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Curved carbon-plated shoe
may further reduce forefoot
loads compared to flat plate
during running

Yang Song'?, Xuanzhen Cen**, Dong Sun'*, Kovacs Balint'*¢, Yan Wang?, Hairong Chen3*,
Shunxiang Gao®, Istvan Bir6%*, Ming Zhang? & Yaodong Gu®3>**

Using a curved carbon-fiber plate (CFP) in running shoes may offer notable performance benefit over
flat plates, yet there is a lack of research exploring the influence of CFP geometry on internal foot
loading during running. The objective of this study was to investigate the effects of CFP mechanical
characteristics on forefoot biomechanics in terms of plantar pressure, bone stress distribution, and
contact force transmission during a simulated impact peak moment in forefoot strike running. We
employed a finite element model of the foot-shoe system, wherein various CFP configurations,
including three stiffnesses (stiff, stiffer, and stiffest) and two shapes (flat plate (FCFP) and curved

plate (CCFP)), were integrated into the shoe sole. Comparing the shoes with no CFP (NCFP) to those
with CFP, we consistently observed a reduction in peak forefoot plantar pressure with increasing CFP
stiffness. This decrease in pressure was even more notable in a CCFP demonstrating a further reduction
in peak pressure ranging from 5.51 to 12.62%, compared to FCFP models. Both FCFP and CCFP designs
had a negligible impact on reducing the maximum stress experienced by the 2nd and 3rd metatarsals.
However, they greatly influenced the stress distribution in other metatarsal bones. These CFP designs
seem to optimize the load transfer pathway, enabling a more uniform force transmission by mainly
reducing contact force on the medial columns (the first three rays, measuring 0.333 times body
weight for FCFP and 0.335 for CCFP in stiffest condition, compared to 0.373 in NCFP). We concluded
that employing a curved CFP in running shoes could be more beneficial from an injury prevention
perspective by inducing less peak pressure under the metatarsal heads while not worsening their
stress state compared to flat plates.

The shoe longitudinal bending stiffness (LBS) is a footwear feature that has received less attention compared to
other shoe characteristics (e.g., midsole cushioning)'. However, a lot more attention have drawn to this topic now
due to its recognized potential to enhance running performance*’. Generally, this improvement is achieved with
the use of a stiff carbon-fiber plate (CFP) inserted along the length of the midsole, which has been reported to
be able to optimize the metatarsophalangeal energetics, alter the cost of muscular contraction, and redistribute
lower extremity joint work*°. A recent systematic review and meta-analysis revealed that increasing LBS using
CFP led to a notable improvement in running economy (RE) up to 3.15% when careful control was maintained
over footwear mass’.

Prolonged running activities are well-documented to cause tissue damage and material deterioration due to
the cyclical submaximal loading nature. If left unaddressed, these issues may eventually lead to foot injuries and
subsequent pain®!. To mitigate the risk of running-related foot injuries, it is crucial to consider design features
in running shoes that can modify tissue damage accumulation. One potential solution that has been proposed
is the use of CFP footwear, which may help relieve painful forefoot syndromes by offloading this area'?. How-
ever, the effectiveness of CFP footwear may vary depending on its design features. For instance, Flores et al.?
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suggested that a high-loaded CFP, positioned just below the insole, could result in lower perceived comfort and
increased plantar pressure under the forefoot. To investigate this further, our previous study examined the effects
of different CFP modifications on load changes in plantar tissue and metatarsal bones'. The results aligned well
with the assumption of Flores et al.'*, and we also found that, compared to high-loaded CFP, low-loaded condi-
tions (positioned just above the outsole) effectively reduced forefoot plantar pressure and exhibited a gradual
reduction in peak metatarsal stress as the stiffness increases. Taking these findings altogether, it is important to
emphasize that a wrong choice of CFP design could potentially increase the risk of foot injuries during running.

In a study conducted in 2019, Farina et al. assessed the effect of CFP shapes, including flat, moderate curve,
and extreme curve, on metatarsophalangeal (MTP) joint biomechanics'®. Their findings indicated that the
absence of CFP led to the highest energy dissipation at the MTP joint, while the extremely curved CFP (CCFP)
exhibited the lowest energy loss. Subsequently, Rodrigo-Carranza et al.” concluded in their review that footwear
with increased LBS using CCFP improved RE by 3.45%, while studies using a flat CFP (FCFP) slightly improved
RE (0.19%). To date, most studies have focused on FCFP, but the evidence presented above suggests that using
CCFP in distance running shoes may offer significant metabolic and performance benefits compared to FCFP.
On the other hand, no studies to the best of our knowledge have explored the effects of CFP shapes on internal
foot mechanics during running. When optimal running performance is the goal, it is crucial to first uncover the
potential injury risks associated with the use of CFP footwear.

The use of musculoskeletal models and simulations has become crucial in the footwear industry, as it allows
for fast prediction of how runners’ tissue loading may respond to a specific footwear feature modification'®'8.
In this study we aimed to use the established 3D foot-shoe coupled finite element (FE) model to further deter-
mine the effects of CFP stiffness and shape on forefoot plantar pressure, metatarsal stress distribution, and MTP
joint force transmission at the impact peak during forefoot strike (FFS) running. Based on the findings of our
previous simulation', it was hypothesized that the stiffest CCFP would contribute to the lowest forefoot loads
than other conditions.

Results

Plantar pressure

The peak plantar pressure was located beneath the medial forefoot region (second and third metatarsal shafts) in
all models, while the high pressure ‘spot’ gradually disappeared due to increased stiftness of CFP (Fig. 1a). The
peak pressure reduction curve (Fig. 1b) shows that compared to NCFP, peak plantar pressure was reduced by
3.64% (FCFP1), 21.84% (FCFP2), and 31.93% (FCFP3) in FCFP models, and 15.80% (CCFP1), 26.15% (CCEP2),
and 35.73% (CCFP3) in CCFP models, respectively. When comparing the difference of various CFP shapes
on plantar pressure, CCFP models further reduced the peak values by 12.62% (CCFP1), 5.51% (CCFP2), and
5.58% (CCFP3), respectively, compared to those of FCFP. Overall, the peak pressure had a maximum reduction
of 35.73% at the CCFP3 condition.

Bone stress

As shown in Table 1, the peak stress (von Mises) in the 1st, 4th, and 5th metatarsal bones gradually decreased
to a maximum by 11.55%, 36.19%, and 42.64%, respectively, due to the FCFP condition, and by 9.69%, 34.62%,
and 43.15%, respectively, due to the CCFP condition compared to NCFP condition. The 2nd and 3rd metatarsals
showed noticeably greater stress than the other metatarsals, but the peak values were not notably affected due
to the use of CFP, except for the FCFP1 case where peak stress in the 2nd metatarsal bone was slightly increased
by 4.51%, while it decreased by 8.52% in the 3rd metatarsal.

Contact force transmission

There was a general trend that the force transferred through the MTP joint decreased as CFP stiffness increased
(Fig. 2a). As shown in Fig. 2b, in the medial path, about 0.373 times body weight was transmitted through
this joint in the NCFP condition, and this decreased to 0.333- and 0.335-times body weight in the FCFP3 and
CCFP3 conditions, respectively. Similarly, the force transferred through the lateral path reduced to 0.055- and
0.056-times body weight in the FCFP3 and CCFP3 conditions compared to that of the NCFP condition (0.061).
Additionally, a small deviation between the foot-shoe models should be noted. Compared to the NCFP model,
the force transmission increased to 0.4 and 0.066 times of the body weight in the FCFP1 model in medial and
lateral ways, respectively.

Discussion

Altering the footwear LBS with the goal of reducing injury risk is gaining momentum. The present study utilized
the established FE model of the foot and footwear with sensitivity analysis. Through this analysis, we determined
the effects of geometrical variations in CFP, including stiffnesses and shapes, on peak plantar pressure under the
forefoot, stress states within the metatarsal bones, and force transmission at the MTP joint.

Plantar pressure is a widely used tool in biomechanical practice as it may provide information about internal
foot loading during movement®. In alignment with our previous research'®, the peak plantar pressure under
the forefoot consistently decreased when the CFP stiffness increased, eventually contributing to a more even
pressure distribution with no obvious high-pressure ‘spot’ over the forefoot plantar surface (Fig. 1a). Notably,
the decrease in plantar pressure was more obvious when the shape changes of the CFP were also considered.
Our results showed that, in comparison to the FCFP counterparts, the CCFP models exhibited a further reduc-
tion in pressure ranging from 5.51 to 12.62% (Fig. 1b), which clearly demonstrated the role of curvature in CFP
design. It has been previously reported that the pressure under the forefoot was greatly increased after long-
distance running. This increased pressure, if left untreated, may lead to foot pain and running-related overuse
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Figure 1. Comparison of plantar pressure in foot-shoe models with respect to different CFP shapes and
stiffnesses at the impact peak instant during FFS running. (a) Depicts the results of the finite element analysis
while (b) shows the peak plantar pressure values of each condition.

foot disorders, as proposed in the previous research®?*?. In this regard, it is indicated based on the findings of
this study that a curved CFP in running shoe has the potential to further modify the magnitude of tissue loading
and, consequently, may reduce the risk of overuse injuries. Regarding the underlying rationale for an optimal
CFP design to maximize pressure reduction, it was previously demonstrated that the FCFP reduces forefoot
pressure mainly by dispersing impact forces and limiting MTP joint movement to allow the forefoot to make
flat and broad contact with the ground!?. Thus, the observation of further reduction in peak plantar pressure in
this study suggests that CCFP could have better effects in the above two aspects. This was also corroborated by
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Variables | NCFP | FCEP1  |FCFP2 | FCEP3 | CCFPI | CCFP2 | CCEP3
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Table 1. Peak von Mises stress (MPa) of the metatarsal bones in foot-shoe models with respect to different
CFP shapes and stiffnesses at the impact peak instant during FFS running. (1) indicates increased stress

in different shoe conditions relative to the NCFP condition; (|) indicates decreased stress in different shoe
conditions relative to the NCFP condition; (-) indicates less notable stress change in different shoe conditions
relative to the NCFP condition.
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Figure 2. Comparison of MTP joint contact force transmission in foot-shoe models with respect to different
CFP shapes and stiffnesses at the impact peak instant during FFS running, (a) Medial path of the MTP joint
contact force transmission; (b) Lateral path of the MTP joint contact force transmission; (¢) Anatomical
schematic illustration of the MTP joint contact force transmission. Force is depicted in terms of times of body
weight. Blue arrows are for foot-shoe model without CFP, red arrows are for foot-shoe models with FCFP, and
green ones are for foot-shoe models with CCFP. The gradation in coloration represents the variations of CFP
thickness. Specifically, the lighter the shading, the greater the thickness of the CFP.
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the more even contact pressure observed compared to corresponding FCFP conditions (Fig. 1a). Nevertheless,
given the absence of biomechanical research directly comparing plantar pressure among running shoes with
different CFP shapes, a confirmation of these theoretical analyses is warranted.

The 2nd and 3rd metatarsal bones are shown to be susceptible to stress fractures, with fractures of the 2nd
metatarsal being particularly common and problematic among runners?®%. In our study, these two bones exhib-
ited significantly higher von Mises stress compared to the other metatarsals (Table 1), aligning with their clinical
vulnerability. However, both the FCFP and CCFP designs appeared to have limited impact on the stress states
within these two bones. This suggests that the pressure relief provided to plantar tissues through the use of an
optimal CFP may not have as pronounced an effect on the internal loading of the foot as previously assumed'2.
This finding, to some extent, aligns with the results reported by Chen et al.?®, who observed similar effects in
therapeutic insole and metatarsal pad design. It may also lend support to the notion that external force should not
be automatically considered representative of internal loading®”**. Nevertheless, we did observe a gradual stress
reduction trend in the 1st, 4th, and 5th metatarsals (Table 1), indicating that the CFP structure still has a certain
effect on offloading metatarsals. Furthermore, our contact force analysis revealed more obvious changes in load
transfer along the medial pathways, with a further decrease observed with the use of CFP (Fig. 2). Overall, this
scenario may suggest a shift in the load transfer pathway toward more uniform force transmission, potentially
leading to reduced foot pain in the medial columns during running. However, all these findings should be further
validated by longitudinal epidemiological evidence.

While this study represents the initial exploration of internal foot mechanics and associated injury risks in
novel CFP footwear, it is important to acknowledge its inherent limitations. It has been previously reported that
the optimal footwear LBS is dependent on various factors, such as running speed and body weight***'. Thus,
the single-case design of this study may restrict the generalizability of our research findings to a broader popu-
lation. Additionally, several assumptions were made in our model, including simplifications in the structural
representation of foot bones and ligaments, the use of isotropic linear elastic material properties, and uniform
biomechanical input for finite element simulations across all footwear conditions. Given this limitation, the
results of this study are intended to offer qualitative insights into the biomechanical effects of CFP from a
theoretical standpoint, rather than providing an exact representation of this specific type of footwear. Another
limitation pertains to the footwear design itself. Due to constraints related to the prototype running shoe’s mid-
sole thickness and structural design, we did not perform a gradient simulation analysis for CFP structures with
varying curvatures (such as moderate and extreme curvature CFPs). Meanwhile, Frederick recently proposed
the concept of Advanced Footwear Technology (AFT), which specifically refers to a performance-enhancing
footwear technology that combines lightweight, resilient midsole foams with rigid moderators and pronounced
rocker profiles in the sole®’. Therefore, it would also be valuable to further investigate the interactive effects of
these AFT components on running-related injury risks, which could provide comprehensive guidance for shoe
design and optimization.

Conclusions

Based on our results we can conclude that a running shoe equipped with a CCFP may offer greater potential
for overuse injury prevention. Such a design leads to reduced peak pressure under the forefoot without notably
impacting the stress state of the metatarsal bones, as compared to the NCFP and FCFP conditions. Employing
a CFP with appropriate stiffness, in general, appears to redirect the load transfer pathway toward a more evenly
distributed force transmission, potentially mitigating the risk of overuse injuries during long-distance running.
The information provided in this study can serve as a baseline for the design and optimization of carbon-plated
running shoes.

Materials and methods

Participants

This study was performed in compliance with the declaration of Helsinki and ethical approval was granted by
Ningbo University Human Subject Ethics Subcommittee (reference number: RAGH20221013). The participant
(male, age: 28 years, height: 175 cm, mass: 70 kg, running experience: 5 years) who volunteered for this study
was fully informed of the experimental procedures and provided the written consent form. This study consisted
of two main parts. Firstly, participants underwent computed tomography (CT) scanning to collect the medical
images of foot and shoe, which was then used to reconstruct 3D solid models. Secondly, participants underwent
lab-based gait experiments to obtain loading conditions for the FE analysis and to validate the simulation results.

Running shoe models

For this simulation, the 3D anatomically detailed foot-shoe model generated in our previous study was adopted'*.
The foot model consists of 20 distinct bone segments, 66 ligaments, and 5 plantar fasciae embedded in a volume
of encapsulated foot soft tissue. The shoe model includes the upper part and sole components of the running
shoe we used in this study. The shoe size was US 41, and the heel-to-toe drop was 8 mm.

Running shoe models with FCFP and CCFP were further created using computer-aided design software
(SolidWorks, Dassault Systémes, Paris, France). For FCFP, we placed the plate between the midsole and outsole
of the shoe, keeping it away from the foot. The location of CFP within the shoe sole is justified by our previous
study, demonstrating that this position can effectively reduce forefoot pressure without increased metatarsal stress
compared to the no CFP (NCFP) shoe'*. For CCFP, we have maximized its curvature close to the MTP joint
while maintaining the midsole structure of the prototype running shoe. The rest of the CCFP characteristics is
the same as the FCFP. To investigate the impact of CFP stiffness on foot biomechanics, we used three different
plate thicknesses. Namely, the original plate thickness (1 mm) was increased to 2 mm and 3 mm, referring to
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stiffer and stiffest scenarios, respectively. Meanwhile, to maintain consistent LBS of the two shapes, the thickness
of CCFP was slightly adjusted with the method used by Fu et al.”®. In total, the FE simulation incorporated 7
distinct design combinations as shown in Fig. 3a.

The material properties for the foot-shoe model were established based on prior simulation settings'®. Detailed
information about the material properties of the FE model is shown in Table 2. The meshing strategy employed
hexahedral elements for the ground plate and tetrahedral solid elements for all other components. Typically, a
global element size of 3.5 mm was employed for the bone structures, while a 5.0 mm size was used for the soft
tissue, shoe, and plate components. To enhance mesh quality, virtual topology techniques were applied to adapt
and refine the surface mesh for each component. Moreover, localized mesh refinement was implemented in
regions with intricate geometries to improve analysis precision. Additionally, a mesh convergence analysis was
carried out, guided by forefoot plantar pressure, to strike a balance between model accuracy and computational
resource optimization.

Boundary and loading conditions
The simulation focused on the landing impact peak instant during FFS running. During rearfoot strike (RES)
running, a distinctive first peak can be observed on the ground reaction force (GRF) curve and it can be used
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Figure 3. (a) Configurations of the different foot-shoe models with respect to different CFP shapes and
thicknesses, including no CFP (NCFP, stiffness: 2.19 N/mm), 1 mm-flat CFP (FCFP1, stiffness: 6.25 N/mm),

2 mm-flat CFP (FCFP2, stiffness: 16.36 N/mm), 3 mm-flat CFP (FCFP3, stiffness: 46.25 N/mm), 1 mm-curved
CFP (CCFP1, stiffness: 6.25 N/mm), 2 mm-curved CFP (CCFP2, stiffness: 16.36 N/mm), 3 mm-curved CFP
(CCFP3, stiffness: 46.25 N/mm); (b) Subject-specific musculoskeletal model and simulation of the forefoot
running gait; (c) Boundary and loading conditions for the finite element analyses. The LBS of the plate was
calculated by simulating the flexion mechanical test".

Model component | Element type Young’s modulus E (MPa) | Poisson’s ratio v
Bone Tetrahedral solid 7300 0.30

Soft tissue Tetrahedral solid 1.15 0.49

Ligament Tension-only spring | - -

Plantar fascia Tension-only spring | - -

Shoe upper Tetrahedral solid 11.76 0.35

Shoe sole Tetrahedral solid 2.739 0.35

Carbon fiber plate Tetrahedral solid 33,000 0.40

Ground plate Hexahedral solid 17,000 0.10

Table 2. Element types and material properties of the model components.

Scientific Reports |

(2024) 14:13215 |

https://doi.org/10.1038/s41598-024-64177-3

nature portfolio



www.nature.com/scientificreports/

as the impact peak instant®. This timepoint relative to the stance in percentage can be used to locate the same
timepoint relative to the stance on a GRF curve of FFS which was used in our simulations (Fig. 3b)*". During the
experiment, the participant completed 5 FES trials at a speed of 3.33 m/s on a runway while wearing the control
running shoe. The trial that was closest to the target speed and had the step falling within the force plate area
was selected for further analysis.

As shown in Fig. 3¢, the proximal cross-section surfaces of the fibula, tibia, and bulk soft tissue as well as the
shoe tongue were fixed. To simulate the impact peak instant, the ground plate was rotated to the corresponding
foot-ground angle (7.11°) in the sagittal plane and limited to move only in the vertical direction. We implemented
the measured variable into the FE simulation as the vertical GRF (712 N) from gait analysis and the estimated
Achilles tendon force (1744 N) and MTP joint contact force (548 N) from the musculoskeletal model calculated
in OpenSim (National Center for Simulation in Rehabilitation Research, Stanford, USA). Details of the experi-
mental procedure and data calculation were explained in Ref.".

The simulations were computed in Ansys Workbench 2022 (ANSYS, Inc., United States) with the standard
static solver. The results included foot plantar pressure and metatarsal bone stress, as well as contact force trans-
mission (in terms of times of body weight) across the MTP joint, which was separated into medial (the first
three rays) and lateral path (the last two rays) of load transfers?’. The peak values of the outcome variables were
quantitatively compared among the 7 conditions.

Experimental validation

The foot-shoe FE model has been validated by comparing the predicted foot and outsole pressure with the meas-
urements under balanced standing and FFS running conditions'*!"”. During the experimental trials, two pressure
measurement systems were employed—the Pedar Insole system (Novel GmbH, Munich, Germany) was used to
capture plantar pressure values, while the Footscan system (RSscan International, Olen, Belgium) was utilized
to obtain outsole pressure data. For the validation analysis, both the plantar and outsole areas were divided into
several specific regions. The plantar area was segmented into the first metatarsal, second metatarsal, third meta-
tarsal, fourth and fifth metatarsals, as well as the hallux. The outsole area was divided into the medial forefoot
and lateral forefoot sections. The intraclass correlation coefficient (ICC) analysis showed excellent agreement
between experimental measurements and predictions (ICC score =0.97), and the Bland-Altman plot presented
a mean offset of 2.4 kPa without statistical significance.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 15 January 2024; Accepted: 5 June 2024
Published online: 08 June 2024

References
1. Nigg, B. M. et al. Highlighting the present state of biomechanics in shoe research (2000-2023). Footwear Sci. 1, 1-11 (2023).
2. Hunter, I et al. Running economy, mechanics, and marathon racing shoes. J. Sports Sci. 37, 2367-2373 (2019).
3. Barnes, K. R. &Kilding, A. E. A randomized crossover study investigating the running economy of highly-trained male and female
distance runners in marathon racing shoes versus track spikes. Sports Med. 49, 331-342 (2019).
4. Cigoja, S. et al. The effects of increased midsole bending stiffness of sport shoes on muscle-tendon unit shortening and shortening
velocity: A randomised crossover trial in recreational male runners. Sports Med. 6, 1-11 (2020).
5. Cigoja, S. et al. Does increased midsole bending stiffness of sport shoes redistribute lower limb joint work during running? J. Sci.
Med. Sport 22,1272-1277 (2019).
6. Willwacher, S., Kénig, M., Potthast, W. & Briiggemann, G. Does specific footwear facilitate energy storage and return at the meta-
tarsophalangeal joint in running? J. Appl. Biomech. 29, 583-592 (2013).
7. Rodrigo-Carranza, V., Gonzélez-Mohino, E, Santos-Concejero, J. & Gonzélez-Ravé, ]. M. The effects of footwear midsole longi-
tudinal bending stiffness on running economy and ground contact biomechanics: A systematic review and meta-analysis. Eur. J.
Sport Sci. 22, 1508-1521 (2022).
. Edwards, W. B. Modeling overuse injuries in sport as a mechanical fatigue phenomenon. Exerc. Sport Sci. Rev. 46, 224-231 (2018).
9. Li, J. et al. Effect of long-distance running on inter-segment foot kinematics and ground reaction forces: A preliminary study.
Front. Bioeng. Biotechnol. 10, 833774 (2022).
10. Mey, Q., Gu, Y, Sun, D. & Fernandez, ]. How foot morphology changes influence shoe comfort and plantar pressure before and
after long distance running? Acta Bioeng. Biomech. 20, 179-186 (2018).
11. Song, Y. et al. Influence of changes in foot morphology and temperature on bruised toenail injury risk during running. Sci. Rep.
14, 1826 (2024).
12. Stefanyshyn, D. J. & Wannop, J. W. The influence of forefoot bending stiffness of footwear on athletic injury and performance.
Footwear Sci. 8, 51-63 (2016).
13. Flores, N., Rao, G., Berton, E. & Delattre, N. The stiff plate location into the shoe influences the running biomechanics. Sport
Biomech. 20, 815-830 (2019).
14. Song, Y. et al. The influence of running shoe with different carbon-fiber plate designs on internal foot mechanics: A pilot compu-
tational analysis. J. Biomech. 153, 111597 (2023).
15. Farina, E. M., Haigh, D. & Luo, G. Creating footwear for performance running. Science 10, 179-187 (2019).
16. Song, Y., Shao, E., Bir¢, I, Baker, J. S. & Gu, Y. Finite element modelling for footwear design and evaluation: A systematic scoping
review. Heliyon 8, 10940 (2022).
17. Song, Y. et al. Development and validation of a subject-specific coupled model for foot and sports shoe complex: A pilot compu-
tational study. Bioengineering 9, 553 (2022).
18. Peng, Y. et al. Different design feature combinations of flatfoot orthosis on plantar fascia strain and plantar pressure: A muscle-
driven finite element analysis with Taguchi method. Front. Bioeng. Biotechnol. 10, 853085 (2022).
19. Fu, F et al. Effect of the construction of carbon fiber plate insert to midsole on running performance. Materials 14, 5156 (2021).

el

Scientific Reports |

(2024) 14:13215 | https://doi.org/10.1038/s41598-024-64177-3 nature portfolio



www.nature.com/scientificreports/

20. Yu, L. et al. Principal component analysis of the running ground reaction forces with different speeds. Front. Bioeng. Biotechnol.
9, 629809 (2021).

21. Boyer, E. R,, Rooney, B. D. & Derrick, T. R. Rearfoot and midfoot or forefoot impacts in habitually shod runners. Med. Sci. Sport
Exerc. 46, 1384-1391 (2014).

22. Wang, Y., Li, Z., Wong, D.W.-C. & Zhang, M. Effects of ankle arthrodesis on biomechanical performance of the entire foot. PLoS
ONE 10, 0134340 (2015).

23. Kim, H. K,, Mirjalili, S. A. & Fernandez, J. Gait kinetics, kinematics, spatiotemporal and foot plantar pressure alteration in response
to long-distance running: Systematic review. Hum. Mov. Sci. 57, 342-356 (2018).

24. Willems, T. M., De Ridder, R. & Roosen, P. The effect of a long-distance run on plantar pressure distribution during running. Gait
Posture 35, 405-409 (2012).

25. Nagel, A., Fernholz, E, Kibele, C. & Rosenbaum, D. Long distance running increases plantar pressures beneath the metatarsal
heads: A barefoot walking investigation of 200 marathon runners. Gait Posture 27, 152-155 (2008).

26. Ellison, M. A., Akrami, M., Fulford, J., Javadi, A. A. & Rice, H. M. Three dimensional finite element modelling of metatarsal stresses
during running. J. Med. Eng. Technol. 44, 368-377 (2020).

27. Ellison, M. A., Kenny, M., Fulford, J., Javadi, A. & Rice, H. M. Incorporating subject-specific geometry to compare metatarsal stress
during running with different foot strike patterns. J. Biomech. 105, 109792 (2020).

28. Chen, W.-M,, Lee, S.-]. & Lee, P. V. S. Plantar pressure relief under the metatarsal heads: Therapeutic insole design using three-
dimensional finite element model of the foot. J. Biomech. 48, 659-665 (2015).

29. Ellison, M. A., Fulford, J., Javadi, A. & Rice, H. M. Do non-rearfoot runners experience greater second metatarsal stresses than
rearfoot runners? J. Biomech. 126, 110647 (2021).

30. Roy, J. P.R. & Stefanyshyn, D. J. Shoe midsole longitudinal bending stiffness and running economy, joint energy, and EMG. Med.
Sci. Sports Exerc. 38, 562-569 (2006).

31. 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. 119, 429-439 (2019).

32. Frederick, E. C. Let’s just call it advanced footwear technology (AFT). Footwear Sci. 14, 131 (2022).

Acknowledgements

This study was sponsored by the Zhejiang Provincial Natural Science Foundation of China for Distinguished
Young Scholars (LR22A020002), Zhejiang Provincial Key Research and Development Program of China
(2023C03197), Zhejiang Provincial Natural Science Foundation (LTGY23H040003), Zhejiang Rehabilitation
Medical Association Scientific Research Special Fund (ZKKY2023001), Research Academy of Medicine Combin-
ing Sports, Ningbo (N0.2023001), the Project of NINGBO Leading Medical &Health Discipline (N0.2022-F15,
No.2022-F22), Ningbo Natural Science Foundation (2022]065, 20221JCGY010607), Public Welfare Science &
Technology Project of Ningbo, China (2021S134), the Research Grants Council (RGC #15211322) and the
Shenzhen Research Fund [JCYJ-20230807-14041-4029].

Author contributions

YS and XC conceived and carried out the experiment and model simulation. DS, KB, HC, and SG contributed
to the data analysis. YS, XC, DS and KB organized the structure and wrote the manuscript. YW, IB, MZ and YG
revised and edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:13215 | https://doi.org/10.1038/s41598-024-64177-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Curved carbon-plated shoe may further reduce forefoot loads compared to flat plate during running
	Results
	Plantar pressure
	Bone stress
	Contact force transmission

	Discussion
	Conclusions
	Materials and methods
	Participants
	Running shoe models
	Boundary and loading conditions
	Experimental validation

	References
	Acknowledgements


