
Moayedi et al.: A structural investigation of the internal stresses of the foot in hammer toe deformity during walking. A finite element approach  

 

  

Abstract— Over the past decade, Finite Element (FE) 

modelling has been used as a method to understand the 

internal stresses within the diabetic foot. Foot deformities 

such as hammer toe have been associated with increased risk 

of foot ulcers in diabetic patients. Hence the aim of this study 

is to investigate the influence of hammer toe deformity on 

internal stresses during walking. A 3D finite element model of 

the human foot was constructed based on capturing Magnetic 

Resonance Imaging (MRI) of a diabetic neuropathic volunteer 

exhibiting hammer toe. 3D gait measurements and a multi-

body musculoskeletal model for the same participant were 

used to define muscle forces. FE simulations were run at five 

different instances during the stance phase of gait. Peak 

plantar pressure and pressure distribution results calculated 

from the model showed a good agreement with the 

experimental measurement having less than 11% errors. 

Maximum von Mises internal stresses in the forefoot hard 

tissue were observed at the 3rd and 5th metatarsals and 4th 

proximal phalanx. Moreover, presence of hammer toe 

deformity was found to shift the location of maximum 

internal stresses on the soft tissue to the forefoot by changing 

the location of centre of pressure with internal stress more 

than 1.64 greater than plantar pressure. Hammer toe deformity 

also showed to reduce the involvement of the first phalanx in 

internal/external load-bearing during walking. The findings of 

this study support the association between changes in loading 

pattern, deformity, and internal stresses in the soft tissue that 

lead to foot ulceration. 
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1. Introduction 

Foot ulceration is the most frequently recognised 

complication in people with diabetes [1]. Epidemiology of  
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foot ulceration and amputations showed that the prevalence of 

diabetic foot ulcers (DFUs) in diabetic patients could be 1.7% 

to 11.9% [2]. The required costs to heal the infected ulcers not 

requiring amputation reach ∼$17,500 (in 1998 US dollars) 

[3]. Several factors are involved in the development of DFU 

[4] which foot deformity is an effective factor that causes 

stress concentration and additional pressure to the sole of the 

foot  [5] and one of the high-risk factors of the deformities is 

hammer/claw toe [6]. 

Hammer-toe deformity can take place around the proximal 

interphalangeal joints of the lesser toe; this usually happens 

when the middle phalanx is flexed on the proximal one, 

causing hyperextension within the metatarsophalangeal joint, 

and a plausible flexion or extension within the distal 

interphalangeal joints. A hammer toe deformity manifests 

itself in the form of permanent angular flexion in 

metatarsophalangeal (MTP) joints [7]. Previous studies 

presented muscular imbalance, age, type of footwear, gender 

[8], and ineffectiveness of the intrinsic flexors [9] as common 

reasons for hammer toe. Moreover, simultaneous occurrence 

of hammer toe with neuropathy can increase the plantar 

pressure (PP) during walking, thus increasing the risk of 

ulceration [5]. For instance, in a study with 243 diabetic 

patients, 21% had neuropathy, and 39% had hammer toe [10]. 

In another study with 100 diabetic patients, 34% had 

neuropathy, and 32% had hammer toe [11] due to the high 

number of diabetic patients across the world (more than 400 

million patients[12]), the number of patients with hammer toe 

deformity and neuropathy problems can be significant. 

Mechanical trauma resulting from excess mechanical 

loading is considered a cause of DFU [13-17]. Thus, several 

studies focused on assessing the plantar pressure during 

walking [18-20]. In 2003, model developed by Gelofen [21] 

showed that internal stresses could be several times greater 

than the plantar pressure. However, unlike plantar pressure 

that can be measured using pressure sensors, the internal 

stresses cannot be measured experimentally and require finite 

element modelling approaches. The geometry of the FE 

model is composed based on segmentation and reconstruction 

of medical images (Computed Tomography (CT) images, 

Magnetic Resonance Imaging (MRI), and X-ray images; (X-

ray is not used nowadays)) [22-30]. In recent years, the 

musculoskeletal model with finite element modelling (FEM) 

was used to increase the accuracy of prediction results of 

numerical models, so in addition to the boundary conditions 

gathered from gait analysis, muscle forces are also applied to 

the model [31-33]. Despite the existence of such models, 

there is a scarcity of specific models in which hammer toe 
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deformity is constructed and the effect of deformity on the 

internal stresses in both soft tissue and bones are investigated. 

The aim of this study is to investigate the effects of hammer 

toe on the distribution of internal and external stresses in both 

the soft tissue and the bone during walking.  

2. Method 

A diabetic subject (male; age: 53 years; body mass index 

(BMI): 34 kg/m2) with neuropathy and hammer toes 

abnormalities in the left foot and with healthy right foot, 

participated in this study following informed consent. A 3D 

FEM of the left foot was developed using person-specific 

MRI and gait analysis. Fig. 1 shows four slices of MRI 

images in sagittal view and as shown in this figure, the 

proximal phalanges have deviated from normal to different 

degrees. The 4th and the 5th toe are closer to 

 

normal form and have less deviation compared with 2nd and 

3rd phalanges. Muscle forces were derived based on the 

musculoskeletal model (MSM) along with the 3D ground 

reaction forces (GRFs), which were added to the model as 

boundary conditions. For validation, plantar pressure and its 

distribution were compared in five phases of walking and at 

the end, the effects of hammer toe deformity on the 

biomechanics of the foot were discussed. The steps required 

to achieve a complete model were taken as follows: 1) MRI 

imaging of the foot. 2) Integrated 3D motion capture (gait 

analysis). 3) Calculation of muscle forces with 

musculoskeletal modelling. 4) Conversion of MRI images 

into a three-dimensional model with segmentation in Mimics 

software and 5) Computation of stresses and PP in soft tissues 

and bones through use of FEMs. 

 

 

 

 
 

 
 
 
 
 
 
 
 

Fig. 1. Comparison of approximate proximal phalanges deviation visible in the MRI pictures in sagittal medial view of the left foot. a) 2nd toe at 
approximately 49° has the maximum deviation, b) 3rd toe with approximately 46° deviation, c) 4th toe with approximately 31° deviation, d) 5th toe 

with approximately 29° deviation  

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 2. Muscle activation intensity which normalised in the period of stance phase; (a) tibialis anterior, this shows a good agreement between EMG 
and OpenSim results with Root-Mean Square Error (RMSE) 0.19 and (b) medial gastrocnemius, this also presents a reasonable assent between 

EMG and OpenSim results with RMSE 0.17 

3. Gait Measurement 

Three-dimensional gait analysis was carried out on the 

same participant. 24 Markers were positioned on the lower 

limb and trunk based on the Vicon Plug-In Gait marker 

placement recommendations [34]. In addition, 14 extra 

markers were positioned on the lower extremities at the 

following anatomical landmarks; 

left and right medial femoral condyle, left and right greater 

trochanteric  [35], left and right first metatarsal head, left and 

right fifth metatarsal head, left and right anterior tibia, at the 

half of part length, left and right anterior thigh, at the half  

of part length [36, 37], left and right dorsal surface of the 

second metatarso-cuneiform joint [38]. The placement of the  

 

38 markers are shown in Appendix A. Gait analysis was 

carried out by 10 infrared cameras motion capture system 

(Vicon, Oxford, UK) sampling at 100 Hz, and two force 

plates (Kistler, Winterthur, Switzerland) were used to record 

the GRFs at 100 Hz and one pressure pad system (Payatek, , 

Tehran, Iran) was used to collect the pressure distribution of 

the foot. For validation of muscle forces  and intensity of 

muscle activation, a six-channel surface electromyography 

(EMG) system (Myon, Schwarzenberg, Switzerland) was 

placed based on SENIAM guidelines [39, 40]. EMG data was 

processed with a five-step approach. The data passed through 

a fifth order Butterworth high-pass filter at 30 Hz, demeaned, 

and full wave rectified. Then the outputs were low-pass 

(b) 

 49° 

(a) 

 46°  31°  29° 

(a) (b) (c) (d) 
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filtered by a fourth order Butterworth filter at 5Hz, and 

subsequently normalised against highest activity [41]. 

Kinematic data, GRFs, and muscle activation signals were 

collected synchronously using Nexus software (Vicon, 

Oxford, UK).  

The muscle activities of six major muscles: soleus, lateral 

gastrocnemius, medial gastrocnemius, tibialis posterior, 

tibialis anterior, and peroneus longus were acquired. The 

participant was asked to walk barefoot at normal walking 

speed along the walkway. Several trials were repeated to 

ensure repeatability of the results and gait pattern. The 

trajectory data of markers, muscle activation signals, and 

GRFs were collected, used to obtain muscle forces, boundary 

conditions, and validation of FE results. In addition to the 

dynamic trials, data of a static trial was collected, and used for 

scaling of the musculoskeletal model. 

4. Muscle force estimation 

OpenSim software [42] has several generic 

musculoskeletal models that can be used for various 

purposes, such as predicting muscle forces. In this study, the 

‘gait 2392’ model [42] was deployed based on previous 

studies [31-33]. This comprehensive model consists of 10 

rigid bodies with 23 degrees of freedom (DOF) and 92 

musculotendon actuators. Scaling of the generic model was 

performed using the static trial data (position of markers and 

body mass of participant). The lower limb contains seven 

segments: femur, talus, pelvis, tibia/fibula, patella, foot 

(metatarsals, cuneiforms, cuboid, navicular, and calcaneus) 

and toes. All the muscle forces of the leg were obtained by 

static optimization during walking. For validation purposes, 

simulated muscle activation of six intended muscles (soleus, 

lateral gastrocnemius, medial gastrocnemius, tibialis 

posterior, tibialis anterior, and peroneus longus) during the 

stance phase of gait were compared against the 

corresponding muscle activities derived experimentally. 

Comparing the normalised muscle activation, the intensity 

results of EMG and OpenSim indicate a reasonable 

agreement (with RMSE of 0.19 and 0.17 for tibialis anterior 

and medial gastrocnemius) of the modelled muscle force 

estimations against the real forces. The comparison for the 

results of lateral gastrocnemius and tibialis anterior muscle 

activation can be seen in Fig. 2 showing a good agreement.  

 

 

5. Finite Element Modeling 

The 3D model of the foot consisted of soft tissue (skin, fat, 

muscles, and tendons), hard tissues (bones), and the Achilles 

tendon, which were constructed by segmenting the MRI 

images using Mimics software (Materialise, Leuven, 

Belgium). The left foot MRI was acquired in an unloaded 

condition using a 1.5 Tesla MRI scan (Philips Ingenia, 

spacing between slices: 0.5 mm and slice thickness: 1 mm, 

sequence 3D mDion Te Hr, TE/TR 9/29). The angle between 

the foot and leg were kept at approximately 90 degrees by 

pads and pillows to improve the accuracy of the 3D 

reconstructions. The obtained models were polished with the 

help of 3-Matic software (Materialise, Leuven, Belgium) to 

avoid causing problems in the meshing process and to avoid 

sharp corners. Thirty hard tissue structures were included as 

follows (navicular, talus, 3 cuneiforms, calcaneus, cuboid, 5 

metatarsals, medial and lateral sesamoids, 14 phalanges, and 

the distal parts of the tibia and fibula). To enhance the 

accuracy of modelling and enable frictionless movement of 

the bones, 74 cartilage layers were added to the model for 37 

pairs of articulations among 30 bones. Surface-to-surface 

frictionless contact was used between cartilage layers.  

All parts (30 bones, one bulk soft tissue, one Achilles 

tendon, and the cartilage parts) were imported to ABAQUS 

software (SIMULIA, Providence, USA) to perform and run 

the finite element analysis. Due to the difficulties in detecting 

the ligaments in MRI, these were manually added to the 

model and located based on the anatomical landmarks, and 

also for plantar fascia [43]. In total 2174 truss elements were 

used to represent the major ligaments in the foot. Due to the 

nature of the ligaments, the properties of these elements were 

defined as tension only [44]. The plantar fascia was modelled 

by connecting the proximal phalanges of the toes to the 

medial calcaneal tubercle. The Achilles tendon as a separate 

3D part was placed over the calcaneus and tied to it (see Fig. 

3). The muscle forces from soleus, lateral, and medial 

gastrocnemius, were introduced to the Achilles tendon. All 

the bones, ligaments, Achilles tendon, and cartilages were 

embedded in a 3D bulk of soft tissues that encapsulated other 

foot components (see Fig. 3). To create the connection 

conditions of the area between the proximal and distal, the 

upper part of the fibula, tibia, and bulk of the soft tissue were 

considered to be fixed in all DOF. The ground was added to 

the model as a 3D solid plate. The interaction between the 

ground plate and the foot plantar surface was considered with 

a frictional coefficient of friction of 0.6
 
 
 
 

 Table 1.  Material properties [47, 48] and element types of different parts of the model 

Element Type Cross section (mm²) Poisson’s ratio Young’s modulus (MPa) Components 

Tetrahedral -- 0.3 7300 Hard tissue 

(bones) 
Truss 18.4 -- 260 Ligament 

Tetrahedral -- 0.4 1 Cartilage 

Truss 290.7 -- 350 Plantar fascia 

Linear hexahedral -- 0.1 17000 Ground 

support Tetrahedral -- 3.0 816 Achilles 

tendon 
Tetrahedral 

Hyperelastic (second-order polynomial strain energy potential equation, C10 = 0.08556 Nmm-2,C01 = -0.05841 Nmm-

2, C20 = 0.03900 Nmm-2, C11 = -0.02319 Nmm-2, C02 = 0.00851 Nmm-2,D1 = 3.65273 mm2N-1, D2 = 0.0000 mm2N-1) 

Encapsulated 

soft tissue 
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Fig. 3. An Overview of the process steps (a) MRI imaging (b) 3D soft and hard tissues constructed by segmentation of the MRI images in 
Mimics software (c) Marker set, Gait analysis, and EMG test (d) Muscle force estimation by musculoskeletal modelling using Mimics software. In 
order to represent walking in OpenSim modeling, four frames from the gait sequence were selected and shown (e) Importing 3D foot model (bony 
structure and soft tissue bulk) into ABAQUS and applying the boundary condition to the model (f) Adding the cartilage and ligaments to the 3D 
model (g) Running the model (shown as the mirrored plantar view of the left foot) and comparing the plantar pressure results of the finite element 
simulation with those of the test. 

 

 

Table 2. Muscle forces obtained from OpenSim in five phases of walking 

  Gait events   
Muscle forces (N) Toe off (%90) Late stance (%75) Mid-stance (%50) Early stance (%25) Heel strike (%10) 

263.23 1415.94 1559.73 249.72 58.24 Medial gastrocnemius 

92.76 558.72 482.93 142.53 19.04 Lateral gastrocnemius 

1326.36 1521.64 103.95 500.4 0.15 Soleus 

387.45 759.64 745.02 473.66 87.34 Tibialis posterior 

236.87 301.07 242.24 193.53 182.35 Tibialis anterior 

0.037 0.006 0.022 0.021 0.16 Peroneus longus 
 

based on a previous study [45]. The GRFs that were measured 

at a representative walking trial were then induced to the 

ground plate at the COP, based on COP’s location relative to 

the position of the anatomical landmarks. 

Six force vectors that were calculated from MSM were 

used as the muscle forces in the FE simulation and with 

simplification, from these forces, three were applied directly 

to the points on the Achilles tendon and three others were 

applied to the bones all in the direction of each six muscle 

forces [46]. As it is not possible to find the properties of 

living tissues with in vivo testing, all parts of the foot (hard 

tissues, ligaments, and plantar  soft tissue) and ground plate 

were considered as isotropic and homogeneous based on the 

literature [47, 48]. Table 1 presents the material properties of 

all foot components and ground plate. The mesh was 

determined with 664,304 elements and 299,067 nodes by a 

mesh sensitivity study until the calculated stress deviations 

were less than 5%. Computational time was on average, 17 

hours with a processor: Core™ i7-6700 CPU @ 3.4 GHz. 

 

Table 3. Measured 3D foot orientation angles (in degrees). 

5.1. Finite element simulations of walking 

For the purpose of this study, walking was simulated as a 

series of static conditions. While dynamic simulation may 

enhance the precision of FE estimations, it requires 

significantly higher computational processing power. The 

walking step can be considered as several static phases and 

this can save the computational cost and time. FE simulations 

were performed at five gait events (heel strike, early stance, 

mid-stance, late stance, and toe off). During each event, 

boundary conditions were fully fixed at superior surfaces of 

 Heel 

strike 

Early 

stance 

Mid-

stance 

Late 

stance 

Toe 

off 

Roll (α) ° (Rotation 

around x axis) 

10.82 9.49 6.21 3.04 7.59 

Pitch (β) ° (Rotation 

around y axis) 

5.58 -2.13 -3.26 -6.81 -34 

Yaw  (γ) ° (Rotation 

around z axis) 

16.08 14.01 13.23 13.76 14.07 

(a) (b) (d) 

(e) (f) (g) 

X 
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the fibula, tibia, and bulk soft tissue [49]. The GRFs collected 

from the force plates were applied to the ground plate at the 

COP. Based on the fixed global coordinate system on the 

ground, three angles (α, β, γ) of the foot during the gait cycle 

were introduced for each five stance events representing the 

gait patterns. Muscle forces were assigned for each gait phase 

at their anatomical insertion locations along the 3D muscle 

force vectors determined from the OpenSim model. The 

muscle forces are listed in table 2, and also 3D GRFs are 

plotted during a step in fig. 4, used to describe the loading 

scenarios in the FE simulations. The 3D foot orientation 

angles (α, β, γ) are given in table 3. 

6. Validation 

For validation of the FE results, plantar pressure was 

compared against the corresponding plantar pressure data 

measured during walking. Fig. 5 shows this comparison 

across different regions of the foot.  The peak plantar pressure 

distribution showed a good agreement at all 5 stance phases of 

walking. 

 
Fig. 4. Measured 3D ground reaction forces during walking. 

7. Result 

Plantar pressure of left foot was obtained in the range of 0 

to 850 (KPa) from experimental test and in the range of 0 to 

922 (KPa) from FE estimation, which in this respect, these are 

almost 8% different from each other (see fig. 5). The peak PP 

was estimated with the error range of 4% to 11% in 

comparison to experimental results; the highest error occurred 

in late stance and the lowest error occurred in early stance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Result comparison of plantar pressure (a) data recorded experimentally (b) F.E. simulation results at five different instances during the 

stance phase of walking trial (shown as the mirrored plantar view of the left foot). Error of maximum PP between a and b, ~8 % in heel strike, ~4 % 
in early stance, ~5 % in mid-stance, ~7 % in late stance and ~11 % in toe off 

 

 

 

 

 

 

 
 

Fig. 6. Internal stresses in bones at five walking events: (a) Heel strike (b) Early stance, (c) Mid-stance, (d) Late stance and (e) Toe off. Light grey 
colour shows the von Mises higher than 10 MPa. For getting an overview of the full stress distribution for each phase of gait please consult the 

supplementary material in Appendix B. 
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Fig. 7. Soft tissue internal von Mises stress distribution on sagittal planes where the maximum stresses occur at five walking events: (a) Heel strike 
(b) Early stance, (c) Mid-stance, (d) Late stance and (e) Toe off. Light grey colour showed the bony structures with the internal von Mises stresses 

higher than 300 KPa. 

 

Fig. 6 shows stress distribution in the bony structures. 

Looking at the standpoint of internal stresses, it is evident that 

the maximum stresses in the forefoot hard tissue happen at the 

4th  proximal phalanx and also the 3rd metatarsal, furthermore 

4th and 5th metatarsals were in a high level of higher stress-

time integral, which these phalanges have relatively less 

deformity in comparison with the 2nd and 3rd phalanges. 

Fig. 7 shows internal von Mises stress distribution at the 

soft tissue. As shown in this figure, maximum stress could 

occur at the internal region of soft tissue and the difference 

between plantar pressure and internal stress may be 

significant. Results showed that maximum von Mises stress in 

the soft tissue occurs at sub-metatarsal heads (sub-MTHs) and 

heel-pad, with the highest registered in the late stance at 3rd 

sub-MTH. As mentioned in the method section, the 

participant had hammer toe deformity only in his left foot and 

the right foot was healthy. By comparing the results of peak 

PP distribution in the right and left foot, it is obvious that the 

maximum pressure in the left foot (850 KPa) was 37% higher 

than the peak PP in the right foot (620 KPa) and the deformity 

of the phalanges caused a reduction in the involvement of the 

rear-foot during walking. Therefore, the presence of hammer 

toe deformity, in addition to a reduction of the duration of 

weight-bearing in the rear foot, causes a stress concentration 

in the forefoot, and this can increase the risk of ulcers and can 

also change the forces and moments induced to joints. 

8. Discussion 

Diabetic neuropathy causes muscle weakness and 

deformities in the foot. The presence of these deformities will 

increase the risk of ulcers. One of the common deformities in 

diabetic foot is hammer toe. Prevention of diabetic foot ulcers 

is vital for people with these conditions. However despite 

various studies in foot simulations, the effect of hammer toe 

on internal stress distribution in both the soft tissue and the 

bone has not been investigated.  To achieve this, 3D foot-

ankle model inclusive of 30 bony tissues, a bulk soft tissue, 

major ligaments consisting of 2174 truss elements, and 74 

layers of cartilage were constructed.  The accuracy of the 

model was further improved by including ligaments and 

cartilage. In addition to applying GRFs as boundary 

conditions, in order to improve the precision of the FE results, 

six muscle forces were estimated based on a musculoskeletal 

model that enables the inclusion of the muscle forces on the 

bones. Validation of estimated muscle forces was done by 

comparing the EMG signals and estimated muscle activation 

intensity [50, 51]. This indicated a very similar activation 

pattern and good agreement between the estimated muscle 

activation intensity based on the models against the measured 

EMG signals. 

Maximum von Mises stresses in the soft tissue were found 

at the heel during heel strike, 5th sub-MTH during early stance 

and mid-stance, 3rd sub-MTH during late stance and 2nd sub-

MTH during toe off, and also maximum PP occurred at 5th 

and 2nd sub-MTH. Previous studies showed that the metatarsal 

heads and the heel are usual locations of DFU and the 

location of ulcer also depends on the foot deformity [1, 53-

56]. While it was previously mentioned that in addition to the 

superficial injuries, subcutaneous injuries should also be 

considered as a cause of ulceration [1], Armstrong and Lavery 

[55] showed hallux and first MTH are areas of high plantar 

pressures and are more vulnerable to be sites of plantar ulcers 

in neuropathic foot. In the present study, the most common 

sites for the highest peak pressure were 2nd, 3rd, and 5th sub-

MTHs. However, the peak of the von Mises stresses (internal 

stress) occurred at 3rd sub-MTH soft tissue, which                                                                               

confirms early suggestion by Bus et al. [57]  and it is in 

contrast with the results from healthy foot [30]. The results of 

the current study indicate the contribution of hammer toe in 

increasing PP and internal stress at the plantar soft tissue at 

the MTHs and indicating the higher risk of DFU in these 

areas [52].  

The maximum von Mises stresses (internal stress) for bony 

structures were observed at the 3rd and 5th metatarsals and the 

peak of stresses occurred at the 5th metatarsal. Overall, more  

deformities in the middle of the foot (2nd and 3rd phalanx) 

caused the first toe to play a lesser role in withstanding the 

internal stresses and in a long time, it can have a negative 

effect on the normal form of the foot, ankle, and also other 

lower limb joint functions. Moreover, the internal stresses on 

the bony structure showed that the parts of the foot with 

hammer toe, which are in a healthier conditions, will be under 

more significant stresses and this issue can provide conditions 

for deformity in those parts of the foot.  The results of this 

study can also indicate that the stress-time integral is at a 

higher level at the fourth and fifth metatarsals compared with 

the other metatarsals and this can cause future deformity in 

two phalanges; That is in line with to what was reported by 

Wong et al. [33], which indicated that a reduction in load-

carrying capacity can be an effective factor in the 

development of foot deformities.  

The present results showed peak PP in the foot with 

(e) (d) (c) (b) (a) 
                                      (KPa) 
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deformity could be 1.37 times higher than a foot without 

deformity, which is in line with the experimental results 

presented in a previous study [57]. The results of this study in 

which a lower rearfoot loading in the foot with hammer toe 

deformity was observed is in line with previous findings [58]. 

In that study also a lower peak plantar pressure was observed 

in the rearfoot of group with diabetic hammer and clawed toe 

deformities versus heathy controls [58]. Also similar to the 

previous findings, in our study the forefoot deformity seem to 

be associated with a promotion in forefoot loading and stress 

time integral [57, 59]. In fact in a previous study a lower 

maximum force and peak plantar pressure were observed in 

patients with Hallux Valgus [60]. This can be the result of 

changes in the gait and these results suggest that the rearfoot 

may have an important role in the aetiology of hammer toe 

deformity, where further investigations are warranted future. 

Moreover, the FE results indicated that internal stresses at 

the soft tissue could be 1.64 times greater than the plantar 

surface stresses. Thus, a diabetic foot deformity should be 

examined more carefully to avoid either surface or internal 

overload that can lead to ulceration especially at the plantar 

soft tissue of the sub-MTHs. 

The present study is patient-specific and if the geometry of 

the foot, type, and position of deformity change, the results 

might differ. However, the results clearly illustrate that the 

existence of deformities such as hammer toe in the foot can 

affect the distribution of stresses in both hard and soft tissues; 

this is important for preventing both diabetic foot ulcers and 

progressive foot deformities that can lead to increase in the 

plantar soft tissue stress. 

9. Conclusion 

In this study, a 3D FE model of hammer toe foot was 

developed to investigate the internal stress in soft and bony 

tissues during different stance phases of the gait. This study 

showed hammer toe deformity could raise the risk of foot 

ulcers by increasing the internal stresses on the plantar soft 

tissue. Furthermore, the increased stresses on the bones of the 

foot create a progressive pattern of excessive loads, which can 

further increase the deformity. These support the association 

between changes in load-bearing pattern, deformity, and 

internal stresses in the tissue that can lead to an increase in the 

risk of diabetic foot ulceration. 
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Re: A structural investigation of the internal stresses of the foot in hammer toe deformity during walking: 
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We developed a 3D finite element modeling of the foot with hammer toe deformity. 

Gait analysis, musculoskeletal modelling, and electromyography test were utilised. 

Predicted internal stresses in the soft tissue were found to be 1.64 greater than plantar pressure. 

Maximum internal stresses in the hard tissue were observed at the 3rd and 5th metatarsals. 

Hammer toe shifts the location of maximum stresses to the forefoot and raises the risk of ulcers 
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Appendix A: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. A1. Body marker set. The triangles represent markers placed based on Plug-in Gait standard [34], and the circles indicates extra markers 

positioned based on previous studies [35-38]. 

 
 

Appendix B: 
 

 

For more details of stress distribution in bony structures, each phase shows with separate contour. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
Fig. B1. Finite element internal stresses in bones at five walking events: (a) Heel strike (b) Early stance, (c) Mid-stance, (d) Late stance and (e) 

Toe off.  

 

 

C7 

LSHO RSHO 

T10 

RPSI LPSI 

CLAV 

STRN 

LASI RASI 

LTHI RTHI 

LKNE RKNE 

LTIB 
RTIB 

LHI-F RHI-F 

LKNE-M RKNE-M 

RHEE LHEE 

LTIB-F RTIB-F 

LMED RMED 

Description of the 24 markers placed based on 

Plug-in Gait standard [34]: 

•Left & right shoulder (LSHO & RSO) on the 

acromioclavicular joint 

•Clavicle (CLAV), on where the clavicles meet 

the sternum  

•Sternum (STRN), on the xiphoid process  

•C7 (7th cervical vertebra) 

•T10 (10th thoracic vertebra) 

•Left & right anterior superior iliac spine (LASI 

& RASI) 

•Left & right posterior superior iliac spine (LPSI 

& RPSI) 

•Left & right thigh, over the lower 1/3 of the 

thigh (LTHI & RTHI) 

•Left & right knee, over the lateral femoral 

condyle (LKNE & RKNE) 

•Left & right tibia, over the upper 1/3 of the 

shank (LTIB & RTIB) 

•Left & right medial malleolus (LMED & 

RMED) 

•Left & right ankle (LANK & RANK) on the 

lateral malleolus  

•Left & right second toe metatarsal head (LTOE 

& RTOE) 

•Left & right heel (LHEE & RHEE), on the 

calcaneus at the same height of LTOE (RTOE) 

marker  

Description of the 14 extra markers placed 

based on previous studies [35-38] 

•Left & right protrusive point of the greater 

trochanter (LTRO & RTRO) 

•Left & right first metatarsal head (LMET-1 & 

RMET-1) 

•Left & right fifth metatarsal head (LMET-5 & 

RMET-5) 

•Left & right medial femoral condyle (LKNE-M 

& RNKE-M) 

•Left and right dorsal surface of the second 

metatarso-cuneiform joint (LMF & RMF) 

Left & right anterior tibia (LTIB-F & RTIB-F), 

at the half of part length  

Left & right anterior thigh (LTHI-F & RTHI-F), 

at the half of part length  
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