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Objective: This study examined the effect of three levels of longitudinal bending
stiffness (LBS) in carbon-plated shoes on lower limb biomechanics.
Methods: Fifteen elite male marathon runners, each with a personal best under
3 h, participated in the study. They were tested wearing shoes with three LBS
levels: low (LLBS, 0.31 Nm/deg), medium (MLBS, 0.40 Nm/deg), and high
(HLBS, 0.48 Nm/deg). All participants ran at a constant speed of 4.76 m/s.
Kinematic and kinetic data were synchronously collected using the VICON
motion capture system and three AMTI force plates. Angular parameters of the
ankle, knee, hip, and metatarsophalangeal (MTP) joints were calculated using
the sagittal plane coordinate system. Joint moments and joint work (positive
and negative) at each lower limb joint were analyzed using the built-in inverse
dynamics module in Visual3D.
Results: In terms of kinematics, the maximum dorsiflexion angle of the MTP joint
during the late stance phase and the range of motion during the stance phase was
significantly lower in the MLBS to HLBS shoes than in the LLBS shoes. Negative
work at the MTP joints was significantly higher in the LLBS shoes than in the HLBS
shoes (LLBS: 0.21 ± 0.05 J/kg, MLBS: 0.16 ±0.03 J/kg, HLBS: 0.13 ±0.05 J/kg,
F= 12.053, p=0.001). Additionally, the maximum hip extension moment was
also significantly affected by LBS (F =6.561, p=0.012, η2=0.286), with the
MLBS (1.49±0.27 Nm/kg) shoes showing lower values than both LLBS
(1.80±0.33 Nm/kg, p=0.021) and HLBS (1.58±0.32 Nm/kg, p=0.047). The MLBS
shoes significantly increased positive work at the ankle joint (LLBS: 0.66±
0.08 J/kg, MLBS: 0.71 ±0.10 J/kg, HLBS: 0.69±0.08 J/kg, F=3.292, p=0.047).
Conclusions: This study demonstrates that increasing the LBS shoes alters the
lower limb biomechanical performance of elite marathon runners. Both MLBS
and HLBS conditions reduced MTP joint dorsiflexion, but MLBS shoes
significantly increased positive work at the ankle joint and improved joint
function while maintaining lower hip joint moments. Among the three
conditions, MLBS better balanced mechanical efficiency and natural joint
function, suggesting it may be a more biomechanically suitable option for elite
marathon runners. These findings provide valuable insights for optimizing LBS
in performance shoe design, with MLBS offering a potential advantage in both
biomechanical performance and injury prevention.
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Introduction

Marathon events surged in popularity worldwide beginning in

the 1970s and 1980s, (1–4). As marathon sports rapidly developed,

the marathon footwear industry expanded accordingly, with

manufacturers continuously introducing new running shoe

models. In response to the pioneering “Nike Vaporfly 4%,”

which demonstrated significant performance benefits for

marathon running, numerous footwear companies have

developed advanced footwear technologies (AFT) (5). AFT shoes

feature a curved rigid plate embedded within a soft, highly

resilient foam midsole, combined with a distinct sagittal-plane

rocker sole geometry (6). The integration of a curved rigid

carbon plate elevates the longitudinal bending stiffness (LBS) of

shoes, consequently inducing a series of kinematic and kinetic

alterations in a runner’s gait. These modifications include

increased ankle dorsiflexion, reduced metatarsophalangeal(MTP)

dorsiflexion, and an increased moment arm of the ground

reaction force (GRF) (7–9).

Variations in carbon fiber plate(CFP) geometry and placement

induce distinct modifications in lower-extremity biomechanical

parameters during running. Song et al. (10) demonstrated

through finite element analysis that embedding a 3 mm carbon

plate above the outsole reduced peak plantar pressure during

forefoot strike by 31.91% compared with non-plated shoes.

Additional research (11) found that curved CFP provide forefoot

pressure reduction (5.51%–12.62% greater attenuation) superior

to flat plate configurations. Flore et al. (12) positioned the CFP

between the insole and midsole, observing reductions in vertical

ground reaction force (GRF) and positive work at the knee joint

during running. McLeod et al. (13) examined two running

speeds (2.98 vs. 4.47 m/s) and found that rearfoot strikers

required higher LBS at faster speeds, whereas midfoot strikers

maintained optimal LBS across speeds. This discrepancy

originates from their distinct movement patterns: rearfoot strikers

depend on LBS for propulsion, whereas midfoot strikers

complete the push-off motion through MTP joint movement.

In March 2025, the Chinese Athletics Association issued the

China Athletics Association Road Race Classification Standards

for Amateur Runners (Implementation Measures), defining

amateur runners under 34 years old who complete a full

marathon within 3 h as “Elite Level” (14). Among amateur

runners, those achieving full marathons under three hours

represent a unique cohort, combining high participation

enthusiasm with near-professional performance. This group

exhibits significantly higher weekly running volumes (≥50 km)

and joint loading intensities than average runners (15), yet

demonstrates smaller Achilles tendon cross-sectional areas than

elite athletes (16). When wearing shoes with varying LBS, they

may display distinct lower-limb biomechanical responses.

Moreover, discrepancies in CFP placement between experimental

shoe designs and commercially available models complicate the

direct application of existing findings to product optimization

(17–19). Some studies place CFP between the midsole and insole,

contrary to commercial marathon shoes, which embed them

within the midsole. These differences cause difficulty to directly

apply the conclusions of such studies to shoes (17–19).

A variety of mechanistic explanations have been proposed for

the effects of LBS on lower extremity biomechanics during

running. Some scholars have suggested that an increase in LBS

may limit excessive dorsiflexion of the MTP joints, which in turn

reduces energy loss and improves ankle joints positive work (7,

20). Some studies have also observed differences in the

distribution of joint power and moments under different stiffness

conditions, but there are no consistent conclusions suggesting

that increased stiffness systematically alters the proportion of

loading on the proximal or distal joints (21, 22). The shoe

designs used in these studies varied widely, including the location

(above the insole, inside the midsole, or close to the outsole) and

shape (flat or curved plate) of the carbon plate, making the

findings difficult to compare (23, 24). In addition, most of the

current studies on the effects of LBS have focused on average

runners, covering subject groups with large differences in

training intensity, gait patterns, and joint control (25). Elite-level

marathon runners, with long-term training accumulation and

relatively stable movement patterns, may be unique in terms of

power chain coordination, energy utilization patterns, and

response mechanisms to external structures (26). Therefore, it is

difficult to directly extrapolate the conclusions drawn from a

sample of mass runners only to the elite runner population. In

the existing literature, there is still a lack of systematic research

on the biomechanical performance of the lower limbs of elite

runners wearing commercially available LBS shoes at real race

speeds, especially in the rearfoot strike mode, where the specific

effects of different LBS settings on the dynamic characteristics of

the joint angles, moments, and work done are still unclear.

Therefore, this study aims to examine the effect of shoes with

varying LBS levels on lower-limb biomechanics in runners who

complete a full marathon within 3 h using a rearfoot strike

pattern. We hypothesize that higher LBS will decrease maximum

MTP joint dorsiflexion angles and negative work, at the same

time increasing positive work at the MTP and ankle joints. To

test this theory, we analyze kinematic and kinetic data from male

rearfoot-strike runners (full marathon times under 3 h), using

shoe designs that replicate commercial models with midsole-

embedded CFP. If validated, these findings may provide scientific

guidance on shoe selection advice for elite marathon runners and

serve as a reference for optimizing LBS design in marathon shoes.

Methods

Participants

The sample size was calculated using G*POWER software

(Erdfelder, Faul, & Buchner, 1996). The actual statistical analysis

method used was repeated-measures analysis of variance (ANOVA),

with an effect size of 0.4, a significance level (α) of 0.05, a power

(1-β) of 0.8, one group, and three measurements. The assumed

effect size ( f = 0.4) was informed by prior studies reporting
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substantial biomechanical differences across shoe stiffness conditions,

supporting the justification for a large effect (20, 21, 27). The

minimum required sample size was 12. Ultimately, fifteen healthy

adult male marathon runners were recruited. The inclusion criteria

were as follows: European shoe size 41, right leg dominance,

rearfoot strike pattern, no history of lower limb neuromuscular

injuries in the past three years, a weekly running distance of not

less than 50 km, and a marathon personal best of under 3 h.

Experimental shoe design

The experimental footwear for this study was provided by Xtep

Co., Ltd. (China), using the Xtep 160X 3.0 Pro running shoe as the

base model, with modifications not available in commercial models.

The shoes featured a curved CFP embedded within the midsole, as

illustrated in Figure 1. The shoes were categorized into three LBS

conditions based on the thickness of the CFP: LLBS (no CFP),

MLBS (1.0 mm CFP), and HLBS (1.4 mm CFP). The other

components of the shoes, such as the outsole construction and

materials, upper design, and shoelace configuration, remained

completely identical. Mechanical testing was conducted on the

forefoot region using a bending stiffness tester to quantify LBS

(C4D17NZ53A, Exeter Research, USA). The measured LBS values

for the three shoe conditions were as follows: LLBS 0.31 Nm/deg,

MLBS 0.40 Nm/deg, and HLBS 0.48 Nm/deg. All experimental shoes

maintained identical structural configurations, materials, and uppers,

with the sole variation being the bending stiffness (LBS) resulting

from carbon plate integration. The weights of the three pairs of shoes

were 221.77 g (LLBS), 219.83 g (MLBS), and 227.08 g (HLBS).

Experimental procedure

A 10-camera VICON motion capture system (200 Hz, Oxford

Metrics Ltd., UK) synchronized with three AMTI force plates

(1,000 Hz, AMTI, Watertown, MA, USA) via VICON Nexus

software and Lock + hardware module was used to collect

kinematic and kinetic data. Data were collected as participants

ran at a controlled speed while wearing three experimental shoes

with LBS levels in a laboratory setting. Running speed (4.76 m/s)

was strictly monitored using Smartspeed timing gates (Fusion

Sport International, Coopers Plains, AUS), with a permitted

deviation of ±5% (24, 28). Two timing gates were positioned four

meters apart, with three force plates arranged between them. The

length of the laboratory runway is 60 meters with a

concrete surface.

Prior to the experiment, participants signed informed consent

forms, and their height and body mass were measured for

subsequent individualized biomechanical modeling parameter

input. Following a 10-minute warm-up run for environmental

acclimation, 21 reflective markers (14 mm diameter) were

attached to anatomical landmarks: left anterior superior iliac

spine, right anterior superior iliac spine, left posterior superior

iliac spine, right posterior superior iliac spine, as well as

unilaterally to the right greater trochanter, medial and lateral

femoral epicondyles, and medial and lateral malleoli. A three-

marker tracking cluster was placed on the lateral aspect of the

thigh, and another three-marker cluster was affixed to the lateral

aspect of the shank (29). Additional markers were attached to

the shoe overlying the first and fifth metatarsal heads to define

the foot segment, as shown in Figure 2 (30, 31). One reflective

marker was affixed to the anterior tip of the shoe, above the

second toe. Furthermore, shoe-mounted tracking markers were

attached to the distal and proximal posterior heel, as well as to

the lateral rearfoot. The experimental trials followed a

randomized design, where each participant ran under three

different experimental shoe conditions (LLBS, MLBS, and

HLBS). A minimum of five valid trials were collected under each

condition per participant. Participants were instructed to

maintain natural running posture, with the right foot fully

contacting the force plate during stance phase and maintaining

FIGURE 1

External appearance of the experimental shoe and structural illustration of the embedded carbon fiber plate.
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speed deviations within 5% of the preset value for valid trial

acquisition. A trial was considered valid only when the

participant’s right foot fully contacted the central active sensing

area of the force plate during stance, avoiding heel or toe strikes

outside the perimeter. Adequate rest intervals were maintained

between successive footwear testing sessions to mitigate fatigue

accumulation. Experimental investigators continuously monitored

participants’ fatigue status throughout the testing protocol.

Participants who self-reported fatigue during trials were

permitted to pause testing until fully recovered.

Data processing and analysis

This study conducted a biomechanical analysis focused on the

stance phase of running, defined as the period from right heel

contact to toe-off of the distal phalanx of the right second toe.

Raw data were exported as C3D files from Vicon Nexus and

processed using the Visual3D (C-Motion Inc., USA). Heel

contact was identified when vertical GRF exceeded 15N, whereas

toe-off was defined when force decreased below 15 N (32). To

eliminate signal noise, a fourth-order zero-phase Butterworth

filter was applied, with cutoff frequencies set at 10 Hz for

kinematic data and 50 Hz for kinetic data (33). Angular

parameters for the ankle, knee, hip, and first MTP joints were

calculated using the sagittal plane coordinate system. Joint

moments and power were determined through the inverse

dynamics model integrated into the software, while normalizing

the joint dynamics based on body mass (34). We extracted: (1)

maximum MTP dorsiflexion, ankle plantarflexion, knee

extension, hip extension angles during late stance phase; (2)

MTP, ankle, knee, and hip joints ROM in the sagittal plane

during stance phase; (3) Maximum joint moments in the sagittal

plane at the MTP, ankle, knee, and hip joints during the stance

phase; (4) Positive and negative joint work at the MTP, ankle,

knee, and hip joints during the stance phase as independent

variables. Joint angles, angular velocities, and joint moments of

the dominant lower limb (hip, knee, ankle, and MTP joints)

were calculated using the built-in inverse dynamics module of

the Visual3D software (C-Motion, Inc., USA). Joint power was

obtained as the product of joint moment and angular velocity.

Positive and negative joint work were computed by integrating

the joint power curve over time. Power values above the

horizontal axis were defined as positive, while those below were

defined as negative (24).

Statistical methods

All statistical analyses in this study were performed using

SPSS 27.0 (IBM Corp., USA). Continuous variables were

expressed as mean ± standard deviation (mean ± SD) after

testing for normality using the Shapiro–Wilk test. A one-way

repeated measures ANOVA was used to assess the effect of

shoe stiffness on biomechanical parameters. When the

Mauchly’s test of sphericity indicated a violation of the

sphericity assumption, the Greenhouse–Geisser correction was

applied to adjust the degrees of freedom. post-hoc multiple

comparisons were conducted using the Bonferroni correction,

and statistical significance was defined as p < 0.05. Standardized

effect sizes for assessing the strength of main effects in

ANOVA were assessed using partial η² (partial eta-squared).

FIGURE 2

The lower extremity reflective marker Set.
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According to the empirical guidelines proposed by Cohen, the

effect strengths of partial η² were classified as follows:

0.01≤ η
2 < 0.06 for small effects, 0.06≤ η

2 < 0.14 for medium

effects, and η
2
≥ 0.14 for large effects (35).

Results

Fifteen healthy adult male marathon runners were recruited as

participants (age: 26.2 ± 4.2 years, mass: 60.16 ± 5.22 kg, height:

169.55 ± 4.77 cm, and BMI: 21.54 ± 1.70 kg/m²). The Shapiro–

Wilk test showed that all indicators followed a normal

distribution (p > 0.05).

Kinematic results

The maximum joint angles during late stance phase and the

range of motion(ROM) during stance phase of each lower limb

joint under different LBS conditions are shown in Table 1 and

Figure 3, respectively. The main effect of maximum hip

extension angle was significant (Wilks’ Lambda = 0.40,

F = 3.669, p = 0.46, η
2 = 0.290), and post-hoc multiple

comparisons revealed that the LLBS was significantly higher

than the MLBS (p < 0.01). The main effect of the maximum

dorsiflexion angle of the MTP joint during late stance phase

was also significant (Wilks’ Lambda = 0.48, F = 10.828, p < 0.01,

η
2 = 0.436). post-hoc multiple comparisons demonstrated that

the LLBS shoe had a significantly higher maximum

dorsiflexion angle than the MLBS (p = 0.0335) and the HLBS

(p = 0.004). Furthermore, the HLBS was significantly lower

than the MLBS (p < 0.01). No significant main effects or post-

hoc multiple comparisons were observed for maximum knee

extension angle or the maximum ankle plantarflexion angle

during the late stance phase (p > 0.05).

The ROM of the MTP joint during the stance phase was

statistically significant based on the sphericity test (Wilks’

Lambda = 0.24, F = 25.478, p < 0.01, η² = 0.560). The ROM in the

LLBS condition was significantly greater than that in both the

MLBS (p < 0.01) and HLBS conditions (p < 0.01). No significant

main effects or post-hoc differences were found for the ROM of

the other lower limb joints (p > 0.05).

Kinetic results

The joint moments in the sagittal plane for LLBS, MLBS, and

HLBS shoes are presented in Table 2 and Figure 4. The

maximum hip extension moment was statistically significant after

Greenhouse–Geisser correction (Wilks’ Lambda = 0.48, F = 6.561,

p = 0.012, η² = 0.286). The MLBS condition (1.49 ± 0.27 Nm/kg)

exhibited significantly lower values than both LLBS

(1.80 ± 0.33 Nm/kg, p = 0.021) and HLBS (1.58 ± 0.32 Nm/kg,

p = 0.047).

The joint works in the sagittal plane for LLBS, MLBS, and

HLBS shoes are summarized in Table 3 and Figure 5.

A significant main effect was observed for the negative work of

hip joint after Greenhouse–Geisser correction (Wilks’

Lambda = 0.61, F = 5.774, p = 0.007, η² = 0.254), with the HLBS

condition showing significantly lower values than LLBS

(p = 0.016). No significant differences were found for negative

work at the knee and ankle joints (p > 0.05). For the MTP joint,

negative work also showed a significant main effect (Wilks’

Lambda = 0.26, F = 12.053, p = 0.001, η² = 0.668), with HLBS

yielding significantly lower values than LLBS (p = 0.019).

A significant main effect was also found for positive work at the

ankle joint based on the sphericity test (Wilks’ Lambda = 0.38,

F = 3.292, p = 0.047, η² = 0.141); post-hoc comparisons revealed

that MLBS produced significantly greater values than LLBS

(p = 0.039). Regarding the positive work at MTP joint, a

significant main effect was detected (Wilks’ Lambda = 0.27,

F = 6.002, p = 0.008, η² = 0.232), with HLBS shoes showing

significantly higher values than LLBS (p = 0.019).

Discussion

This study aims to reveal the influence of different LBS shoes

on the lower limb biomechanical characteristics of rearfoot

runners with a full marathon time under 3 h. It also seeks to

provide scientific guidance for elite shoe selection and offer

design references for LBS optimization in marathon footwear.

The biomechanical data of the lower limbs of the subjects

wearing three different LBS shoe types (0.31, 0.40, and 0.48 Nm/

deg) were collected when they were running at a speed of

4.76 m/s. Selected lower extremity biomechanical indices

included (1) maximum MTP dorsiflexion, ankle plantarflexion,

TABLE 1 Mean ± standard deviation of kinematic outcomes in the sagittal plane for LLBS, MLBS, and HLBS shoes.

Joint Maximum Angle(°) during late stance Phase Range of Motion(°) during Stance Phase

LLBS MLBS HLBS LLBS MLBS HLBS

Hip joint −12.97 ± 2.65 −11.06 ± 3.70a −12.16 ± 3.67 46.03 ± 4.95 46.14 ± 4.40 45.41 ± 4.40

Knee joint 23.10 ± 6.26 23.86 ± 5.50 23.08 ± 4.50 24.94 ± 3.38 25.17 ± 3.25 24.90 ± 2.72

Ankle joint −18.50 ± 3.83 −18.78 ± 3.29 −19.18 ± 3.65 38.32 ± 3.07 38.00 ± 3.12 39.09 ± 3.33

MTP joint 14.00 ± 3.69 11.76 ± 3.09a 10.62 ± 2.71ab 11.63 ± 3.06 9.19 ± 2.45a 7.78 ± 1.77a

Note. Negative value indicates extension/plantarflexion; Positive value indicates flexion/dorsiflexion.
aindicates significantly difference from LLBS.
bindicates significantly difference from MLBS.
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knee extension, hip extension angles during late stance phase; (2)

MTP, ankle, knee, and hip joints ROM in the sagittal plane

during stance phase; (3) peak joint moments in the sagittal plane

at the MTP, ankle, knee, and hip joints during the stance phase;

(4) Positive and negative joint work at the MTP, ankle, knee, and

hip joints during the stance phase as independent variables.

The results of the study revealed that the enhancement of the

LBS of the shoes significantly altered the biomechanical

performance of the lower limb joints during running. At the

kinematic level, MLBS and HLBS shoes significantly reduced the

maximum dorsiflexion angle of the MTP joints during late

stance phase and the ROM during the stance phase. Moreover,

the maximum hip extension angle was significantly reduced in

the MLBS condition compared to the LLBS condition. Kinetic

analysis showed that the hip extension moment decreased

significantly with increasing LBS, with the greatest reduction

observed in the MLBS condition. The HLBS shoes significantly

reduced the negative work of the MTP joints and hip joints.

Furthermore, enhancing the positive work of the MTP joints and

the positive work of the ankle joints showed a compensatory

increase with increasing LBS.

In this study, MLBS and HLBS shoes significantly reduced the

maximum dorsiflexion angle of the MTP joints during late stance

phase and the ROM during stance phase, highly consistent with the

findings of Hoogkamer et al. (7). Hoogkamer’s team compared the

different stiffness levels of the shoes and found that HLBS shoes

FIGURE 3

Variations in sagittal plane joint angles of the lower extremity under LLBS, MLBS, and HLBS conditions.

TABLE 2 Mean ± standard deviation of joint moments in the sagittal plane
for LLBS, MLBS, and HLBS shoes.

Joint Maximum joint moment (Nm/kg) during
middle to late stance phase

LLBS MLBS HLBS

Hip joint 1.80 ± 0.33 1.49 ± 0.27a 1.58 ± 0.32ab

Knee joint 2.95 ± 0.56 2.88 ± 0.58 2.87 ± 0.44

Ankle joint 2.97 ± 0.17 2.93 ± 0.23 2.93 ± 0.27

MTP joint 0.37 ± 0.06 0.34 ± 0.06 0.38 ± 0.13

Note. Positive value indicates extension/plantarflexion; Negative value indicates flexion/

dorsiflexion.
aindicates significantly difference from LLBS.
bindicates significantly difference from MLBS.
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limit the maximum dorsiflexion angle of the MTP joints. This

mechanism results from the rigid structure of high LBS shoes,

reducing energy loss by limiting the dorsiflexion angle of the

MTP joints. The LBS of shoes is beneficial to running energetics

provided it does not interfere with the natural flexion of the

MTP joints. This benefit may be diminished if the LBS is

extremely high, limiting the normal motion of the MTP joints

(8). In addition, the maximum hip extension angle during late

stance phase was significantly reduced by 14.7% for the MLBS

compared with the LLBS. Previous studies on the LBS of shoes

have mainly focused on the variations in the ankle and MTP

joints, with relatively few studies on the hip joint (20). The

present study has observed that higher LBS resulted in a

reduction in hip extension angle, consistent with the results of

Chen (36) et al. that exhibited a reduction in hip ROM under

HLBS conditions. They attributed the reduction in hip extension

angle to inadequate musculoskeletal development and immature

motor control systems in adolescents. The difference between

FIGURE 4

Variations in sagittal plane joint moments of the lower extremity under LLBS, MLBS, and HLBS conditions.

TABLE 3 Mean ± standard deviation of joint works in the sagittal plane for LLBS, MLBS, and HLBS shoes.

Joint Negative Work (J/kg) Positive Work (J/kg)

LBS MLBS HLBS LLBS MLBS HLBS

Hip Joint −0.76 ± 0.22 −0.68 ± 0.10 −0.65 ± 0.16a 0.10 ± 0.02 0.11 ± 0.03 0.11 ± 0.02

Knee Joint −0.61 ± 0.17 −0.63 ± 0.12 −0.62 ± 0.10 0.39 ± 0.12 0.38 ± 0.09 0.37 ± 0.09

Ankle Joint −0.63 ± 0.10 −0.62 ± 0.10 −0.62 ± 0.12 0.66 ± 0.08 0.71 ± 0.10a 0.69 ± 0.08

MTP Joint −0.21 ± 0.05 −0.16 ± 0.03 −0.13 ± 0.05a 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.02a

aindicates significantly difference from LLBS.
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these studies lies in the age of the participants. They recruited

adolescents, whereas the subjects recruited for the present study

were adult males. Nevertheless, the participants did not show

significant differences in hip mobility during the bracing period,

but only in maximum hip extension angle. Adult runners,

especially those who regularly participate in running training, are

more experienced and usually have a more stable gait. They can

also effectively cope with the effects of changes in sole stiffness,

exhibiting lower joint ROM and greater joint moments than

novice runners (37). Therefore, the reduced hip extension angle

observed in this study was primarily due to the rigidity of the

high LBS shoes, limiting hip extension.

The analysis showed that, compared with LLBS, HLBS shoes

significantly reduced the negative work at the hip and MTP

joints. These reductions in mechanical energy absorption may

help improve energy efficiency during running. This finding is

consistent with that of Oh (8) et al., who explored the effect of

sole stiffness on the natural bending angle of the MTP joints.

They suggested that a moderate increase in the LBS has the

potential to easily reduce the energy consumption of running.

Moreover, the positive work of the ankle joints increases. This

directly supports our initial hypothesis that increased LBS

would reduce negative work at the MTP joint while increasing

positive work at the MTP and ankle joints. Sun et al. (24)

similarly observed that increasing LBS was associated with

reduced peak dorsiflexion angle and negative work at the MTP

joint, which aligns with the current findings. However, Sun

et al. also reported a reduction in the relative positive work of

the knee joint under HLBS, the result that differs from our

finding that both positive and negative work at knee joint

showed no significant differences across the three LBS

conditions. The reason for this biomechanical difference may

be due to the different placement of the CFP. Flore et al. (28),

in investigating the effect of carbon plate placement on lower

extremity biomechanics, found that the knee positive work was

reduced with the high placement of the CFP compared with

low placement. Cigojia et al. (38) attributed the increase in

positive work at MTP joint to the earlier timing of MTP

plantarflexion, combined it with a larger peak MTP moment,

resulting in higher MTP joint positive work and a higher

FIGURE 5

Variations in sagittal plane joint power of the lower extremity under LLBS, MLBS, and HLBS conditions.
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metabolic cost during running. This conclusion, however, is

contrary to numerous studies showcasing that increased LBS

favors runners to run more economically (13, 37). Another

possible explanation is that the CFP functions like a spring,

storing and releasing elastic energy as the MTP joint undergoes

dorsiflexion and plantarflexion during the stance phase of

running (37). The increase in the positive work from the ankle

joint, may be due to the increase in the LBS, limiting the

dorsiflexion activity of the MTP joints. As a result, an anterior

shift of the plantar touchdown point occurs during the stance

phase, thereby altering the point of action of the GRF and

lengthening the force arm of the ankle joint (39). Muscle-

tendon units around the ankle joint are more capable of storing

and returning elastic energy, contributing to lower metabolic

costs during long-distance running (38). Uchida et al. (40)

demonstrated through musculoskeletal simulations that

compliant tendons, such as those of the soleus, allow muscle

fibers to operate nearly isometrically during stance, thereby

reducing metabolic power consumption. The increase in the

ankle positive work implies that runners generate more effective

forward propulsion through the ankle joint, reducing the

reliance on thigh and gluteal muscle groups (e.g., quadriceps

and gluteus maximus), as well as the burden on the hip and

knee joints.

The enhancement of LBS of shoes is not simply linearly

related to running performance. This study showed that

although the negative work at the hip joint was significantly

lower in the HLBS running shoe condition than in the LLBS

shoe, the maximum joint moment was significantly higher than

in the MLBS condition. This suggests that an increase in joint

moment does not necessarily imply an increase in joint work.

The larger hip joint moments observed in the HLBS condition

may reflect a rise in resistance due to restricted joint

movement, which in turn decreases angular velocity and

shortens the duration of energy absorption. This increase in

transient mechanical loading may increase the muscular

demands on the peripheral hip muscle groups, particularly the

gluteus maximus and hamstrings, during prolonged running or

lead to the early onset of fatigue and even increase the risk of

overuse injuries. It has been noted that greater moment loads

on the proximal joints not only increase metabolic costs, but

may also induce the development of compensatory movement

patterns (41). Compared with HLBS, MLBS preserved greater

MTP joint ROM and dorsiflexion range while also resulting in

lower hip joint moments. This suggests that MLBS achieves

comparable energy-saving effects while maintaining better joint

kinematics. Furthermore, MLBS induced lower hip joint

moments than HLBS, potentially reducing the mechanical

demand on proximal musculature. Therefore, MLBS may offer a

more favorable balance between biomechanical efficiency and

movement freedom, making it a more suitable choice for long-

distance runners. This study focused on elite male runners with

relatively homogeneous performance levels. Therefore, the

generalizability of the findings to recreational runners, female

athletes, or younger populations remains uncertain and

warrants further investigation.

Conclusion

This study demonstrated that increasing the LBS of shoes

significantly affects the kinematic and kinetic characteristics of

lower limb joints in elite rearfoot-strike runners. Specifically,

higher LBS limited MTP joint dorsiflexion and reduced negative

work at the hip and MTP joints. Although both MLBS and

HLBS shoes exhibited similar reductions in energy absorption

compared to LLBS, the MLBS condition better preserved MTP

joint mobility and imposed lower mechanical loads on the hip

joint. These findings suggest that MLBS provides a more

favorable balance between biomechanical efficiency and natural

movement freedom. Therefore, MLBS may be a more suitable

choice for elite marathon runners and provide valuable insights

for future optimization of LBS parameters in running

shoe design.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by The Jimei

University Science and Technology Ethics Committee. The

studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study. The animal

study was approved by The studies involving humans were

approved by The Jimei University Science and Technology Ethics

Committee. The study was conducted in accordance with the

local legislation and institutional requirements. Written informed

consent was obtained from the individual(s) for the publication

of any potentially identifiable images or data included in

this article.

Author contributions

HY: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Writing – original draft. YC:

Conceptualization, Data curation, Investigation, Methodology,

Validation, Writing – review & editing. KL: Funding acquisition,

Investigation, Project administration, Writing – review & editing.

XW: Formal analysis, Funding acquisition, Methodology, Project

administration, Supervision, Validation, Writing – original draft,

Writing – review & editing. TL: Formal analysis, Funding

acquisition, Methodology, Project administration, Supervision,

Validation, Writing – original draft, Writing – review & editing.

Yang et al. 10.3389/fspor.2025.1608092

Frontiers in Sports and Active Living 09 frontiersin.org

https://doi.org/10.3389/fspor.2025.1608092
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. This study was

funded by the Department of Education of Fujian Province,

China under grant number 2024XQ014.

Conflict of interest

HY, YC and KL were employed by Footwear Science &

Technology Innovation Center, Xtep (China) Co., Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Valentine AS. The middle-aged marathon runner. Can Fam Physician. (1982)
28:941–5. Available at: https://pubmed.ncbi.nlm.nih.gov/21286102/

2. Maffetone PB, Malcata R, Rivera I, Laursen PB. The Boston marathon versus the
world marathon majors. PLoS One. (2017) 12(9):e0184024. doi: 10.1371/journal.pone.
0184024

3. Knechtle B, Di Gangi S, Rüst C, Rosemann T, Nikolaidis P. Men’s participation
and performance in the Boston marathon from 1897 to 2017. Int J Sports Med. (2018)
39(13):1018–27. doi: 10.1055/a-0660-0061

4. Vitti A, Nikolaidis PT, Villiger E, Onywera V, Knechtle B. The “New York
city marathon”: participation and performance trends of 1.2M runners during
half-century. Res Sports Med. (2020) 28(1):121–37. doi: 10.1080/15438627.2019.
1586705

5. Langley JO, Langley B. The effect of advanced footwear technology on elite male
marathon race speed. Eur J Appl Physiol. (2024) 124(4):1143–9. doi: 10.1007/s00421-
023-05341-x

6. Frederick EC. Let’s just call it advanced footwear technology (AFT). Footwear Sci.
(2022) 14(3):131. doi: 10.1080/19424280.2022.2127526

7. Hoogkamer W, Kipp S, Frank JH, Farina EM, Luo G, Kram R. A comparison of
the energetic cost of running in marathon racing shoes. Sports Med. (2018)
48(4):1009–19. doi: 10.1007/s40279-017-0811-2

8. Oh K, Park S. The bending stiffness of shoes is beneficial to running energetics if
it does not disturb the natural MTP joint flexion. J Biomech. (2017) 53:127–35. doi: 10.
1016/j.jbiomech.2017.01.014

9. Tenforde A, Hoenig T, Saxena A, Hollander K. Bone stress injuries in runners
using carbon fiber plate footwear. Sports Med. (2023) 53(8):1499–505. doi: 10.1007/
s40279-023-01818-z

10. Song Y, Cen X, Chen H, Sun D, Munivrana G, Bálint K, et al. The influence of
running shoe with different carbon-fiber plate designs on internal foot mechanics: a
pilot computational analysis. J Biomech. (2023) 153:111597. doi: 10.1016/j.jbiomech.
2023.111597

11. Song Y, Cen X, Sun D, Bálint K, Wang Y, Chen H, et al. Curved carbon-plated
shoe may further reduce forefoot loads compared to flat plate during running. Sci Rep.
(2024) 14(1):13215. doi: 10.1038/s41598-024-64177-3

12. Flores N, Rao G, Berton E, Delattre N. The stiff plate location into the shoe
influences the running biomechanics. Sports Biomech. (2021) 20(7):815–30. doi: 10.
1080/14763141.2019.1607541

13. McLeod AR, Bruening D, Johnson AW, Ward J, Hunter I. Improving running
economy through altered shoe bending stiffness across speeds. Footwear Sci. (2020)
12(2):79–89. doi: 10.1080/19424280.2020.1734870

14. China Marathon. Official website (2025). Available at: https://www.runchina.org.
cn/#/policy-regulations/management-measures/detail/TZ202564009 (Accessed April
23, 2025).

15. Rasmussen CH, Nielsen RO, Juul MS, Rasmussen S. Weekly running volume
and risk of running-related injuries among marathon runners. Int J Sports Phys
Ther. (2013) 8(2):111–20. Available at: https://pubmed.ncbi.nlm.nih.gov/23593549/

16. Kovács B, Kóbor I, Gyimes Z, Sebestyén Ö, Tihanyi J. Lower leg muscle–tendon
unit characteristics are related to marathon running performance. Sci Rep. (2020)
10(1):17870. doi: 10.1038/s41598-020-73742-5

17. Day E, Hahn M. Optimal footwear longitudinal bending stiffness to improve
running economy is speed dependent. Footwear Sci. (2020) 12(1):3–13. doi: 10.
1080/19424280.2019.1696897

18. Flores N, Rao G, Berton E, Delattre N. Increasing the longitudinal bending
stiffness of runners’ habitual shoes: an appropriate choice for improving running
performance? Proc Inst Mech Eng Part P J Sports Eng Technol. (2021)
237(3):121–33. doi: 10.1177/1754337121104

19. Beltran RT, Powell DW, Greenwood D, Paquette MR. The influence of footwear
longitudinal bending stiffness on running economy and biomechanics in older
runners. Res Q Exerc Sport. (2023) 94(4):1062–72. doi: 10.1080/02701367.2022.
2114589

20. Durante G, Clermont C, Barrons Z, Fukuchi C, Stefanyshyn D, Wannop JW.
The influence of longitudinal bending stiffness on running economy and
biomechanics in male and female runners. Footwear Sci. (2024) 16(3):171–7.
doi: 10.1080/19424280.2024.2369985

21. Lu R, Chen H, Huang J, Ye J, Gao L, Liu Q, et al. Biomechanical investigation of
lower limbs during slope transformation running with different longitudinal bending
stiffness shoes. Sensors. (2024) 24(12):3902. doi: 10.3390/s24123902

22. Cigoja S, Firminger CR, Asmussen MJ, Fletcher JR, Edwards WB, Nigg BM.
Does increased midsole bending stiffness of sport shoes redistribute lower limb
joint work during running? J Sci Med Sport. (2019) 22(11):1272–7. doi: 10.1016/j.
jsams.2019.06.015

23. Fu F, Levadnyi I, Wang J, Xie Z, Fekete G, Cai Y, et al. Effect of the construction
of carbon fiber plate insert to midsole on running performance. Materials (Basel).
(2021) 14(18):5156. doi: 10.3390/ma14185156

24. Sun D, Song Y, Quan WJ, Li JS, Gu YD. Effect of running shoes bending stiffness
alteration on lower extremity biomechanical performance and running economy.
China Sport Sci Technol. (2022) 58(7):68–75. doi: 10.16470/j.csst.2020083

25. Paradisis GP, Zacharogiannis E, Bissas A, Hanley B. Recreational runners gain
physiological and biomechanical benefits from super shoes at marathon paces. Int
J Sports Physiol Perform. (2023) 18(12):1420–6. doi: 10.1123/ijspp.2023-0115

26. Burns GT, Tam N, Santos-Concejero J, Tucker R, Zernicke RF. Assessing spring-
mass similarity in elite and recreational runners. Front Physiol. (2023) 14:1224459.
doi: 10.3389/fphys.2023.1224459

27. Rodrigo-Carranza V, Hoogkamer W, Salinero JJ, Rodríguez-Barbero S,
González-Ravé JM, González-Mohíno F. Influence of running shoe longitudinal
bending stiffness on running economy and performance in trained and national
level runners. Med Sci Sports Exerc. (2023) 55(12):2290–8. doi: 10.1249/MSS.
0000000000003254

28. Flores N, Delattre N, Berton E, Rao G. Does an increase in energy return and/or
longitudinal bending stiffness shoe features reduce the energetic cost of running? Eur
J Appl Physiol. (2019) 119(2):429–39. doi: 10.1007/s00421-018-4038-1

29. Manal K, McClay I, Stanhope S, Richards J, Galinat B. Comparison of surface
mounted markers and attachment methods in estimating tibial rotations during
walking: an in vivo study. Gait Posture. (2000) 11(1):38–45. doi: 10.1016/S0966-
6362(99)00042-9

30. Heiderscheit BC, Hamill J, van Emmerik RE. Variability of stride characteristics
and joint coordination among individuals with unilateral patellofemoral pain. J Appl
Biomech. (2002) 18(2):110–21. doi: 10.1123/jab.18.2.110

Yang et al. 10.3389/fspor.2025.1608092

Frontiers in Sports and Active Living 10 frontiersin.org

https://pubmed.ncbi.nlm.nih.gov/21286102/
https://doi.org/10.1371/journal.pone.0184024
https://doi.org/10.1371/journal.pone.0184024
https://doi.org/10.1055/a-0660-0061
https://doi.org/10.1080/15438627.2019.1586705
https://doi.org/10.1080/15438627.2019.1586705
https://doi.org/10.1007/s00421-023-05341-x
https://doi.org/10.1007/s00421-023-05341-x
https://doi.org/10.1080/19424280.2022.2127526
https://doi.org/10.1007/s40279-017-0811-2
https://doi.org/10.1016/j.jbiomech.2017.01.014
https://doi.org/10.1016/j.jbiomech.2017.01.014
https://doi.org/10.1007/s40279-023-01818-z
https://doi.org/10.1007/s40279-023-01818-z
https://doi.org/10.1016/j.jbiomech.2023.111597
https://doi.org/10.1016/j.jbiomech.2023.111597
https://doi.org/10.1038/s41598-024-64177-3
https://doi.org/10.1080/14763141.2019.1607541
https://doi.org/10.1080/14763141.2019.1607541
https://doi.org/10.1080/19424280.2020.1734870
https://www.runchina.org.cn/#/policy-regulations/management-measures/detail/TZ202564009
https://www.runchina.org.cn/#/policy-regulations/management-measures/detail/TZ202564009
https://pubmed.ncbi.nlm.nih.gov/23593549/
https://doi.org/10.1038/s41598-020-73742-5
https://doi.org/10.1080/19424280.2019.1696897
https://doi.org/10.1080/19424280.2019.1696897
https://doi.org/10.1177/1754337121104
https://doi.org/10.1080/02701367.2022.2114589
https://doi.org/10.1080/02701367.2022.2114589
https://doi.org/10.1080/19424280.2024.2369985
https://doi.org/10.3390/s24123902
https://doi.org/10.1016/j.jsams.2019.06.015
https://doi.org/10.1016/j.jsams.2019.06.015
https://doi.org/10.3390/ma14185156
https://doi.org/10.16470/j.csst.2020083
https://doi.org/10.1123/ijspp.2023-0115
https://doi.org/10.3389/fphys.2023.1224459
https://doi.org/10.1249/MSS.0000000000003254
https://doi.org/10.1249/MSS.0000000000003254
https://doi.org/10.1007/s00421-018-4038-1
https://doi.org/10.1016/S0966-6362(99)00042-9
https://doi.org/10.1016/S0966-6362(99)00042-9
https://doi.org/10.1123/jab.18.2.110
https://doi.org/10.3389/fspor.2025.1608092
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


31. Sterzing T, Schweiger V, Ding R, Cheung JT, Brauner T. Influence of rearfoot
and forefoot midsole hardness on biomechanical and perception variables during
heel-toe running. Footwear Sci. (2013) 5(2):71–9. doi: 10.1080/19424280.2012.757810

32. Tirosh O, Sparrow WA. Identifying heel contact and toe-off using forceplate
thresholds with a range of digital-filter cutoff frequencies. J Appl Biomech. (2003)
19(2):178–84. doi: 10.1123/jab.19.2.178

33. Plesek J, Freedman Silvernail J, Hamill J, Jandacka D. Running footstrike
patterns and footwear in habitually shod preschool children. Med Sci Sports Exerc.
(2021) 53(8):1630–7. doi: 10.1249/MSS.0000000000002629

34. Gao S, Song Y, Sun D, Zheng Z, Chen H, Zhang Q, et al. The impact of running
experience and shoe longitudinal bending stiffness on lower extremity biomechanics: a
cross-sectional study. Acta Bioeng Biomech. (2024) 26(2):93–103. doi: 10.37190/ABB-
02461-2024-03

35. Cohen J. Eta-squared and partial Eta-squared in fixed factor anova designs. Educ
Psychol Meas. (1973) 33(1):107–12. doi: 10.1177/001316447303300111

36. Hairong C, Enze S, Dong S, Rongrong X, Julien S. B, Yaodong G. Effects of
footwear with different longitudinal bending stiffness on biomechanical

characteristics and muscular mechanics of lower limbs in adolescent runners. Front
Physiol. (2022) 13:907016. doi: 10.3389/fphys.2022.907016

37. Roy JPR, Stefanyshyn DJ. Shoe midsole longitudinal bending stiffness and
running economy, joint energy, and EMG. Med Sci Sports Exerc. (2006)
38(3):562–9. doi: 10.1249/01.mss.0000193562.22001.e8

38. Cigoja S, Fletcher JR, Nigg BM. Can changes in midsole bending stiffness of
shoes affect the onset of joint work redistribution during a prolonged run? J Sport
Health Sci. (2022) 11(3):293–302. doi: 10.1016/j.jshs.2020.12.007

39. Willwacher S, König M, Braunstein B, Goldmann J-P, Brüggemann G-P. The
gearing function of running shoe longitudinal bending stiffness. Gait Posture.
(2014) 40(3):386–90. doi: 10.1016/j.gaitpost.2014.05.005

40. Uchida TK, Hicks JL, Dembia CL, Delp SL. Stretching your energetic budget:
how tendon compliance affects the metabolic cost of running. PLoS One. (2016)
11(3):e0150378. doi: 10.1371/journal.pone.0150378

41. Fallah N, Beck ON. The metabolic cost of producing joint moments is greater
at the hip than at the ankle. J Exp Biol. (2025) 228(2):jeb249738. doi: 10.1242/jeb.
249738

Yang et al. 10.3389/fspor.2025.1608092

Frontiers in Sports and Active Living 11 frontiersin.org

https://doi.org/10.1080/19424280.2012.757810
https://doi.org/10.1123/jab.19.2.178
https://doi.org/10.1249/MSS.0000000000002629
https://doi.org/10.37190/ABB-02461-2024-03
https://doi.org/10.37190/ABB-02461-2024-03
https://doi.org/10.1177/001316447303300111
https://doi.org/10.3389/fphys.2022.907016
https://doi.org/10.1249/01.mss.0000193562.22001.e8
https://doi.org/10.1016/j.jshs.2020.12.007
https://doi.org/10.1016/j.gaitpost.2014.05.005
https://doi.org/10.1371/journal.pone.0150378
https://doi.org/10.1242/jeb.249738
https://doi.org/10.1242/jeb.249738
https://doi.org/10.3389/fspor.2025.1608092
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Effects of varying longitudinal bending stiffness in running shoes on lower limb biomechanics of elite marathon runners
	Introduction
	Methods
	Participants
	Experimental shoe design
	Experimental procedure
	Data processing and analysis
	Statistical methods

	Results
	Kinematic results
	Kinetic results

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


