintained a 

continuous running pattern at the target speed without visible gait interruptions. A 30-s rest interval 

was provided between trials to prevent fatigue. 

Ground reaction forces were recorded using a force plate during the running trials and processed 

according to previously published biomechanical procedures (18). Ground reaction force signals 

were low-pass filtered at 20 Hz using a fourth-order zero-lag Butterworth filter. Initial contact and 

toe-off were identified from the vertical ground reaction force signal using a 10-N threshold. The 

push-off phase was defined as the period from the instant of peak vertical ground reaction force to 
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toe-off. These gait-event time points were synchronized with the EMG recordings and used to 

segment the EMG signals for calculation of normalized muscle activity during the push-off phase. 

Ground reaction force variables themselves were not analyzed or reported in the present study. 

Muscle electrical activity was recorded from the dominant lower limb using an eight-channel 

wireless EMG system (Biometrics Ltd., UK) sampling at 1000 Hz. In accordance with the 

SENIAM guidelines, the skin at the electrode placement sites was shaved and cleansed with 70% 

ethanol to reduce skin impedance. Bipolar Ag/AgCl surface electrodes (11 mm diameter, 25 mm 

inter-electrode distance) were secured over the muscle bellies of the selected lower-extremity 

muscles (Table 3) (30). For signal normalization, maximum voluntary isometric contraction 

(MVIC) values were obtained for each muscle  (30). A built-in reference electrode integrated into 

the Biometrics wireless EMG system was used according to the manufacturer's specifications. For 

the quadriceps muscles, participants performed maximal knee extension against resistance while 

seated with the knee flexed at 90°. Gastrocnemius activation was assessed during maximal 

plantarflexion in a standing position with the knee fully extended. Maximal dorsiflexion was 

performed to obtain reference values for the tibialis anterior. For the hamstring muscles, maximal 

knee flexion was performed in a prone position with the knee flexed to 90° against examiner 

resistance, whereas maximal hip abduction in a side-lying position was used as the reference 

contraction for the gluteus medius  (31-33). The raw EMG signals were processed using a 

band-pass filter of 10–500 Hz together with a 60 Hz notch filter to remove power-line interference. 

To facilitate comparison across participants, dynamic EMG amplitudes were normalized to the 

highest RMS value obtained during the three MVIC trials for each muscle and expressed as 

%MVIC. Because MVIC was obtained during standardized static contractions whereas running 

involves dynamic, task-specific muscle activation, normalized EMG values exceeding 100% 
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MVIC can occur. Such values may indicate that the static reference contraction did not fully 

capture the peak activation achieved during running and may also reflect differences in contraction 

mode, joint position, electrode placement, and task-specific neuromuscular recruitment. Therefore, 

%MVIC values greater than 100% were retained rather than truncated, but they were interpreted 

cautiously. For each muscle, three MVIC trials were performed, with each contraction maintained 

for 5 s and a 60-s rest interval between trials. Standardized verbal encouragement was provided 

during each maximal contraction. The RMS value was calculated over the central 3-s period of 

each 5-s MVIC trial to minimize the influence of the onset and termination phases of the 

contraction. The highest RMS value obtained across the three trials was used as the reference 

MVIC value for normalization. Signal processing and data analysis were conducted using Datalite 

and MATLAB software, and the Root Mean Square (RMS) values were calculated for further 

statistical analysis. 

Table 3. Electrode Placement Sites According to the SENIAM Protocol 

Muscle Electrode Placement Site 

TA Upper 30% of the line connecting the tip of the fibula to the medial malleolus of the 

ankle 

MG Most prominent region of the medial muscle belly 

GM 50% of the distance along the line connecting the anterior superior iliac spine to the 

greater trochanter 

BF 50% of the line connecting the lateral condyle of the tibia to the ischial tuberosity 

ST 50% of the line connecting the medial condyle of the tibia to the ischial tuberosity 

RF 50% of the distance along the line connecting the anterior superior iliac spine to the 

superior border of the patella 

VM Distal 80% of the line connecting the anterior superior iliac spine to the patella at 

approximately 55° relative to the longitudinal axis of the thigh 

VL Upper 35% of the distance along the line connecting the anterior superior iliac spine 

to the lateral border of the patella 
Table Note: Tibialis Anterior (TA), Medial Gastrocnemius (MG), Gluteus Medius (GM), Biceps Femoris (BF), 

Semitendinosus (ST), Rectus Femoris (RF), Vastus Medialis (VM), And Vastus Lateralis (VL). 

 

2.4. Statistical Analysis 
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Prior to parametric analyses, all underlying statistical assumptions were verified. Data distribution 

was assessed for normality using the Shapiro–Wilk test and visual inspection of Q–Q plots. 

Homogeneity of variance between the two groups was examined using Levene’s test for equality 

of variances; in cases where the assumption of homoscedasticity was violated, degrees of freedom 

and p-values were adjusted using Welch’s correction. The data were also screened for extreme 

outliers using boxplot distributions and studentized residuals. Differences in normalized EMG 

amplitudes (%MVIC) between the carbon-plated footwear group (n=15) and the conventional shoe 

group (n=15) were evaluated using independent-samples t-tests. Statistical analysis was performed 

using IBM SPSS Statistics (version 26; IBM Corp., Armonk, NY, USA), with the level of 

significance set at p<0.05. Cohen’s d effect sizes were calculated to quantify the magnitude of the 

differences between the two footwear conditions (34). All muscle-specific analyses were 

exploratory; no muscle was prespecified as a primary outcome. To account for multiple 

comparisons across the eight muscle-specific analyses, a Bonferroni-adjusted significance 

threshold of p<0.00625 was applied (0.05/8). 

3. Results 

No statistically significant between-group differences were observed in age (p = 0.120), height (p 

= 0.390), body mass (p = 0.260), or body mass index (p = 0.610). These characteristics are 

presented descriptively in Table 1.  The mean and standard deviation of normalized EMG activity 

(%MVIC) for the investigated muscles during the push-off phase of running are reported in Table 

4. During the push-off phase, higher EMG amplitudes were observed in the carbon-plated footwear 

group in the unadjusted analyses for the medial gastrocnemius (MG, p = 0.035, d = 0.81, 95% CI: 

−65.23 to −2.58), vastus medialis (VM, p = 0.021, d = 0.93, 95% CI: −65.68 to −6.29), and rectus 

femoris (RF, p = 0.039, d = 0.795, 95% CI: −54.33 to −1.48) compared with the conventional 
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footwear group. However, none of these between-group differences remained statistically 

significant after Bonferroni correction for the eight muscle-specific comparisons (adjusted 

significance threshold: p < 0.00625(. 

Table 4. Mean and Standard Deviation of Normalized EMG Activity (%MVIC) of Lower Extremity Muscles 

During Running Under the Two Footwear Conditions. 

Muscle Phase Control Shoe 

Mean ± SD 

CPS Mean ± SD d-value p-value 

TA Push-off 46.03 ± 13.38 40.76 ± 15.91 

 

0.359 0.335 

 

MG Push-off 98.49 ± 34.55 132.39 ± 48.10 0.810 0.035 

 

VM Push-off 123.13 ± 13.98 

 

159.12 ± 52.41 

 

0.931 0.021 

 

VL Push-off 114.20 ± 26.21 

 

141.23 ± 46.16 

 

0.720 0.059 

 

RF Push-off 123.94 ± 27.48 

 

151.85 ± 41.32 0.795 0.039 

 

ST Push-off 91.93 ± 31.70 

 

103.09 ± 38.20 

 

0.318 0.391 

 

BF Push-off 97.29 ± 13.34 105.70 ± 23.66 

 

0.438 0.241 

 

GM Push-off 263.58± 44.26 

 

237.94 ± 36.64 

 

0.631 0.095 

 

Table Note: CPS = carbon-plated shoes. TA, Tibialis Anterior; MG, Medial Gastrocnemius; GM, Gluteus Medius; 

BF, Biceps Femoris; ST, Semitendinosus; RF, Rectus Femoris; VM, Vastus Medialis; VL, Vastus Lateralis. 

Unadjusted p values are reported. The Bonferroni-adjusted significance threshold was p < 0.00625 for the eight 

muscle-specific comparisons; therefore, none of the muscle-specific comparisons reached the corrected significance 

threshold. 

Discussion  

The present study identified observed nominally higher EMG amplitudes in the medial 

gastrocnemius, vastus medialis, and rectus femoris in the carbon-plated shoesgroup; however, 

none of these muscle-specific differences remained statistically significant after Bonferroni 

correction for the eight comparisons. Specifically, higher unadjusted EMG amplitudes were 

observed for the MG (p = 0.035, d = 0.81, 95% CI: −65.23 to −2.58), VM (p = 0.021, d = 0.931, 

95% CI: −65.68 to −6.29), and RF (p = 0.039, d = 0.795, 95% CI: −54.33 to −1.48) during push-
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off. Because all three p-values exceeded the prespecified Bonferroni-adjusted threshold of 

0.00625, these findings should not be interpreted as statistically confirmed between-group 

differences. Rather, they represent nominal differences identified in the unadjusted analyses, with 

substantial uncertainty regarding whether they reflect reproducible differences in muscle activity. 

No nominal between-group differences were observed for the tibialis anterior (TA), vastus lateralis 

(VL), semitendinosus (ST), biceps femoris (BF), or gluteus medius (GM) (all p > 0.05). Thus, the 

overall pattern should be regarded as exploratory and hypothesis-generating rather than 

confirmatory. Because all participants had pronated feet and no neutral-foot comparison group was 

included, the present study cannot determine whether foot posture modifies the neuromuscular 

response to footwear. Accordingly, the nominal differences observed in selected muscles cannot 

be used to establish that pronated foot posture modifies the response to carbon-plated footwear. 

Nevertheless, the observed pattern may provide a basis for generating hypotheses may contribute 

to variability in EMG responses to different footwear designs, which warrants investigation in 

future studies including runners with different foot postures  (10, 20). Unlike most previous studies 

conducted in healthy runners with neutral foot posture, the present findings suggest a possible area 

of interest rather than providing evidence that foot posture is a determinant of muscular responses 

advanced footwear technology, although this possibility cannot be established from the present 

study (16, 18). 

The most notable nominal between-group difference was the higher medial gastrocnemius EMG 

amplitude during push-off in the carbon-plated footwear group. This pattern differs from previous 

studies reporting either reduced or unchanged plantar-flexor activity in healthy runners using 

carbon-plated shoes. For example, Hata et al. reported a substantial reduction in medial 

gastrocnemius EMG while participants ran in highly cushioned carbon-plated racing shoes (22), 
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whereas Beck et al. and Ghanbari et al. observed little or no change in plantar-flexor activation 

despite improvements in running economy and alterations in distal joint mechanics (10, 20). These 

findings have generally been interpreted as evidence that carbon-plated shoes may influence 

mechanical efficiency without consistently increasing plantar-flexor muscle activation. However, 

because these studies primarily included runners with neutral or unspecified foot posture, their 

findings may not be directly applicable to runners with pronated feet (16, 18). Importantly, the 

nominal MG difference observed in the present study should also be interpreted cautiously because 

it did not survive correction for multiple comparisons. Therefore, the apparent discrepancy with 

previous findings may reflect sampling variability, differences in footwear configuration, 

participant characteristics, or other uncontrolled factors rather than a true difference in plantar-

flexor response. 

A possible explanation for the nominally greater medial gastrocnemius activationobserved in the 

carbon-plated footwear group relates to the interaction between footwear characteristics and the 

biomechanical features of pronated feet.  Carbon-plated shoes are characterized by greater 

longitudinal bending stiffness and may influence mechanics at the metatarsophalangeal and ankle 

joints (6, 22). Reduced metatarsophalangeal motion with stiffer or intact carbon-plated 

constructions has been reported across biomechanical studies (9, 19, 35). Carbon-plate geometry 

and placement may also modify forefoot loading and load-transfer pathways, with curved or 

thicker configurations tending to reduce forefoot plantar pressure and alter medial load transfer 

(36, 37). These mechanisms could plausibly contribute to differences in plantar-flexor EMG; 

however, the present data do not establish that such mechanisms occurred in our participants. 

Because plantar pressure, joint kinematics, and kinetics were not measured in the present study, 
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the proposed mechanistic explanation remains uncertain and should be considered hypothesis-

generating rather than explanatory of the observed nominal difference(6, 16, 19, 35, 38). 

In pronated feet, excessive pronation has been associated with altered lower-limb kinematics and 

kinetics, including greater knee and hip internal rotation and altered ankle mechanics (16) . 

Pronated-foot populations have also been reported to exhibit greater medial gastrocnemius 

activation under certain running conditions (16, 38).   Together, these findings provide a plausible 

context for the nominal MG difference observed in the present study. However, they do not 

establish that pronation modified the response to the footwear conditions in the present study, and 

the underlying mechanism cannot be confirmed without concurrent kinematic and kinetic 

measurements. The present study also observed nominally higher unadjusted EMG amplitudes of 

the vastus medialis and rectus femoris in the carbon-plated footwear group. Evidence regarding 

quadriceps activation in carbon-plated shoes is more mixed than for plantar-flexors. Beck et al. 

found no change in muscle activity across seven leg muscles with greater footwear bending 

stiffness (20), whereas Chen et al. reported that higher longitudinal bending stiffness significantly 

increased activation of vastus medialis and vastus lateralis (19).  Excessive pronation has also been 

linked to altered proximal mechanics, including knee flexion and internal rotation changes, and 

some authors have emphasized the importance of knee extensor function in pronated-foot 

populations (16). Altered distal mechanics associated with carbon-plated shoes have been 

proposed to redistribute mechanical demand toward more proximal joints, particularly when 

metatarsophalangeal motion is constrained (6, 35). Although these mechanisms could provide a 

plausible explanation for the nominal differences in VM and RF activity, the absence of statistical 

significance after Bonferroni correction means that the present study cannot distinguish these 

possible mechanisms from random variation or residual confounding. Therefore, the higher 
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unadjusted EMG amplitudes observed for the vastus medialis and rectus femoris should be 

interpreted as uncertain between-group patterns rather than evidence of altered neuromuscular or 

compensatory strategies  (19, 35). Interestingly, no nominal between-group differences were 

observed in the tibialis anterior, semitendinosus, biceps femoris, vastus lateralis, or gluteus medius. 

This pattern is broadly consistent with prior work showing that carbon-plated or stiffness-related 

interventions do not uniformly change lower-limb EMG (20, 39). Tibialis anterior responses 

appear to depend on footwear configuration and testing context: Beck et al. found no effect with 

greater bending stiffness (20), whereas Xu et al. found tibialis anterior activation differed by 

curved versus flat plate shape and fatigue state (2). Hamstring and thigh-muscle responses during 

running can also remain relatively unchanged across biomechanical conditions; for example, 

rectus femoris and biceps femoris activity was similar between rearfoot and forefoot running 

techniques in one SPM analysis (40). Thus, the absence of nominal differences in several muscles, 

together with the lack of statistically significant findings after correction, suggests that there is 

currently insufficient evidence for a consistent or uniform effect of the compared footwear 

configurations on lower-limb EMG. The inconsistent electromyographic findings across studies 

likely reflect differences in both footwear design and participant characteristics. Reviews conclude 

that carbon-plated or high-stiffness shoes show mixed effects on running economy and 

biomechanics, and that plate geometry, placement, foam, and other shoe features all matter (6, 41). 

Carbon-plated shoes do not produce consistent changes in joint power or leg stiffness across 

healthy-adult crossover studies (21). Participant factors such as fatigue state, strike pattern, and 

foot posture also change lower-limb mechanics and EMG responses (16, 35, 40). 

The present findings therefore do not provide definitive evidence of a footwear-related alteration 

in muscle activity. Instead, the nominal differences observed in three muscles may indicate 
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potentially relevant patterns that require confirmation in adequately powered and better-controlled 

studies.  EMG responses to different footwear configurations may vary between runners and may 

depend on the interaction between shoe construction and runner characteristics (21, 41). However, 

given the corrected statistical analysis, these possibilities remain uncertain and should not be 

interpreted as established effects. 

However, because the present study compared complete footwear configurations, these 

observations cannot be attributed specifically to the carbon-fiber plate. Differences in midsole 

properties, geometry, cushioning, mass, and other design characteristics may also have contributed 

to the nominal EMG differences. Moreover, because the study was observational and participants 

were classified according to habitual footwear use, differences between groups may also reflect 

participant characteristics or prior exposure to the respective footwear rather than the footwear 

configurations themselves.  From a clinical perspective, the present findings should be interpreted 

cautiously. The biomechanical responses to carbon-plated shoes should not be assumed to be 

identical across all runners. Although some carbon-plated designs have been reported to improve 

running economy, the magnitude and underlying mechanisms are inconsistent and are not 

explained by plate stiffness alone (9). In runners with pronated feet, distinct activation patterns 

during propulsion are plausible given known alterations in lower-limb alignment and muscle 

activity  (16, 38). Nevertheless, the present study does not provide statistically significant evidence 

that carbon-plated footwear alters EMG activity in any of the eight muscles after correction for 

multiple comparisons. The observed EMG differences in the present study should not be 

interpreted as evidence of beneficial or harmful clinical effects. Higher or lower EMG amplitude 

alone does not establish changes in muscle force, injury risk, pain, running performance, 

rehabilitation outcomes, or long-term adaptation. Whether these acute muscle activation patterns 
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have meaningful functional or clinical consequences over longer periods of footwear use remains 

unresolved  (35, 41). 

The present study has several strengths. To our knowledge, it is among the first studies to examine 

lower-limb EMG activity in runners with pronated feet who habitually use carbon-plated footwear, 

addressing a population that remains underrepresented in advanced footwear research. In addition, 

both distal and proximal lower-limb muscles were assessed during overground running, providing 

a broader assessment of muscle activity than studies examining isolated muscle groups (20, 35). 

Several limitations should, however, be considered when interpreting the findings. First, the cross-

sectional between-group design based on habitual footwear use limits causal inference and 

introduces the possibility of selection bias. The absence of randomization and the use of habitual 

footwear groups may have resulted in systematic baseline differences between groups that could 

not be fully controlled in the present study. Differences in habitual footwear exposure and other 

unmeasured participant characteristics may have contributed to the observed between-group 

differences. Although all participants were male and the dominant right lower limb was assessed, 

several potentially relevant variables, including weekly running volume, habitual running pace, 

foot-strike pattern, duration of habitual shoe use, accumulated shoe mileage, and other training-

related characteristics, were not systematically collected or controlled. Therefore, residual 

confounding cannot be excluded, and the observed between-group differences in EMG amplitude 

may partly reflect participant characteristics other than footwear type. These sources of uncertainty 

are particularly important because the three nominal differences did not remain statistically 

significant after Bonferroni correction. Randomized within-subject crossover studies are 

warranted to better determine footwear-related causal effects. Although a practical acceptance 

range of 3.8–4.2 s was used, running speed was monitored using a handheld stopwatch rather than 
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an automated timing system. Because trial-level completion times were not retained, group-

specific variability in running speed could not be retrospectively quantified. Therefore, small 

variations in instantaneous running speed and the effects of acceleration or deceleration cannot be 

completely excluded. Second, this was a pilot study with a relatively small sample size, which may 

have limited statistical power, particularly for muscles showing moderate effect sizes but non-

significant between-group differences. Accordingly, the absence of statistically significant corrected 

findings should not be interpreted as proof of no effect; rather, the present study cannot reliably distinguish 

between the possibility of small or moderate footwear-related effects and sampling variability. Conversely, 

the nominal p-values observed for MG, VM, and RF should not be interpreted as evidence of confirmed 

effects because they did not meet the prespecified corrected threshold.An additional consideration 

concerns the normalized EMG values exceeding 100% MVIC observed in several muscles, 

particularly the gluteus medius. Although the highest RMS value from three standardized MVIC 

trials was used as the normalization reference, the selected static MVIC tasks may not have fully 

elicited the maximal activation achievable during dynamic running. Dynamic muscle activation 

can differ from static reference contractions because of differences in joint position, contraction 

mode, muscle length, force direction, and task-specific neuromuscular recruitment. In addition, 

surface EMG normalization is sensitive to electrode placement, cross-talk, and day-to-day 

variability. Therefore, values exceeding 100% MVIC should not be interpreted as indicating that 

the muscle generated more than a physiologically meaningful ‘100%’ activation level. Rather, they 

represent EMG amplitudes that were greater than the reference RMS obtained during the 

standardized MVIC task. This issue may have introduced additional variability into the normalized 

EMG measurements and should be considered when interpreting between-group differences. 

Third, only one commercially available carbon-plated shoe model was evaluated; therefore, the 

findings cannot be generalized to shoes with different plate geometries, bending stiffness, midsole 
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materials, or rocker profiles. Longitudinal bending stiffness and midsole compliance were not 

experimentally measured in the present study, limiting our ability to determine how these 

mechanical properties contributed to the observed EMG differences. Although all participants had 

used their habitual footwear for at least one year, the exact accumulated mileage of the shoes was 

not systematically recorded, which may have introduced additional variability in the observed 

EMG responses. Fourth, only surface electromyography was collected. Consequently, muscle 

force, tendon behavior, joint loading, and the biomechanical mechanisms underlying nominal 

EMG differences could not be assessed directly. The absence of synchronized three-dimensional 

kinematic, kinetic, plantar-pressure, and metabolic measurements further limits interpretation of 

the underlying mechanisms. Finally, the study assessed EMG activity during a single laboratory 

session, and the influence of long-term habituation or training with these footwear types remains 

unknown. Taken together, these limitations indicate that the present findings should be interpreted 

primarily as preliminary, hypothesis-generating observations. Confirmation of any footwear-

related differences in muscle activity will require larger, randomized within-subject studies with 

mechanically characterized footwear, standardized running conditions, and appropriate control of 

potential confounding variables. 

Conclusion 

Although unadjusted EMG amplitudes in the medial gastrocnemius, vastus medialis, and rectus 

femoris were nominally higher in the carbon-plated footwear group, none of these differences 

reached statistical significance after Bonferroni correction, precluding definitive conclusions 

regarding neuromuscular adaptations in runners with pronated feet. Given the observational, cross-

sectional design and habitual footwear usage, these findings do not establish a causal relationship 

and should be regarded as exploratory data. Future randomized, within-subject longitudinal 
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studies, incorporating synchronized kinematic and kinetic measurements, are required to elucidate 

whether specific footwear configurations fundamentally alter neuromuscular recruitment 

strategies in this population.  
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