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SUMMARY

The purpose of this study is to restore the before fracture kinematic state by using the observed foot bone 

displacements as boundary conditions for finite element (FE) analysis. Secondly, this study aims to compare 

the biomechanical changes of the foot before and after a metatarsal (MT) fracture using this method. A total of 

21 subjects had previously experienced a shaft stress fracture of the MT5 in the six months before the collec

tion of experimental data. All patients received treatment through the use of cast immobilization for duration 

of 4–6 weeks. After the subject’s recovery, we obtained gait biomechanical data. At the same time, we also 

obtained gait data from 21 healthy subjects as the control group. This study found that when a fracture of the 

MT5 occurs, even after rehabilitation, there is a significant impact on the metatarsal.

INTRODUCTION

Running has gained significant popularity due to its straightfor

ward nature and easy accessibility, resulting in a steady rise in 

the number of individuals engaging in this form of physical exer

cise each year.1 However, this also raises the issue of an increas

ingly high incidence of running-related injuries.2–4 Foot-related 

injuries constitute a significant proportion of all injuries to the 

lower extremities, including fractures of the metatarsal (MT) 

bones. Fractures of the fifth MT are the prevailing MT fractures 

in individuals over the age of 5, including both children and 

adults. Between 45% and 70% of MT fractures concentrate on 

the MT5.5–8 We can categorize the fractures into three types: 

tuberosity avulsion fractures, Jones fractures at the metaphy

seal-diaphyseal junction, and shaft stress fractures.9,10 Shaft 

stress fractures are pathological fractures primarily observed in 

athletes but can also occur in individuals with weak bone 

structure.11

The human foot is a highly resilient mechanical structure, con

sisting of 26 bones, 33 joints, and a variety of muscles, tendons, 

ligaments, cartilage, and other tissues. The foot acts as the initial 

connection between the internal kinetic chain of the human body 

and the external movement environment. This occurs not only 

during static standing but also during dynamic activities such 

as walking and running et al..12–16 Being the only part of the hu

man kinetic chain that comes into contact with the ground, any 

modification in the structure of the foot directly influences the 

modified movement patterns of the foot and lower limbs. There

fore, when a fracture occurs in this crucial structure, it will 

adversely affect the functioning of the entire lower limb, much 

like a problem with the root of a tree that inevitably leads to is

sues with the trunk of the same tree. Competitive athletes may 

need surgical intervention if the MT5 fracture displaces more 

than 3 mm or angulates more than 10◦ in either dorsiflexion or 

plantarflexion. Alternatively, if surgery is not chosen, non-surgi

cal treatment entails immobilizing the affected area without 

applying any pressure to it for duration of up to 3 months.11

With the significant improvement in computer technology and 

programming capabilities in recent years, academic and indus

trial fields have made significant progress in modeling and 

analyzing complex systems, such as skeletal or mechanical 

structures, thanks to the use of analog simulation software.17,18

As a result, finite element (FE) analysis of mathematical models 

demonstrates greater advantages in terms of cost control, time 

efficiency, ease of operation, and flexibility compared to tradi

tional experimental methods.19 FE modeling is gradually finding 

more and more applications in the biomechanical study of the 

lower extremity, including the foot and ankle, especially in its 

ability to assess and predict the risk of gait injuries that may 

occur during walking, running, and athletic training.20–23

Recently, several researchers have conducted more in-depth in

vestigations into foot changes using FE and the high-speed dual 

fluoroscopic imaging system (DFIS) techniques.24 These tech

niques allow non-invasive observation of changes in the skeletal 

structure during exercise, providing a genuine means of directly 

observing alterations in skeletal kinematics.

Most of the current FE foot research is based on biomechan

ical testing and boundary conditions calculated by simulation 
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software, but there are significant limitations to this approach. 

For example, the placement of reflective markers can cause ki

nematic calculations to be off, impurities on the surface force 

plate can cause kinetic acquisition to be off, and electrical signal 

conduction on the skin surface can cause muscle force calcula

tions to be off. Therefore, the purpose of this study is to restore 

the before fracture kinematic state by using the observed foot 

bone displacements (DFIS) as boundary conditions for FE anal

ysis. Secondly, the second purpose of this study is to compare 

the biomechanical changes of the foot before and after MT 

fracture by this method. Finally, we proceeded to make addi

tional speculations regarding potential biomechanical alterations 

based on kinematics, kinetics, and muscle forces parameters. 

We hypothesized that the stresses in MT1-4 would be different 

before and after the MT5 fracture, and we further hypothesized 

that perhaps the MT1 stresses would be higher after the fracture 

than before.

RESULTS

Validation of the simulation model

An analysis was conducted to simulate the structure of the foot 

during running. The obtained results were then compared to 

the deformation of the navicular bone in order to validate the ac

curacy of the FE foot model. Since finite element simulation is an 

engineering method for computers to restore the real situation, in 

order to determine the accuracy of its results, we verified it 

through the deformation of the navicular bone. Using 14 data

sets, the intraclass correlation coefficient (ICC) were used to 

assess the level of agreement between in vivo measurements 

and predictions. According to Koo,25 the ICC estimate was clas

sified as weak below 0.50, moderate between 0.50 and 0.75, 

strong between 0.75 and 0.9, and excellent reliability beyond 

0.90. Our results show that the ICC test displayed an excellent 

ICC score (0.97). The displacement of the navicular bone is 

used as an alternative measure for the foot deformation index 

in clinical settings. The tuberosity of the medial side navicular 

bone is frequently employed as the point of reference when con

ducting manual measurements. Figure 1 depicts the comparison 

between the measured deformation of the navicular bone26,27

and the result obtained through FE simulation. Figure 1

also shows that the Electromyography (EMG) data and musculo

skeletal models compare in terms of muscle activation. Addition

ally, the optimal quantity of elements and the corresponding no

des were as follows: 146,030 elements and 31,651 nodes before 

to the MT5 fracture; 151,975 elements and 37,714 nodes after to 

the MT5 fracture.

The spatial displacements 21 healthy subjects

Figure 2 illustrates the spatial displacements of three parts of 

foot segments in a group of 21 healthy subjects during the 

running stance phase.

The spatial displacements 21 after fracture subjects

Figure 3 illustrates the spatial displacements of three parts of 

foot segments in a group of 21 after fracture subjects during 

the running stance phase.

The distribution of the Von-Mise stress

Figure 4 illustrates the distribution of the Von-Mise stress 

changes in the MT1-4 at different running stance phase, from 

10% to 90%, respectively. The maximum value of stress in the 

stance phase is 30.775 MPa while the minimum value is 

0.2517 MPa. From 10% to 40% of the stance phase, the stress 

on the MT gradually shifts from being maximum at the proximal 

end to being maximum at the middle (50% of the stance phase); 

from 60% to 90% of the stance phase, the maximum stress tran

sitions from the middle to the distal end, until finally the foot 

leaves the ground.

Changes of biomechanical parameters

Figure 5A demonstrates significant differences of the ankle angle 

(plantarflexion and dorsiflexion: 63.03%–100%, p < 0.001; ever

sion and inversion: 38.47%–79.44%, p = 0.002), ankle moment 

(plantarflexion and dorsiflexion: 22.38%–61.23%, p < 0.001) and 

ankle power (plantarflexion and dorsiflexion: 18.50%–36.56%, 

p < 0.001; 46.57%–75.83%, p < 0.001; eversion and inversion: 

0.52%–18.17%, p < 0.001; 31.07%–56.20%, p < 0.001) during 

the running stance phase for before and after fracture. Figure 5B 

demonstrates significant differences of the knee angle (eversion 

and inversion: 58.76%–100%, p = 0.004), knee moment (eversion 

and inversion: 20.75%–25.55%, p = 0.046), and knee power 

(eversion and inversion: 18.16%–29.43%, p < 0.001) during the 

running stance phase for before and after fracture. Figure 5D 

Figure 1. Validation of the simulation model 

Vertical displacement validation of model; validation of the EMG and OpenSim simulation.
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demonstrates significant differences of the ankle joint force (ante

rior and posterior: 10.10%–14.28%, p = 0.037; 24.35%–38.21%, 

p = 0.002; 46.19%–92.56%, p < 0.001) (medial andlateral: 

30.98%–90.50%, p < 0.001) (vertical: 2.73%–29.70%, p < 0.001; 

37.94%–96.43%, p < 0.001) and knee joint force (anterior and pos

terior: 0.60%–6.69%, p = 0.020; 16.21%-21.20, p = 0.027; 

33.32%–94.75%, p < 0.001) (medial and lateral: 30.96%–100%, 

p < 0.001) (vertical: 4.90%–29.42%, p < 0.001; 41.87%–95.58%, 

p < 0.001) during the running stance phase for before and after 

fracture. Figure 5C demonstrates significant differences of soleus 

(0%–42.76%, p < 0.001), tibialis anterior (0%–23.59%, p < 0.001; 

33.15%–82.16%, p < 0.001), medial gastrocnemius (0%–100%, 

p < 0.001), lateral gastrocnemius (0%–27.27%, p < 0.001; 

30.14%–64.65%, p < 0.001; 70.78%–100%, p < 0.001), flexor hal

lucis longus (0%–34.90%, p < 0.001; 45.93%–72.55%, p < 0.001; 

83.20%–100%, p = 0.006), extensor hallucis longus (0%– 

8.53%, p = 0.030; 22.46%–33.41%, p = 0.021; 38.78%–100%, 

p < 0.001), flexor digitorum longus (0%–38.86%, p < 0.001; 

48.13%–77.43%, p = 0.001; 86.59%–100%, p = 0.020), and 

extensor digitorum longus (16.45%–31.71%, p = 0.002) during 

the running stance phase for before and after fracture. Figure 5E 

shows the Von-Mises stress change of the MT1-4 during the 

running stance phase for before and after fracture.

DISCUSSION

The primary purpose of this study is to restore the before fracture 

kinematic state by using the observed foot bone displacements 

(DFIS) as boundary conditions for FE analysis. Secondly, the 

second purpose of this study is to compare the biomechanical 

changes of the foot before and after MT fracture using this 

method. Finally, we proceeded to make additional speculations 

regarding potential biomechanical alterations based on kine

matics, kinetics, and muscle forces parameters. We hypothe

sized that the stresses in MT1-4 would be different before and af

ter the MT5 fracture, and we further hypothesized that perhaps 

the MT1 stresses would be higher after the fracture than before. 

Our hypotheses are in general in agreement with our results, as 

can be seen in Figures 4 and 5E where the stress of MT1-4 before 

and after fracture is very different. Secondly, according to the re

sults of Figure 5E, the MT1 stress after fracture is higher than 

before fracture.

Figure 2. The spatial displacements 21 healthy subjects 

The spatial displacements of three parts of foot segments in a group of 21 healthy subjects during the running stance phase. Green: forefoot; blue: midfoot; red: 

rearfoot.
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Researchers have found that people with MT5 fractures 

have significantly higher plantar pressures than people who 

do not have them, especially in the area of the first metatarso

phalangeal joint.28 While the study examined changes in static 

plantar pressure, we cannot entirely depend on its findings to 

support our theory. However, we can deduce from the results 

that changes in plantar pressure can cause MT1 stresses to 

increase. Upon comparing our findings with the available in

formation, this deduction seems to make sense. In addition, 

it is not just the MT1 that experiences higher levels of stress 

in individuals who have had a fracture; this also happens in 

the MT2. This further suggests that a fracture of the lateral 

metatarsal, even after rehabilitation, can potentially affect 

changes in the medial metatarsal. In terms of sports anatomy, 

the foot is actually an unstable structure.29 Previous studies 

have demonstrated that the unstable structure of the foot 

is more inclined to be medial-lateral unstable, which also 

further supports the results of the present study.26,30 It also 

seems entirely possible that because of the structural 

changes in the lateral foot, the stresses in the medial foot 

will thus become greater. After a fracture, the sagittal ankle 

joint angle decreases, and the corresponding joint moment 

and joint power also decrease. This situation at the same 

running speed is likely due to the metatarsal bone’s compen

satory mechanism.

The results of the present study indicate that the MT4 stress 

was higher after the fracture than it was before. This raises a 

question, as our previous reasoning suggested that the high 

stress in the MT1 and MT2 was due to the foot’s medial-lateral 

instability. And since the MT1 and MT2 have already compen

sated, why is the MT4 also under increased stress? From a 

running biomechanics point of view,31,32 this seems logical, as 

the MT5 is the one closest to the ground, and the impact it re

ceives is not negligible. However, if the MT4 does not undergo 

a compensatory mechanism concurrently with structural dam

age to the MT5, the entire foot structure may struggle to maintain 

stability, potentially leading to a completely different gait pattern. 

It can also be seen from the results in the Figure 5 that there are 

great differences in the biomechanical parameters of the two 

groups. In terms of the timing of the peak stress in MT1 and 

MT4, this would seem to further support our conjecture. 

Because of the structural damage to the MT5, the MT1 and 

Figure 3. The spatial displacements 21 after fracture subjects 

The spatial displacements of three parts of foot segments in a group of 21 after fracture subjects during the running stance phase. Green: forefoot; blue: midfoot; 

red: rearfoot.
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MT4 intervened early in the stance phase as a way to help 

compensate for the MT5 deficiencies.

From the stress changes in the MT1 before the fracture, it can 

be found that the peak stress in the MT1 occurs during the 

push-off phase stage. The results of the previous study33

suggest that the big toe region should generate the most force 

under normal gait conditions. Instead, the peak MT stress 

changed considerably after the fracture, and we believe that 

the compensatory mechanism mentioned in the previous 

section is the important reason for this. The compensatory 

mechanism was applied to MT1, potentially leading to its early 

involvement in the entire stance phase. Another potential 

explanation could be that MT1 balances with MT4, which also 

requires compensation to ensure the stability of the entire 

foot. Finally, MT1 should have been the primary contributor to 

the push-off phase, but after the MT5 fracture, MT2 and MT3 

took the lead for all the previously mentioned reasons. From 

the changes in muscle forces (Figure 5C), especially the mus

cles that control the ankle joint and metatarsophalangeal joint, 

we can further strengthen our conjecture.

In this study, the MT stress changes before fracture in the 

same situation were restored by using the internal displacement 

of the bone captured by DFIS as a boundary condition. This 

study found that when a fracture of the MT5 occurs, even after 

rehabilitation, there is a significant impact on the metatarsal. In 

addition, this study further found that when a fracture of the 

MT5 occurs, all of the MT bones make corresponding adjust

ments as a result of this structural change. Correspondingly, 

similar compensation mechanisms have been developed based 

on kinematics, kinetics, and muscle forces data to adapt to the 

changes caused by fractures. This study not only provides 

further insight into the foot after a fracture but also allows for 

the restoration of the before fracture condition as a means of 

judging the post-rehabilitation condition.

Limitations of the study

Originally, the selection process for this study included a male 

participant. The conclusions derived from the study may differ 

because of inherent individual variability. Furthermore, variations 

in material property settings and boundary conditions can 

significantly influence the final results. In addition, to simplify 

the model, we set boundary conditions by dividing the foot into 

three parts and applying three collective displacements. How

ever, a more effective approach would be to create the displace

ments bone-by-bone.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

A total of 21 subjects (Table S1) had previously experienced a shaft stress fracture of the MT5 in the six months before the collection 

of experimental data. All patients received treatment through the use of cast immobilization for a duration of 4–6 weeks. After the 

subject’s recovery, we obtained gait biomechanical data. At the same time, we also obtained gait data from 21 healthy subjects 

(Table S1) as the control group. A male Chinese participant with experienced a shaft stress fracture of the MT5 (age: 28 years) 

was enlisted for the FE analysis. This study focused on analyzing rearfoot striking patterns. All methods were performed in accor

dance with the Declaration of Helsinki. After obtaining a detailed description of the research’s objective and methods, the participant 

gave written permission to affirm their well-informed choice to participate. The Ethics Committee of Ningbo University approved this 

study (protocol code: TY2024022).

METHOD DETAILS

Biomechanics parameters collection

The study employed a Kistler force platform and an eight-camera Vicon motion capture system (Oxford Metrics Ltd., Oxford, UK) to 

collect data on the dynamics and kinematics. Figure S1A illustrates the location of 39 markers. The participant advanced and sprinted 

along a 10-meter track at a velocity of 5 m/s in order to capture the rearfoot running stance phase of the right foot (Figure S1B). The 

current study employed OpenSim software, developed by Stanford University in Stanford, CA, USA, to calculate biomechanical pa

rameters for subsequent FE analysis. Surface muscle activations and forces were recorded using EMG equipment (Delsys, Boston, 

MA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Model Reconstruction

A CT and MRI scan were performed on the right foot of the participant (tube voltage: 120 kV, tube current: 125 mA, slice thickness: 

2 mm; no interval scanning). The two-dimensional image was divided into segments using Mimics 21.0 (Materialise, Leuven, 

Belgium). The bone, plantar fascia, and bulk soft tissue were refined using Geomagic Studio 2021 (Geomagic, Inc., Research Triangle 

Park, NC, United States). The software SolidWorks 2017, developed by SolidWorks Corporation in Waltham, MA, United States, was 

utilized to assemble the components and subsequently convert them into solid objects. A solid material has been developed to mimic 

the composition of cartilage, which fills the space between two neighboring bones. The before fracture structure (healthy foot) was 

fitted by displacing two parts of MT5 and combining them into a single solid.

Two fluoroscopes were positioned at right angles to each other, 90◦ apart, in order to capture foot fluoroscopy images simulta

neously from two different perspectives (anterolateral and anteromedial). A cubic calibration frame was used to establish the spatial 

calibration of the shooting area. The XMAlab software (Version 2.1.0, Brown University, Prov, USA) then determined the relative po

sitions of the X-ray tube and the flat panel detector in space.34 Afterward, the environment calibration file produced by XMAlab was 

imported into the 3-D modeling software Rhinoceros (Version 7.4, Robert McNeel Ltd., WA, USA) in order to establish a virtual 

biorthogonal perspective system.34,35

Two virtual cameras were created to simulate the X-ray sources of the two fluoroscopes, taking into account the placement 

of perpendicular fluoroscopic images in order to accurately recreate the position of the fluoroscopic enhancers (Figure S2). Subse

quently, the foot model was imported into the virtual environment, and the bone position was modified through rotation and trans

lation in Rhinoceros software to align the projected contour of the foot model with the actual bone position shown in the X-ray 

fluoroscopic images.36 The 3-D model created in Mimics using foot MRI/CT data was utilized as a previously used framework for 

correcting and aligning the model. Ultimately, the coordinate systems for the forefoot, midfoot, and rearfoot were established, 

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Kistler force plate Kistler Ltd. https://www.kistler.com/

Vicon motion capture system Oxford Metrics Ltd. https://www.vicon.com/

Dual fluoroscopic imaging system Taoimage Medical Technology Ltd. https://www.taoimage.com/

e1 iScience 28, 112432, May 16, 2025 

iScience
Article

ll
OPEN ACCESS

https://www.kistler.com/
https://www.vicon.com/
https://www.taoimage.com/


and the coordinate system calculator plug-in in Rhinoceros was used to calculate three relative displacements of different parts of the 

foot.35

Boundary and loading condition

An LS-DYNA dynamic solver from Workbench 2021 (ANSYS, Inc. located in Canonsburg, PA, USA) was used to perform a simulation 

of the running stance phase (before and after fracture). The mesh size of each solid was controlled by the program (Figure S1D). The 

Workbench program enabled the automatic identification of component interactions. An algorithm based on surface closeness was 

used to determine potential contact pairings. The bone surface and cartilage were simulated to interact physically by making direct 

face-to-face contact. The bone’s surface established a frictionless connection with the cartilage. The enclosed soft tissue functioned 

as an anchor for both the bones and cartilage. A contact surface with a friction coefficient of 0.6 was used to simulate the interaction 

between the foot and the ground (Figure S1C).

Figure S1C outlines the biomechanical parameter indicators that are subjected to loading. First, fix the ground, and set and define 

the position of the foot model. In the FE model, the ankle joint angle was set by adjusting the angle between the tibial axis and the 

longitudinal axis of the foot on the sagittal plane. The global coordinate system remained consistent with the original coordinate sys

tem of OpenSim.37,38 Finally, the displacements derived from the three parts of foot assemblies are added to the model as a further 

setting of the boundary conditions. All materials, except for the encapsulated soft tissue and skin were assumed to be isotropic and 

linear elastic materials, and their properties were obtained from prior research. Table S2 enumerates the material properties of 

each part.

Statistical analysis

The dataset was subjected to Shapiro-Wilk normality tests prior to statistical analysis. Paired t-tests were utilized to compare running 

stance phases between two pairs of shoes, and no significant differences were discovered. All data from the walking and running 

phases were retrieved, and the data of the stance phase was stretched into a time series curve of 101 data points using a custom 

script of MATLAB for SPM). Open source SPM1d paired-samples t-tests software was utilized for the statistical analysis. The signif

icance threshold p-value was set at 0.05. A statistical power analysis was performed, with the use of G*Power,39 which indicated a 

sample size needed of 20 patients at least for each group to detect moderate differences.
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