
  

  

Abstract— The internal forces and stresses in the tissue are 

important as they are linked to the risk of mechanical trauma 

and injuries. Despite their value, the internal stresses and forces 

cannot be directly measured in-vivo. A previously validated 3D 

finite element model (FEM) was constructed using Magnetic 

Resonance Imaging (MRI) of a person with diabetes and 

hammer toe deformity. The foot model simulated at five 

different instances during the stance phase of gait. The internal 

stress distribution on the talus that was obtained using the FEM 

simulation, was used to calculate the joint reaction force at the 

ankle joint. In addition, the musculoskeletal model (MSM) of the 

participant with hammer toe foot was developed based on the 

gait analysis and was used to determine the muscle forces and 

joint reactions. The result showed that the vertical reaction 

forces obtained from the FEM and MSM follow a similar trend 

through the stance phase of gait cycle and are significantly 

correlated (R=0.99). The joint reaction forces obtained through 

the two methods do not differ for the first 25% of the gait cycle, 

while the maximum difference was ~0.7 Body weight that was 

observed at 50% of the stance phase.   

 
Clinical Relevance: Finite element modeling and musculoskeletal 

simulation can shed light on the internal forces at the ankle in 

pathological conditions such as hammer toe. The similarities and 

differences observed in the joint reaction forces calculated from 

the two methods can have implications in assessing the effect of 

clinical interventions.  

I. INTRODUCTION 

Lower extremity health is an important factor in determining 

the quality of life, while this is affected by several factors such 

as age, weight, musculoskeletal problems, physical activity, 

inappropriate shoes, etc. [1-6]. The joints are commonly the 

most vulnerable part of the kinematic chain of the human 

locomotor system. Hence the internal joint forces and 

moments have been considered in various studies [7-11]. The 

joint forces have been investigated based on classical force 

equilibrium equations [12], in vivo values [13, 14], and 

computational modeling such as musculoskeletal modeling 

[15, 16]. However, a non-invasive in-vivo assessment of the 

internal joint forces can only be achieved using modeling and 

simulation approaches. Despite this there is a scarcity of 

comparison of predicted joint force results from Finite 

Element Modeling against the commonly used method of 
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Musculoskeletal simulation. The aim of this study was to 

investigate the ankle joint force obtained using the two 

different methods of Finite Element Modeling and 

Musculoskeletal simulation. 
II. METHOD 

A. Gait Analysis 

Three-dimensional gait analysis was performed on a male 
participant with hammer toes deformity in the left foot (age: 
53, height: 165 cm, weight:93 Kg) in a lab equipped with 10 
infrared motion capture camera system (Vicon, Oxford, UK) 
with sampling at 100 Hz. The 36 markers, consisting of 24 
main and 12 extra markers were placed on the trunk and lower 
limb based on the plug-in gait method [17-21]. Two force 
plates (Kistler, Winterthur, Switzerland) were utilized for 
obtaining the ground reaction forces (GRFs). The participant 
walked barefoot at a self-selected speed across the walkway. 
Nexus software was used to record synchronously the GRFs 
and markers trajectory for static and several dynamic trials 
(Vicon, Oxford, UK).  

B. Musculo-Skeletal Model  

For the purpose of predicting the joint reaction forces, the 
generic musculoskeletal model, ‘gait 2392’ was deployed 
using OpenSim software [22]. Static trial data were used for 
scaling the generic model that was validated in our previous 
study [23]. Walking movements were reconstructed using 
inverse kinematic. With static optimization, muscle forces 
were estimated. At the end of the MSM steps, the joint forces 
were obtained by the Joint Reaction Analysis in OpenSim. 
This tool is known as a post-processor, which needs inverse 
kinematic, and static optimization results (muscle forces) and 
GRFs as inputs.  

III. FEM 

A. Model reconstruction  

The 3D bones and a soft tissue model of the left foot of the 
participant with hammer toe were segmented and constructed 
based on MRI medical images using the Mimics software 
(Materialise, Leuven, Belgium). The MRI of left foot was 
taken in unloaded condition using a 1.5 T MRI scan (Philips 
Ingenia, spacing between slices: 0.5 mm and slice thickness: 1 
mm, sequence 3D mDion Te Hr, TE/TR 9/29) which the 90◦ 
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angle between leg and foot was maintained by pads and 
pillows. The parts of the model were: 30 bones (14 phalanges, 
medial and lateral sesamoids, 5 metatarsals, cuboid, 3 
cuneiforms, navicular, calcaneus, talus, and the distal parts of 
the tibia and fibula) and the bulk of soft tissue; to growth the 
precision of the model, 74 cartilage layers were added to the 
model as 37 pairs of joints between bones. The interaction 
among cartilage layers was considered as surface-to-surface 
frictionless contact. 

B.  Assignment of material properties  

All the parts (the cartilage parts, one Achilles tendon, 30 
bones, and bulk of soft tissue) were imported to ABAQUS 
software (SIMULIA, Providence, USA) to carry out the finite 
element analysis. Achilles tendon attached and tied over the 
calcaneus and also, since the ligaments are not well defined in 
MRI images, a total of 2174 truss elements were added to the 
model to indicate major ligaments and the plantar fascia 
inserted based on anatomical atlases [24] (see Fig. 1). All the 
ligaments, cartilages, bones, and Achilles tendon were 
embedded in the bulk of soft tissue that enclosed all the other 
parts. A 3D rigid rectangular part was added to the model as 
the ground. Contact between plantar of soft tissue and plate 
was considered surface to surface with 0.6 frictional 
coefficient mentioned in the earlier study [25]. Material 
properties of all components were considered homogeneous 
and isotropic from the literature [26,27] (see table 1). 

C.   Quasi static simulation of walking  

Five instants (heel strike (5%), early stance (25%), mid-
stance (50%), late stance (75%), and toe-off (90%)) of a stance 
phase during the gait cycle were carried out under quasi-static 
analysis. At each instant, the GRFs and muscle forces 
associated with each event were added to the model. The upper 
surface of the soft tissue, distal fibula, and tibia was fixed 
during the analysis. GRFs recorded in the gait trials were 
induced to the ground plate at COP. COP’s location was  
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 
 

Figure 1. Opensim and ABAQUS model (a) MSM (b) lateral view of 

FEM (c) medial view of FEM 

determined in accordance with the relative location of COP 

and anatomical landmarks. To induce the effect of major 

muscles, the six considered muscle force vectors consisting 

of the soleus, medial and lateral gastrocnemius were applied 

to the Achilles tendon, and also the force of tibialis anterior, 

tibialis posterior, and peroneus longus were assigned to their 

respective bones along the muscle force vectors specified 

using the OpenSim model[28, 29]. 

IV.  RESULTS 

Hence for comparing the predicted joint force by two 
methods, vertical force reaction in the ankle on talus was 
considered. Stresses distribution in the vertical direction at five 
different events of stance phase are shown in Fig. 2. To 
calculate the induced vertical force on the talus, stress 
amplitude in the vertical direction was multiplied by objected 
contact area on the ankle joint (surface of talus which is in 
contact with tibia and fibula) on the surface with the vertical 
normal vector. For finding the percentage of each area with the 
same color of stress contour, Image analysis was performed 
with open-source ImageJ software.  

The average value of each stress color spectrum was placed 
in force calculation. The grey color in Fig. 2 shows tension 
stresses, and as the purpose is to find contact force and this 
kind of force makes compression stresses, these grey areas  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Stress distribution on talus from top view. (a) heel strike (b) 

early stance (c) mid-stance (d) late stance (e) toe-off. The 

approximate contact area at the ankle joint on the talus is specified 

using the black line. 
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TABLE I.  ELEMENT TYPES AND MATERIAL PROPERTIES [26, 27] USED 

IN FEM  

Components 
Young’s 
modulus 
(MPa) 

Poisson’s 
ratio 

Cross 
section 
(mm²) 

Element 
Type 

Hard tissue 
(bones) 7300 0.3 -- Tetrahedral 

Ligament 260 -- 18.4 Truss 

Cartilage 1 0.4 -- Tetrahedral 

Plantar 
fascia 350 -- 290.7 Truss 

Ground 
support 17000 0.1 -- Linear 

hexahedral 

Achilles 
tendon 816 3.0 -- Tetrahedral 

Encapsulated 
soft tissue 

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) 

Tetrahedral 

 

 

 

 

 

 

 

 

 

 

Figure 3. Predicted vertical ankle reaction force by MSM and FEM      

 

 

 

 

 

 

 

 

 

 

Figure 4. Bland-Altman analysis for predicted ankle force by MSM and 
FEM 

were ignored in the calculation. While the MSM can only 
provide a point force and not the force distribution contour, the 
total contact forces calculated based on each method can be 
compared. The ankle vertical joint force during the stance 
phase normalized by body weight is shown in Fig. 3. 

V. CONCLUSION 

Pearson correlation coefficient for predicted vertical ankle 

reaction force by MSM and FEM is equal to 0.99. Therefore, 

it can be said that the graph of ankle force changes resulted 

from two different methods have a similar pattern which 

indicates that there was correlation between the two methods. 

As shown in fig. 4 Bland-Altman analysis chart, the 

difference between the results of the FEM and MSM lie along 

upper and lower LOA lines which indicates the agreement 

between the two methods. The root-mean-square deviation 

(RMSD) of the results is equal to 0.59. 

Previous studies showed the FEM [30, 31] and MSM [32, 33] 

separately are useful in the biomechanical analysis, and also 

it is mentioned  that using the MSM results in the FEM, make 

more accurate results [28,29,34]. This study shows that these 

two methods, in addition to being an appropriate complement 

to each other, can also be a way to validate one other. In other 

words, as shown in Fig 2, it can be possible to find the 

distribution of the internal load and stresses of the body by 

FEM, which has become more accurate as well as validated 

with the help of MSM. These results show that FEM is a 

reliable tool for predicting the internal body forces, especially 

joint reaction forces, which have received less attention. 

The result showed that the vertical reaction forces obtained 

from the FEM and MSM follow a similar trend through the 

stance phase of gait cycle are significantly correlated 

(R=0.99). The forces do not differ for the first 25% of the gait 

cycle. The maximum difference observed was ~0.7 Body 

weight at 50% of the stance phase.   

One of the possible sources of this discrepancy could be the 

differences that may arise as a result of static rather than a 

dynamic solution of the foot model. In addition, the areas on 

talus for which a small tensile stress are observed could have 

decreased the average normal compressive force on the talus 

surface. While the OpenSim models are developed based on 

a number of assumptions, the presence of hammer toe 

deformity was expected to violate those assumptions to some 

extent i.e. the center of rotation of the forefoot was expected 

to be on threshold MTH while in a foot with hammer toe 

deformity that may be slightly shifted.  This could also add to 

the already mentioned reasons with regards to the 

discrepancies observed that were higher at the push-off during 

the stance phase of gait. Future studies need to look at the 

source of this difference in light of further validations in 

cadaveric models.  

 

The experimental procedures involving human subjects 

described in this paper were approved by the Institutional 

Review Board.  
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