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ABSTRACT

Carbon-plated footwear may alter the mechanical interaction
between the foot and ground. However, its biomechanical effects in runners
with pronated feet during walking remain unclear. This study aimed to compare
ground reaction force (GRF) components during walking between carbon-
Published: 10 October 2026 plated and conventional footwear in runners with pronated feet.

This quasi-experimental laboratory study included 30 runners with
pronated feet who were randomly assigned to carbon-plated (n=15) and
conventional footwear (n=15) groups. Kinetic data were recorded using a
Bertec force plate at a sampling frequency of 1000 Hz and normalized to body
weight. Independent-samples t-tests were used to compare the two groups at a
significance level of P<0.05. Cohen’s d was calculated as an effect size.

Ground reaction force, Flat During the heel contact phase, medial-lateral peak force (P=0.04,
foot, Carbon shoe, d=1.16) and the anterior-posterior force (P=0.01, d=0.99) differed significantly
Runners. between groups, with a smaller absolute braking force in the carbon-plated
group. The time to peak anterior-posterior force was also greater in the carbon-
plated group (P=0.02, d=0.872). During push-off, vertical force (P=0.02,
d=0.906), time to peak anterior-posterior force (P=0.009, d=1.027), and time to
peak vertical force (P=0.006, d=1.098) were significantly greater in the carbon-
plated group.

Compared with conventional footwear, carbon-plated footwear
was associated with a greater peak medial-lateral force, a reduction in anterior-
posterior force during heel contact, and a greater peak vertical force during
push-off. Furthermore, time to peak anterior-posterior force during heel
contact and times to peak anterior-posterior and vertical forces during push-
off were increased.
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Introduction

In recent years, the increasing popularity and specialization of running have drawn growing
attention to sports footwear as a key interface between the body and the ground (1). These shoes
typically combine a highly stiff carbon-fiber plate with lightweight, elastic foams that provide high
energy return. This structure may increase the longitudinal stiffness of the foot-shoe system,
improve energy storage and return, and reduce mechanical energy losses, potentially enhancing
running economy and performance (2, 3). The widespread use of carbon-plated footwear began
around 2016 with the introduction of energy-return technologies, which manufacturers claimed
could reduce energy consumption, increase speed, and improve running performance (4).
Subsequent notable records in endurance races and marathons further stimulated research interest
in the mechanisms underlying their performance effects (5). However, findings regarding the effects
of footwear characteristics on ground reaction forces (GRFs) have been inconsistent. GRF responses
may depend on footwear features such as bending stiffness, rocker geometry, midsole construction,
and plate placement (6-8). In individuals with pronated feet, footwear modifications and anti-
pronation interventions have also been associated with changes in GRF characteristics during
walking (9-12). Foot pronation is a common biomechanical condition, with a reported prevalence of
10-25% in the general population (13). It is characterized by a reduced medial longitudinal arch,
excessive rearfoot eversion, and changes in lower-limb alignment (10, 14, 15). These characteristics
may be associated with changes in lower-limb kinematics and kinetics, redistribution of GRFs, and
altered joint loading patterns (10, 16-18). Previous studies have demonstrated that footwear
characteristics can modify lower-limb mechanical behavior, although the magnitude and direction
of these responses may vary according to shoe design and movement conditions (2, 19-23). Pronated
foot posture has also been associated with an increased risk of lower-limb injuries, including
patellofemoral pain, dynamic knee valgus, and plantar fasciitis (12, 24, 25). Furthermore, increased
longitudinal stiffness of the foot-shoe system, a key feature of carbon-plated footwear, may modify
force transmission and mechanical loading by changing the moment arms of the ankle and
metatarsophalangeal joints (2). Therefore, the biomechanical responses of runners with pronated
feet to carbon-plated footwear may differ from those of individuals with normal foot structure.
Although several studies have reported positive effects of carbon-plated footwear on running
economy and athletic performance (16, 17), other studies have reported nonsignificant effects or
findings that depend on individual characteristics (6, 26, 27). Evidence on the effects of carbon-
plated footwear on GRFs in runners with pronated feet remains limited. Because walking and
running differ in loading patterns and foot-ankle mechanics, footwear responses may vary between
activities. As most studies have focused on running, investigating walking may provide
complementary insights into footwear-foot interactions in runners with pronated feet. The present
study aimed to compare ground reaction force (GRF) components and their temporal characteristics
during walking between recreational runners with pronated feet wearing carbon-plated and
conventional footwear. It was hypothesized that GRF components and their temporal characteristics
would differ significantly between the two footwear conditions.

Methods

This quasi-experimental laboratory study included 30 recreational runners with pronated feet. An a
priori sample-size calculation using G*Power 3.1 indicated that at least 23 participants were
required, based on an effect size of 0.621 for time to peak mediolateral ground reaction force during
heel contact (TTPFXHC), a statistical power of 80%, and an alpha level of 0.05 (17). The final sample
consisted of 30 participants recruited from the local running community. Participants were required
tobe 18-35 years old, have atleast three years of regular running experience, run atleast three times
per week, and cover a minimum of 20 km per week. Foot posture was assessed using the Foot
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Posture Index-6 (FPI-6), with a score of =+6 indicating pronated foot posture (19, 28). All
participants met this criterion. The dominant limb was identified using the preferred kicking leg
(29). Participants were randomly allocated to either the carbon-plated footwear group (n = 15) or
the conventional footwear group (n = 15), and the same experimental procedure was applied to both
groups. Exclusion criteria included a history of lower-limb musculoskeletal injury during the
previous year that required medical care or restricted physical activity for more than one week;
previous orthopedic surgery or major trauma involving the lower limbs, pelvis, or spine; severe
trunk or spinal deformities; a structural leg-length discrepancy greater than 1 cm; and neurological,
vestibular, or systemic conditions that could affect balance, gait, or motor control. Participants were
also excluded if they sustained an acute musculoskeletal injury during the study or voluntarily
withdrew (27, 30). All procedures were conducted under the supervision of a medical specialist in
accordance with the Declaration of Helsinki. Written informed consent was obtained from all
participants, and participant confidentiality was maintained. All participants familiarized
themselves with each shoe by walking for five minutes (31). All participants were familiarized with
the testing procedures before the assessment (32). To improve measurement reliability, each
participant completed three walking trials, and the mean values were used for statistical analysis
(33). All force data were normalized to body weight to account for differences in participants’ body
mass (34). Participants were assigned to the carbon-plated or conventional shoe group. Between-
group differences were analyzed using independent-samples t-tests in SPSS version 26, with
statistical significance set at p < 0.05. Effect sizes were calculated using Cohen’s d (35).

Results

The results showed no significant differences in the demographic characteristics of the two groups
(Table 1). As shown in Table 2, significant between-group differences were observed in peak medial-

lateral force (p =0.04, d = 1.16) and anterior-posterior force (p=0.01, d = 0.99) during heel contact.
Additionally, the time to peak anterior-posterior force during heel contact was significantly greater
in the carbon-plated footwear group than in the conventional footwear group (p = 0.02, d = 0.872).
In contrast, statistical analyses during push-off revealed significant increases in peak vertical force
(p =0.02,d =0.906), time to peak anterior-posterior force (p = 0.009, d = 1.027), and time to peak
vertical force (p = 0.006, d = 1.098) in the carbon-plated footwear group compared with the
conventional footwear group (Fig. 1).

Discussion

The aim of the present study was to investigate the effects of carbon-plated footwear on GRF
components in runners with pronation abnormalities. The findings showed that carbon-plated
footwear was associated with differences in selected kinetic patterns during walking, particularly in
variables related to loading and push-off. The main findings included a longer time to peak anterior-
posterior force during heel contact, differences in medial-lateral and anterior-posterior forces, and,
during push-off, a greater vertical force and longer times to peak anterior-posterior and vertical
forces. One of the main findings was the longer time to peak anterior-posterior force during heel
contact. This variable provides information about the temporal development of force during foot
contact with the ground. A longer time to peak force may indicate that the force reaches its maximum
later during the contact phase; however, this finding alone does not establish that loading occurs
more gradually or that mechanical stress on the lower extremity is reduced (36). The longer time to
peak anterior-posterior force during the heel contact phase observed in the present study is
consistent with the broader literature examining the effects of footwear design on force transmission
and lower-limb biomechanics (37). Because runners with pronation abnormalities may demonstrate
differences in lower-limb mechanics, the temporal changes observed with carbon-plated footwear
may be relevant to understanding footwear-related loading patterns. Nevertheless, further research
is needed to determine whether these changes are associated with reductions in mechanical stress
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Fig. 1. Comparison of time to peak ground reaction force components (ms) between carbon plate footwear
and control footwear.

on lower-extremity tissues (38). The results also showed that carbon-plated footwear was
associated with a lower absolute anterior-posterior force during heel contact. This component
represents the braking force applied to the body when the foot contacts the ground. The less negative
values observed with carbon-plated footwear indicate a reduction in the magnitude of this braking
force. Such a difference may reflect a change in the interaction between the foot, shoe, and ground
during initial contact. However, the present study did not directly assess movement efficiency or
energy expenditure. Therefore, it cannot be concluded that the lower braking-force magnitude
improved movement efficiency or reduced energy loss. Previous research has examined
relationships between footwear characteristics, mechanical loading, and running economy, although
the implications of these findings for walking remain uncertain (2, 27). Another finding was the
difference in vertical force during heel contact. Although the mean vertical force was numerically
higher in the carbon-plated footwear group, the difference did not reach statistical significance (p =
0.05). Therefore, this result should not be interpreted as evidence of a significant increase in vertical
force during heel contact. More broadly, force magnitude and time to peak force represent different
aspects of GRF behavior, and neither measure alone is sufficient to determine the mechanical loading
experienced by specific tissues. Consequently, conclusions about force absorption, redistribution, or
injury risk require additional biomechanical evidence (2, 6). The findings during push-off showed
that the times to peak anterior-posterior and vertical forces were significantly longer with carbon-
plated footwear. These differences suggest that the timing of force development during this phase
varied between the footwear conditions. This may be related to differences in the mechanical
properties of the shoes, including longitudinal bending stiffness and midsole construction. Previous
research has investigated how carbon-plated footwear affects running biomechanics and the
mechanical characteristics of the foot-shoe system (39). However, the present study did not directly
measure energy storage or return; therefore, the longer times to peak force cannot be taken as direct
evidence of more effective energy utilization or improved movement performance. Further research
incorporating direct measurements of energy expenditure and foot-shoe mechanics is needed to
clarify the mechanisms underlying these differences. Peak vertical force during push-off was also
significantly greater in the carbon-plated footwear group. This finding may indicate that the
footwear conditions were associated with differences in vertical force production during the push-
off phase. Increased longitudinal bending stiffness and changes in the lever function of the foot have
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been proposed as potential mechanisms through which carbon-plated footwear may influence
lower-limb mechanics (7). Nevertheless, a greater peak vertical force does not necessarily indicate
improved propulsion or increased injury risk. Moreover, previous studies have reported
inconsistent findings concerning peak vertical force and other biomechanical outcomes in carbon-
plated footwear (6, 7, 26). These differences may be related to variations in movement speed,
footwear design, participant characteristics, and foot structure. Because all participants in the
present study had pronation abnormalities, the findings should be interpreted within the
characteristics of this specific population. The present study also identified a significant difference
in peak mediolateral force during heel contact. This finding indicates that the mediolateral
component of the GRF differed between the footwear groups at initial contact. However, the clinical
significance of this difference remains uncertain. Previous studies have examined the relationships
between foot posture, lower-limb mechanics, and GRF characteristics during walking, as well as the
effects of interventions targeting foot mechanics (40, 41). Differences in participant characteristics
and experimental protocols may contribute to variation across studies. Pronation-related
biomechanical characteristics may be relevant to the interpretation of footwear responses, but the
present study did not include participants with normal foot posture. Therefore, it cannot establish
whether these findings are specific to runners with pronated feet or whether foot posture modifies
the response to footwear design. This study had several limitations. First, the participants were
recreational runners with pronation abnormalities; therefore, the findings should be generalized
cautiously to competitive runners, individuals without pronation, and other populations. Second,
only one carbon-plated shoe model and one conventional shoe model without a plate were
examined. Consequently, the findings cannot be generalized to all carbon-plated footwear, and the
observed differences cannot be attributed exclusively to the carbon-fiber plate because shoe
geometry, midsole construction, bending stiffness, and other design characteristics may also affect
biomechanical responses. Third, the assessment was conducted under laboratory conditions during
walking; therefore, the findings may not represent biomechanical responses during natural running
or prolonged activity. In addition, the study examined acute responses to footwear and did not
evaluate the effects of long-term adaptation.

Conclusion

Overall, carbon-fiber plated footwear was associated with changes in GRF patterns in runners with
pronated feet. Longer time to peak force during heel contact may indicate more gradual loading,
whereas increased shear and vertical forces during push-off may increase mechanical demands on
foot and ankle stabilizing structures. These findings highlight the importance of considering
individual foot biomechanics when prescribing carbon-fiber plated footwear.
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